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Title: Image based bilirubin determination

Background of the Invention
Technical Field

The invention relates to diagnosis in general and more specifically a system and a

method for determining the presence of jaundice in newborn babies, also known as

neonatal jaundice.

Background Art

From prior art one should refer to traditional methods for analysis such as analysis of

blood samples and skin colour analysis. The main problem is cost and complexities

that rule these means out from much of the world and also restricts these to

centralised sites.

One should also refer to more recent development in colour analysis such as

provided by ClikJaundice. This analysis is performed using a cell phone camera

capturing a picture of a skin area as well as a colour calibration chart placed within

the area captured by the camera. The problem is that it relies on a colour calibration

chart that must not be discoloured and also a central server that processes the

pictures in view of how the colour calibration chart has been reproduced by the

camera. It is also important that the colour calibration chart is correctly positioned

with respect to angle and illumination in order to provide information about cell phone

camera colour reproduction.

Also Bilicam uses a similar system.

Disclosure of the Invention
Problems to be Solved by the Invention

A main objective of the present invention is to provide a simple system and method

for determining the presence of jaundice. Most deaths due to jaundice occur in low-

income countries. There is therefore a large unmet need of simple, reliable and

affordable technologies able to identify at-risk newborn.

Means for Solving the Problems

The objective is achieved according to the invention by a method for determining the

presence of jaundice as defined in the preamble of claim 1, having the features of

the characterising portion of claim 1.

Thus, in a first aspect the present invention relates to a method for diagnosing

a level of bilirubin comprised in blood causing jaundiced skin in a subject which

comprises



receiving a depiction using an RGB sensor of skin with a colour calibration

chart, and

calculating a level of bilirubin based on an optical diffusion model of a skin or

Monte Carlo simulations of skin optics in the received depiction.

The calculation of the level of bilirubin can be performed using a meta model

of the diffusion model of skin or Monte Carlo simulations of skin optics.

Furthermore, the objective of the present invention is achieved by the other

independent claims.

Thus, in a second aspect the present invention relates to a method for

determining a rate of change in level of bilirubin in blood causing jaundiced skin and

sclera, comprising

receiving a depiction using an RGB sensor of jaundiced skin and sclera with

a colour calibration chart,

calculating a level of bilirubin using the method of claim 1 for skin and sclera,

and

comparing the indicated level of bilirubin from the skin with the indicated level

of bilirubin from the sclera,

determining a rate of change in level of bilirubin in blood by the difference in

the indicated level of bilirubin from the skin from the indicated level of bilirubin from

the sclera

In a third aspect the present invention relates to an apparatus for diagnosing

a level of bilirubin comprised in blood causing jaundiced skin in a subject according

to claims 1 or 2 , which comprises

means for receiving a depiction using an RGB sensor of skin with a colour

calibration chart, and

means for calculating a level of bilirubin based on an optical diffusion model of

a skin or Monte Carlo simulations of skin optics in the received depiction.

In a fourth aspect the present invention relates to a method for creating a

customised treatment plan of a subject with jaundice by sunlight exposure by

wherein the data obtained according to claims 1 or 2 , in combination with sunlight

exposure data of a location and/or weather data.

Yet another aspect of the present invention relates to a use of a method

according to claim 1 or 2 for creating a customised treatment plan of a subject with

jaundice through sunlight exposure wherein the data obtained according to claim 1

or 2 are combined with sunlight exposure data of a location and/or weather data.



In a fifth aspect the present invention relates to a calibration card comprising a

plurality of colour patches wherein the calibration card further comprises a plurality of

grey patches for detecting the variations of illumination of the calibration card.

Thus, in a sixth aspect the present invention relates to a calibration card

according to claim 7 , wherein the calibration card comprises further an opening

where the skin or sclera is visible.

In a seventh aspect the present invention relates to a calibration card

according to claim 7 or 8 , wherein the colour patches on the calibration card are

printed using spectral printing.

In an eighth aspect the present invention relates to a calibration card

according to claim 7 to 9 , wherein the grey patches are evenly distributed over the

calibration card.

In a ninth aspect the present invention relates to a calibration card according

to claim 7 to 10, wherein at least one grey patch is arranged at a corner of the

calibration card.

A number of non-exhaustive embodiments, variants or alternatives of the

invention are defined by the dependent claim(s).

The present invention attains the above-described objective by depicting skin using

RGB sensor, and calculating a level of bilirubin based on an optical diffusion model

of skin, or Monte Carlo simulations of skin optics.

Preferably the sensor is calibrated using a calibration chart placed within view

of the RGB sensor during the depiction of the skin. The calibration can be performed

under varying light conditions and using a colour calibration chart that is known to be

good.

Effects of the Invention

The technical differences over prior art as represented by ClickJaundice and Bilicam

is that the calculation of bilirubin level is based on an optical diffusion model of the

skin, or Monte Carlo skin optics simulations. In addition, a meta model, a direct

lookup table, or supervised machine learning techniques are used on this model or

simulations. The colour calibration card is preferably printed using spectral printing

making sure that the colours on the card changes similarly when subject to differing

light sources or illumination conditions.

These effects in turn provide several further advantageous effects:

it makes it possible to use simple and low cost mass market cameras as found in

many cell phones, and it makes it possible to use the model to accommodate

different types of skin, such as different skin colours. In addition, it makes it possible

to use the model without a reliable internet connection.



Brief Description of the Drawings
The above and further features of the invention are set forth with particularity in the

appended claims and together with advantages thereof will become clearer from

consideration of the following detailed description of an exemplary embodiment of

the invention given with reference to the accompanying drawings.

The invention will be further described below in connection with exemplary

embodiments which are schematically shown in the drawings, wherein:

Fig. 1 shows a cross section of human skin,

Fig. 2 shows extinction coefficients for haemoglobin, methaemoglobin and

bilirubin,

Fig. 3 shows the quantum efficiency of a CMOS sensor through a Bayer

colour filter array,

Fig. 4 shows positions of the red, green and blue colour filters in a Bayer filter

array,

Fig. 5 shows standard deviation of the cameras plotted with skin simulation

results,

Fig. 6 shows predicted error of the calibration plotted with skin simulation

results,

Fig. 7 shows light intensity spectra of flashlights of three different phones,

Fig. 8 shows colour measurements of skin plotted with skin simulation results,

Fig. 9 shows a first embodiment of a colour calibration card, and

Fig. 10 shows a second embodiment of a colour calibration card.

Description of the Reference Signs

The following reference numbers and signs refer to the

drawings :



38 Hair

140 Fatty tissue

221 Extinction coefficients for oxygenated haemoglobin

222 Extinction coefficients for unoxygenated haemoglobin

223 Extinction coefficients for methaemoglobin

224 Extinction coefficients for bilirubin

231 Transmission of red wavelength through a Bayer colour filter array

232 Transmission of green wavelength through a Bayer colour filter array

233 Transmission of blue wavelength through a Bayer colour filter array

234 Transmission of camera infrared filter

235 Quantum efficiency of CMOS sensor

241 Red filter in a Bayer colour filter array

242 Green filter in a Bayer colour filter array

243 Blue filter in a Bayer colour filter array

441 Simulated skin colour

442 HTC: White balance auto

443 HTC: White balance daylight

444 S3: White balance auto

445 S3: white balance daylight

461 HTC One V

462 iPhone 5

463 Samsung Galaxy S3

471 Skin simulations for increasing levels of bilirubin

472 - 475 Colour difference measured of bruised and non-bruised skin

500 Colour calibration card

502 Opening

504 Grey field

506 Colour patch

Detailed Description
Various aspects of the disclosure are described more fully hereinafter with reference

to the accompanying drawings. This disclosure may, however, be embodied in many

different forms and should not be construed as limited to any specific structure or

function presented throughout this disclosure. Rather, these aspects are provided so

that this disclosure will be thorough and complete, and will fully convey the scope of

the disclosure to those skilled in the art. Based on the teachings herein one skilled in



the art should appreciate that the scope of the disclosure is intended to cover any

aspect of the disclosure disclosed herein, whether implemented independently of or

combined with any other aspect of the disclosure. For example, an apparatus may

be implemented or a method may be practiced using any number of the aspects set

forth herein. In addition, the scope of the disclosure is intended to cover such an

apparatus or method which is practiced using other structure, functionality, or

structure and functionality in addition to or other than the various aspects of the

disclosure set forth herein. It should be understood that any aspect of the disclosure

disclosed herein may be embodied by one or more elements of a claim.

Principles forming the basis of the invention

Jaundice is a condition characterized by the skin of the afflicted turning yellow. This

is due to elevated levels of the waste product bilirubin in the blood leaking into skin

tissue. The condition is therefore often called hyperbilirubinemia. It is a condition

affecting approximately half of all newborn, but is in most cases harmless. The

condition is still potentially dangerous because the bilirubin can accumulate in the

basal ganglia of the brain, where it can cause permanent brain damage. Such brain

damage, better known as kernicterus, can manifest itself as cerebral palsy,

deafness, language difficulty, or in the worst cases death [ 1 ] .

To prevent the usually harmless condition of jaundice from developing into

kernicterus, it is highly important to identify the children at risk at an early stage.

Treatment of hyperbilirubinemia is in most cases done by phototherapy, and in some

extreme cases by blood transfusion. Sunlight is believed to be a cheap alternative to

specialized phototherapy light-boxes, and studies are now underway investigating

this [3]. It is therefore essential to be able to discover at-risk children at an early

stage, so that effective treatment can be given.

The growing use of smartphones also make it possible to create customised

treatment plans for neonatal jaundice using sunlight based on geolocation services

on the smartphones. Using the GPS and e.g. weather data from the smartphone,

one can give recommendations on when, for how long, and how often patients need

to be in the sun to get effective treatment. This can be calculated by looking at when

the sunlight has maximum amount of light in the wavelengths (~450nm wavelength)

that provide treatment for jaundice, while at the same time has the minimum amount

of damaging UV-radiation. This can be done by combining information from publicly

available UV-index forecasts and spectral sunlight irradiance calculators for solar

panels [42]. This can be combined with a low-cost diagnostic tool to provide

customised low-cost treatment as well.



Bilirubin colours the skin yellow. Jaundice can therefore often be seen visually

even by people with no medical training. But mere visual judgment of the severity of

jaundice has proven to be unreliable, even when performed by experienced doctors

[4]. The measurement of bilirubin is therefore traditionally done by blood samples. To

reduce the need of drawing blood from the newborn, devices have been developed

that measure the bilirubin concentration by shining light through the skin, so-called

transcutaneous bilirubinometers [5]. Both the lab equipment needed for blood

sample measurements and the devices used to measure bilirubin transcutaneously

are expensive, costing more than 10,000 US dollars, thus making them practically

unavailable in low-income countries.

Skin 100 is the human organism's barrier to the environment. It is a structure

composed of different layers. The top layer, called the epidermis 110, is typically 100

micrometres thick and contains among other things the pigment melanin, which is

the pigment responsible for the different skin colours of the world. Below the

epidermis lies the dermis 120, which has a typical thickness of 1-4mm. In the dermis,

blood vessels 122, connective tissue, sweat glands 124, hair follicles 130 and

sensory nerve systems are found. The hair follicle 130 comprises a follicle 132 that

surrounds hair 138 and further comprises an oil gland 134 also known as sebaceous

gland that produces sebum 136. The subcutaneous fatty layer 140 lies below the

dermis, and provides insulation and protection from mechanical stress. Figure 1

illustrates the different skin layers along with other components found in the skin.

Light hitting biological tissue, such as skin, is either scattered or absorbed.

The intensity of light able to penetrate into the tissue is given by Beer-Lamberts law,

where l(0) is the incident light intensity, x is the distance travelled in the tissue and µ

is the transport coefficient, or the total attenuation coefficient. The transport

coefficient can be written as the sum of the reduced scattering coefficient, µθ s , and

the absorption coefficient, µ3.

The scattering coefficient, µ describes the amount of light that is scattered by

the tissue. Some of this light is scattered in a forward direction, not decreasing the

penetrating lights intensity. The reduced scattering coefficient incorporates this by

being expressed as µ' = µ ( 1 _ g), where g represents the amount of light scattered

in a forward direction g is called the anisotropy factor, and is calculated as the

average of the cosine of the scattering angle distribution,

g = avg(cos(6)). (2.2)

In skin, the anisotropy factor is approximately equal to 0.8, indicating highly forward

directed scattering.



Skin contains several different molecules responsible for the absorption and

scattering of incident light. The properties of these molecules and the surrounding

tissue are presented in the following sections.

Skin, as just mentioned, contains many absorbing and scattering molecules.

The main absorber in the epidermis is melanin [7]. Skin types based on varying

amounts of the pigment melanin can be classified by the Fitzpatrick skin type scale I-

V I [8]. On this scale, type I refers to very fair skin that sunburns and does not tan,

while type V I is at the opposite end of the scale, referring to very dark skin.

Melanin absorbs light of wavelengths ranging from ultraviolet to near-infrared.

The wavelength dependence of the absorption is reported as λ- 346 [9]. The

absorption of melanin across the whole spectrum can therefore be defined by the

absorption at a single wavelength. Absorption can be measured at 694nm, and

absorption values in adults have been found to vary from 300m 1 for fair Caucasian

skin to 2500m 1 for dark African skin [ 10]. Newborn skin is reported to have lower

concentrations of melanin than adult skin [ 1 1]. Here it is therefore assumed that the

melanin absorption of newborn skin at 694 nm does not exceed 2000m 1, although

exact numbers have not been found in the literature.

The main absorbers in blood are oxygenated and deoxygenated haemoglobin.

Methaemoglobin can also be formed if haemoglobin is exposed to oxidative stress,

but is generally found in low concentrations. Exceptions are e.g. drug use which can

lead to methaemoglobinemia [12]. The absorption spectra of haemoglobin 221 ,

deoxyhaemoglobin 222 and methaemoglobin 223 can be seen in Figure 2 . The

spectra of haemoglobin and deoxyhaemoglobin can be seen intersecting at several

points. Such points are called isosbestic points. Measuring haemoglobin

concentrations is often done at isosbestic wavelengths because the total measured

concentration will not depend on the oxygenation level of the blood [13].

Bilirubin is the breakdown product of heme catabolism [14]. Heme is found in

haemoglobin and myoglobin. Bilirubin 224 causes skin to turn yellow if it is allowed to

accumulate in the dermis, due to its high absorption of the shorter wavelengths of

the visible spectrum (see Figure 2). This is also the reason for the yellow colour seen

in old bruises [ 1 5], as macrophages are recruited to the area of the bruise where it

phagocytizes erythrocytes and haemoglobin molecules, catabolizing the

haemoglobin to bilirubin [16].

The yellow colour from bilirubin can also be seen across the whole body, and

is then caused by either a high turnover rate of haemoglobin, or liver failure, or both.

Newborns acquire jaundice due to a high turnover rate of haemoglobin after birth. An

elevated concentration of bilirubin in combination with a not fully developed blood-



brain barrier can lead to permanent brain damage or death [ 1 7]. For this reason, 5-

10% of all newborn receive either phototherapy, or in extreme cases blood

transfusion to rid the body of the excess bilirubin [14].

Bilirubin in blood is bound to albumin. In this form, the combined molecules

5 are too big to pass the blood vessels. When bilirubin concentrations exceed 400-500

micromolar, there is not enough albumin to bind all the bilirubin molecules [ 1 7]. The

free bilirubin can then diffuse through the blood vessels and into the surrounding

tissue. The skin concentration of bilirubin is therefore markedly lower than the blood

serum concentration. Good correlation has been found between the skin

10 concentration of bilirubin measured by transcutaneous bilirubinometers and the total

blood serum concentration [18]. This makes it possible to estimate the blood serum

concentration through transcutaneous bilirubin measurements.

Transcutaneous bilirubinometers measure the bilirubin concentration by

shining light of certain wavelengths and wavelength ranges into the skin. The

15 reflected light of each wavelength is measured and used to calculate the

concentration. Full reflection spectroscopy of newborn can similarly be used to

measure bilirubin concentration. In addition, the reflected spectrum allows the

calculation of several other parameters such as melanin concentration and the

gestational age of the newborn. For details of how such measurements are

20 performed, one should refer to a patent for a transcutaneous bilirubinometers [ 19]

and a paper by Randeberg et al. [20].

As for other absorbers one should refer to carotenoids which are organic

pigments found in plants. These pigments cannot be produced by animals, so they

are obtained through diets. They all absorb light in the wavelength range 400-

25 550nm. A common carotenoid abundant in carrots, betacarotene, has a double peak

in its absorption spectrum at 450 and 480nm, giving it a yellow/orange colour. This

colour, which is similar to the colour of bilirubin could potentially be an error source in

bilirubin measurements. But the skin concentration of all carotenoids is generally too

low to have an impact, especially in newborns that don't eat carotenoids themselves

30 [7, p . 10]. They only get carotenoids through milk.

Water should also be mentioned because it is found in abundance in skin. But

water has low absorption in the visible spectrum with a minimum at 4 18 nm and

increasing absorption for wavelengths above 600 nm [21 ] . The water content of skin

is therefore not explicitly accounted for.

35 Large molecules such as collagen fibres are a major source of scattering in

the dermis. These molecules and changes in refraction index between them and the

surrounding tissues are responsible for the fact that scattering is the dominating



process in this tissue. The epidermis has similar scattering properties, but absorption

due to melanin can in some cases be the dominating process in this layer.

Bashkatov [6] showed that the reduced scattering coefficient of skin in the

wavelength range of 400 to 2000 nm can be expressed as

µ' = 73.7λ-° 22 + 1. 1 1012 λ 4. (2.3)

Background tissue absorption is absorption caused by other molecules than the

ones mentioned in the above sections. This value is set to µ η = 25m 1 [22] for both

the epidermis and the dermis. This value is similar to what is found in ocular (eye)

tissue.

One mathematical model used for numerical simulations in this invention is

based on optical diffusion theory. Optical diffusion theory can be applied when

scattering dominates over absorption [23]. This theory has limited validity in thin

layers, and finding appropriate boundary conditions is problematic. Optical diffusion

theory does not apply to air, but Haskell et al. [24] discovered boundary conditions

that can be used for interfaces such as those between air and tissue, giving good

results of simulations of diffuse skin reflectance [22]. Monte Carlo methods are also

known to be accurate for simulations of skin optics, but they are also much more

computationally expensive [25]. Given enough computational time, Monte Carlo

simulations could be performed to be used to model the skin optics necessary to

estimate bilirubin levels from skin colour.

For the simulations performed in this implementation of the invention, the skin

is modelled as consisting of three flat layers. The top layer represents the epidermis.

To account for the papillary structure between the dermis and epidermis, as seen in

Figure 1, blood is included in the epidermis. The epidermis therefore contains both

blood and melanin in the model. The middle layer represents the top part of the

dermis, and the bottom layer is a layer extending infinitely downwards. All molecules

are modelled as uniformly distributed within each layer. The total transport

coefficients of each layer can thus be calculated based on the background tissue

scattering and absorption described earlier, and the concentrations of the different

light absorbing molecules. These transport coefficients can then be used in the

diffusion model of skin developed by Svaasand et al. [22]. A summary of which will

be presented below.

Svaasand et al. [22] starts by assuming an almost isotropic light distribution

and by expressing the radiance L by a series expansion,

L = φ /4π + 3/4ττ I + ... (2.4)



where φ and j are the fluence rate and the diffuse photon flux vector respectively. I is

the direction of the deviation from isotropy in the light distribution. The irradiance on

a surface normal to the flux then becomes

E = φ /4 ± j/2 . (2.5)

where the sign is plus for surfaces against the flux and minus for surfaces along.

The diffuse photon flux vector is given by,

j = - D ν φ (2.6)

with the diffusion constant,

D = 1 / 3µ . (2.7)

The continuity equation can then be expressed as,

V j = - µ3φ + q (2.8)
where q is the source density of diffuse photons. The combination of equations 2.6
and 2.8 yields,

V2
cp - φ /δ2= -q/D (2.9)

where 5=sqrt(1/(3p tr a) is the optical penetration depth.
The boundary conditions between two scattering media is then expressed by

the
continuity of irradiance in the forward and backward directions,

Haskell et al. found that a very useful boundary condition at the skin-air interface is

obtained by relating the reflected part of the irradiation at the inside of the interface
to the irradiation propagating back into the skin[24]

where Reff is the effective reflection coefficient. The value of eff can be found by
integrating the Fresnel reflection coefficient for unpolarised light over all angles of
incidence.

For an isotropic light distribution, the source density functions of Equation 2.9
are
expressed as functions of the light intensity, P0, transmitted through the skin-air
interface as



where the indices 1,2 and 3 represents each layer, d represents the thickness
of a layer, and x the distance from the skin surface.

The solutions to equation 2.9 using these source equations can then be
written

The values of the constants A - As can then be found by applying the boundary
conditions of equation 2.10 and 2.1 1. After this, the diffuse reflection coefficient can
be calculated by

For the complete expression for 7 , the reader is referred to the appendix of
Svaasand et al.[22].

These calculations and simulations of skin optics can be used to calculate the
total reflected spectrum from skin with different amounts of blood, melanin, bilirubin,
and all other aforementioned parameters. These simulated reflection spectra can
then be used to calculate the skin colours these spectra represent by employing the
standards defined by the International Commission on Illumination [26].

Estimating skin parameters from measured colour

Searching through the space of input skin parameters by simulating skin colour for
each set of input parameters to find a colour that matches with the measured colour
is extremely time consuming using the simulation methods described above. An
alternative method of estimating the skin parameters from a measured colour that is

both fast and requires a reasonably small amount of disk space is therefore needed.

Estimating the input skin parameters from a measured colour can be

performed efficiently through inverse meta modelling of the skin simulations or



through supervised machine learning techniques such as regression methods and

neural networks. The inverse meta model is a surrogate model of the skin

simulations that map the output of the skin simulations to its input skin parameters.

This meta model can be created by employing several different regression methods,

or in some cases through a direct lookup table, or a combination of the two. Partial

least squares-based regression models (PLSR) are recommended for inverse meta

modelling of this kind [40]. For a detailed description of the PLSR meta modelling

technique, the reader is referred to appendix A of [40]. An advantage with using

supervised machine learning methods, e.g. neural networks or standard regression

methods, a system can be created that is able to use colours from an device-

independent colour space, such as the calibrated colours from pre-recorded images,

and map these colours to their most likely corresponding bilirubin values. This

alternative to creating a meta-model has been described earlier in the application.

Several input skin parameters can result in approximately the same output

colours from the simulations (called "sloppiness"). This makes it difficult to use

regression-based methods such as PLSR. This sloppiness can be handled by

employing the method of hierarchical cluster-based partial least squares regression

(HC-PLSR). HC-PSLR works by first creating a global PLSR model [42]. This model

is then separated into clusters either by prior knowledge of the data or by algorithms

such as fuzzy clustering [41 ] . A local PLSR model is then created for each cluster.

The input skin parameters can then be estimated from a measured colour by using

the global PLSR model to find the cluster the colour most likely belongs to, and then

using the PLSR model created for that model to predict the input skin parameters. If

the number of clusters in the HC-PLSR model equals the number of skin simulations

performed to train the model, the method becomes a direct lookup method.

As the direct lookup method requires both the largest amount of disk space,

and usually the longest computational time to perform, it should only be used when it

is known that the hardware that runs the algorithm is capable of handling both the

disk storage and the computational demand. If disk storage space and computational

demand becomes an issue, the HC-PLSR method should be employed. For lower-

end hardware, a small number of clusters in the HC-PLSR method should be used,

and vice versa.

Another way of reducing the sloppiness of the simulations is to search for the

colours that have the highest probability of occurring around a measured colour. As

many of the input parameters to the numerical skin model are normally distributed,

one can use the mean and the standard deviation of these parameters found in the

literature to find which input parameters were the most likely to produce the



measured colour. The colour calibration error could be used as a measure of how far

away from the measured colour one should search for probable input parameters.

Colour Calibration

The eye has three types of cone cells which are sensitive to light of varying

wavelengths. These cone cells provide the sensory input needed for colour

perception. One type of cone cells primarily absorbs light of shorter, blue,

wavelengths, and the other two absorb mainly green and mainly red, respectively.

Nevertheless there is significant overlap between the sensitivity spectra of the cells.

Three parameters corresponding to the stimulus values provided by the cone cells

can therefore be used to describe any perceivable colour.

Almost all smartphone cameras today include a CMOS (Complimentary

Metal-Oxide Semiconductor) sensor. These sensors have arrays of photodiodes that

generate current when photons are absorbed. The efficiency with which the

photodiodes generate current depends on the wavelength and is called the quantum

efficiency. Atypical quantum efficiency of a CMOS sensor can be seen as the line

235 in Figure 3 .

On top of the CMOS sensor is a colour filter array. A single cell in a colour

filter array covers a single photodiode and transmits only wavelengths of a certain

colour to this diode. A commonly used filter of this type is the Bayer filter array. The

Bayer filter array contains 50% green, 25% red and 25% blue filters. This is to

resemble the human eye's increased sensitivity to the intensity of green light. The

filters are placed in a specific pattern as can be seen in Figure 4 , and their

transmission frequencies can be seen in Figure 3 .

The figure shows transmissions of red 231 , green 232 and blue 233

wavelengths through a Bayer colour filter array. Cameras are typically provided with

an infrared filter having a transmission 234 shown in the same figure. Also shown is

the quantum efficiency 235 of a CMOS sensor.

This type of filter arrangement creates in effect three different images, one

red, one green and one blue. All three of these images are collectively called a raw

format image. High end digital cameras have the option to output images in this

format. Cheaper cameras, including smartphone cameras, do not have this option. In

these cameras the three original images are combined using a demosaicing

algorithm, interpolating the missing red, green or blue pixel values from the

surrounding pixels. This process can be done by both hardware and software, and

the specific algorithms used differ for the different cameras. The result of this



process in smartphones is a JPEG image with RGB values for each pixel in the

sRGB colour space.

White balance adjustments of the image are also performed in addition to the

demosaicing algorithm. These colour adjustments are performed to attempt to

recreate the colours of the scene more accurately. The process is called white

balance because photographers often use images of known white or grey objects as

references when performing these adjustments. The images need such colour

adjustments because the light source illuminating the scene will create different

colour responses in the camera depending on the light source used. Cameras

therefore often come preset with white balance settings such as daylight, cloudy,

incandescent and fluorescent to accommodate for common light sources. The

cameras also have an auto white balance setting which adjusts the colours of the

images automatically depending on the distribution of colours in the image.

The white balance mode can be set using the smartphone camera app on

almost all smartphones. Other settings, such as the shutter speed, which is the

amount of time the camera allows light to reach the sensor, can only be set on a few

smartphones. This lack of control over camera settings could pose a challenge

because small changes in e.g. the light intensity of a scene could potentially alter the

image substantially.

White balance adjustments can create images that look good, but that does

not mean that colours are reproduced accurately. To achieve good colour

reproduction, images of objects with known colours can be captured. The colours of

the captured images can then be adjusted according to the known colours of this

colour target. A common target used in photography settings is the Macbeth

ColorChecker [27]. The ColorChecker contains 24 squares of different colours. The

upper half contains colours often found in nature, while the bottom half contains a

grey scale and colours close to the primary colours of the RGB and CMY colour

spaces.

Two different calibration methods have tested both of which are presented in

the following.

ie et al. [28] tested three different methods for the colour calibration of

images. The first was a linear least squares matching, the second was a linear RGB

to RGB matrix transformation, and the third was a general polynomial transform. Of

these, the general polynomial transform was found to be the most accurate because

it was the only method that could account for both linear and non-linear error

sources. It was therefore chosen to be implemented here.

The equation for the general polynomial transform for colour channel



c G{r, g , b} of sample colour s is

D

∑ (t r k I r k + t I gk + tbck I bk) + t
o

Tcs (2.22)

fc=i

where Dis the degree of the polynomial approximation. I r , I gk and I bk are the

red, green and blue sample colour values of the captured image raised to the power

of k , while T c i the true value of the target colour sample s . t is the polynomial

coefficient of order k , specifying the influence of the input colour channel

x {r, g , b} on the output colour channel c . For D=2with 24 colour samples, such

as when using the ColorChecker, equation 2.22 can be written in matrix form as

This equation can be solved for the polynomial coefficients, t
Ck

, by calculating the

pseudo-inverse of the matrix, B, containing the input sample colour values. The

equation to be solved is therefore

B x t
k

~ f cs t
k

~ Pinv{B) x cs (2.24)
resulting in a vector t

ck
that can be used to convert any input colour from the input

colour space to the calibrated colour space. The equations outlined here assumed

usage of an RGB colour space, but the method can be used for any three-

dimensional vector space, including the XYZ colour space.

Menesatti et al.[29] compared a commonly used commercial colour

profiling tool called ProfileMaker to a novel calibration procedure using thin-plate

spline interpolation. The thin-plate spline method was found to give significantly

better calibration results.

The thin-plate spline interpolation method is named after the physical

analogy of bending thin metal plates to fit to certain fixed coordinates [30]. It is used

in the field of medical imaging, as a means of transforming and analysing images



from e.g. magnetic resonance imaging (MRI) scans[31]. In three dimensions the

method works by finding a function f(xi , 2 , 3 ) that minimizes

∑ yi f xi i) )) + f )
i=i (2.25)

where n is the number of known reference sample points, y, is a value at such a

sample point, x 1(i), x2(i) and x3(i) are the input coordinate values of sample i , and λ

is a smoothing parameter determining the effect the penalty function J(f) will have on

the final interpolation. J(f) represents the bending energy of the thin plates. In three

dimensions this function is given by [38, p . 89].

(2.26)

Duchon[32] showed that the interpolation function f minimizing 2.25 is of the

form

f x ) = a + a x ± + 2 + + ( \x ~ ( I) (2.27)
i=l

where U(r) = r log(r 2 ) .

By defining a matrix K with elements K , = U (|x(i) - x(j)|) and a matrix

M = K + ηλΙ , where I is the identity matrix, Wahba[33] shows that the equations

above can be written as

M b+ Ta = y
T'b = 0 2 2 8

where a and b are vectors containing the coefficients in equation 2.27, y is a vector

with values of the n reference samples, and T is a matrix of the form

1 (l) 3(1)
1 i (2)T = 2 (2) 3 (2)

1 x {n) x 2 {n) x (n) (2.29)

Equation 2.28 can thus be expressed in matrix form as



where 0(r, c) is a a and b are

M T
then calculated by inversing the r matrix. To include the calibration of

0(4, 4)
all three dimensions in the above equation, vectors a , b and y can be

extended to

matrices with three columns of the form i « 2 « 3 . For a more rigorous

mathematical development of the above relations, the reader is referred to chapter

2.4 of the book by Wahba[33].

Other calibration methods can also be used to calibrate the measured skin

colour to within an acceptable level, such as Kriging methods, or Partal Least-

Squares Regression methods.

Test methodology

A Samsung Galaxy S3 (GT-19300, Samsung, South-Korea) and an HTC One V(One

V, HTC, Taiwan) were used for this project. Compared to other smartphones, the S3

has a high quality camera [34], while the One V has a decent camera [35].

Several methods were tested using these two phones. They were tested on

skin of a light colour, type I I on the Fitzpatrick skin type scale. For control purposes,

numerical skin simulations and measurements of this skin with bruises were

performed. The methods tested and the controls used are described below.

There exist a couple of methods to either simulate increased bilirubin

concentration in the skin or to obtain an actual higher skin bilirubin concentration.

One of these methods is to perform measurements on bruised skin. The yellow

colour seen in or around bruises is, as mentioned earlier, caused by increased

bilirubin concentration. Measurements on both yellow bruised skin and skin in close

proximity to the bruise, but with no distinct yellow colour, have been performed. This

gives a qualitative result of whether the measurement method can separate skin with

low bilirubin concentration from skin with higher concentrations.

The use of bruises allowed for a coarse test of whether the different

measurement methods would work or not. But quantitative results were also needed

to test the accuracy of the promising methods. Therefore, numerical simulations of

skin were performed. This allowed for the creation of both reflection spectra and

simulated colours of skin with varying concentrations of e.g. bilirubin and melanin.

Simulations were performed using the three-layer diffusion model described in



earlier. Wavelengths were sampled at 5nm intervals. The resulting simulated

reflection spectra were then combined with a light source spectrum similar to one

used during measurements, i.e. CIE standard illuminant D50 for daylight [44, p . 93].

The simulations were performed with a blood oxygenation level of the top and

second layers of 0.5 and 0.8 respectively. The blood volume fractions of the top and

second layer were set to 1% . The thickness of the top layer was set to 100 microns,

while the thickness of the second layer was set to 250 microns. The water, fat, beta-

carotene and methaemoglobin levels were set to zero. The scattering coefficient was

calculated with values as described in equation 2.3. Melanin concentrations were

varied from an absorption at 694 nm of 250 m 1 to 2000 rr 1. Bilirubin concentrations

were varied from 0 micromolar to 200 micromolar.

An alternative to taking pictures and blood samples of newborn and finding

colour correlations afterwards, is to attempt to predict the colour of the newborns

skin with varying levels of bilirubin. These predictions can then be compared to a

measurements performed using a camera. This requires good numerical simulations

to predict the skin colours, as well as cameras that are calibrated to reproduce the

true colours of the captured scene. High-end digital cameras are today calibrated

using images of e.g. a Macbeth ColorChecker in RAW format. Free tools are

available that can perform such a calibration, but no smartphones on the market

today support RAW file output. For this reason, a different calibration procedure was

needed.

To calibrate the smartphone cameras, pictures of a Macbeth ColorChecker

(MacBeth ColorChecker, Munsell Color, Baltimore, USA) were taken. Most of these

images were captured using diffuse daylight through a window as light source. For

these images, the colours given in a paper by Pascale [37] were used as the

reference ColorChecker colours. Images were also captured using only the built-in

flashlight of the smartphones as the light source. For those images, the reference

ColorChecker colours were calculated from the reflection spectra of the

ColorChecker and the light spectrum of the flashlights. The reflection spectra of the

ColorChecker were gathered from the Munsell Color Science Laboratory website

[37].

The pixel coordinates of the ColorChecker squares in the images were found

manually. The colour of the squares were then calculated as the average of all the

pixels in a square box centered on the squares pixel coordinate. The side lengths of

these square boxes were set to 2 1 pixels, making the colour of one of the

ColorChecker squares the average of 441 pixels within that square. These colours



were then converted to the xyY colour space, as they could then be compared with

the reference ColorChecker values.

Before calibration was attempted, the standard deviation of the colour

reproduction of the cameras was measured. This was done by taking 10 pictures of

the ColorChecker from slightly different angles using diffuse daylight through a

window as light source. Series of ten pictures were taken using both daylight and

auto white balance mode for both cameras. The colours of the squares were then

found and converted to xyY. An estimate of the standard deviation of the xy

chromaticity was then found by averaging the standard deviation of the x and y

values of the 24 individual ColorChecker squares. The final standard deviation was

then calculated as the vector sum of the x and y standard deviations,

∆ xy = sqrt ( ∆ x2 + ∆ y2 .

Two calibration procedures were developed. The first is a generalized

polynomial transform, which was reported as precise by researchers in the field of

computer vision [28]. The other method is an implementation of the Thin-Plate Spline

interpolation algorithm, which has been reported as a highly efficient calibration

technique [29]. The theory behind the techniques is described earlier. Both methods

were developed to be used for three colour channels, i.e. the RGB and XYZ colour

spaces. The Thin-Plate Spline interpolation algorithm was later modified to also work

using only two colour channels, so that it could be used for calibration of xy

chromaticity. The general polynomial transform was not modified in the similar way

because the Thin-Plate Spline method had proven to be superior.

The two methods efficiencies were tested using ordinary cross-validation.

Ordinary cross-validation works by leaving one test sample out when creating a

prediction model such as a general polynomial transform. The prediction model is

then used to predict the value of the test sample that was left out during the models

creation. The error of this prediction therefore becomes an estimate of the accuracy

of the prediction model. This procedure is repeated leaving out a different test

sample each repetition until all test samples have been left out once. The prediction

errors of these repetitions are then averaged to give the estimate of the final models

prediction error. In the case where the test samples are the 24 colours of the

ColorChecker, 24 prediction models were created leaving one different colour out for

each model. These 24 models were then used to predict the value of the colour that

was left out during the creation of the model. The averages of the errors of these

predictions were then used as an estimate of the error of the final prediction model

created using all 24 colours.



Ordinary cross-validation was also used to optimize the calibration methods.

For the general polynomial transform, the polynomial order could be changed to test

for example whether a higher order would yield a more precise calibration. Finding

the optimal order was quick and easy because increasing the order above three

more often than not decreased the quality of the calibration. Thus, finding the

optimum polynomial order involved running ordinary cross-validation for order one,

two and three and finding the polynomial order with the smallest error. The Thin-

Plate Spline method on the other hand, needed fine-tuning of the smoothing

parameter λ which can be any number above or equal to zero (see equation 2.25).

An iterative procedure was developed that first tested a range of values of λ using

ordinary cross validation. After this, a new range of values were tested centered on

the value λ that showed the least error in the previous iteration. Using this method, a

highly accurate estimation of the optimal value of λ was found after only 6 or 7 such

iterations.

The calibration methods were tested on images taken using diffuse daylight

through a window as light source. Pictures of the ColorChecker were taken using all

the different white balance settings on the cameras to find the best option. At the

same time, pictures were taken of a bruised arm so that the calibration method could

be compared to a real case of increased bilirubin as well as simulations. The colours

of the pictures of the arm were then corrected using the calibrations calculated from

the images of the ColorChecker. Then the pixel coordinates of two points on the arm

were found manually. First, a point where there was a clear yellow colour from the

bruise, and second, a point on the arm with no bruise or other clearly visible

pigments such as moles. The colour of these two points were then calculated as the

average colour of the colours inside a square with side lengths of 2 1 pixels centered

around the points. These colours were then converted to xy chromaticities in order to

compare them to numerical simulations and the calibration quality.

Calibration was, as mentioned earlier, also performed on pictures of the

ColorChecker captured using the built-in flashlight on the smartphones as the only

light source. This was done because the reference colours of the ColorChecker

given in the paper by Pascale [36] were calculated using D50 as light source. D50 is

a good daylight simulator, but it is highly likely that there is some deviation from the

true colours of the ColorChecker. To calculate the true colours of the ColorChecker

using the flashlights, their light spectra were measured using the SD2000

spectrometer with the SpectraSuite computer application. A 10 millisecond

integration time was used along with smoothing by using the average of ten spectra

as the resulting spectrum. In addition, the colour spectrum of the flashlight on an



Iphone 5 was also measured to see if there is a large variance in different

smartphone flashlights. These spectra could then be combined with the reflection

spectra of the ColorChecker [37] to get the true colours of the ColorChecker.

Results

The standard deviation of the colour reproduction of the HTC was estimated to be

0.0036 for the auto white balance setting in xy colour coordinates. For the daylight

white balance setting, it was estimated to 0.0034. Both white balance settings

resulted in a standard deviation of 0.0016 using the Samsung. These standard

deviations are illustrated in Figure 5 , where the standard deviation is seen as the

radius of the circles 442-445 in the figure. The lines 441 in the figure represent series

of simulations with increasing concentrations of bilirubin, from 0 micromolar at the

bottom left of the line to 200 micromolar at the top right. Each line to the right of

another is another series of simulations of increasing bilirubin, but for a higher

concentration of melanin. The absorption of melanin at 694nm is 250 m 1 for the

leftmost line, and 2000 rr 1 for the rightmost line.

The size of the circles 442-445 in Figure 5 can be compared to the length of

the lines 441 as an indicator of whether the cameras colour variance is low enough

to be able to separate skin with high concentrations of bilirubin from skin with lower

concentrations. This appears to be true for both cameras except for the HTC when

compared to simulations with very high melanin concentrations.

Before colour calibration was performed on the images, the average error of

the measured colours of the ColorChecker was usually between 50 and 60,

measured as the vectorial colour distance in RGB colour space. Using the general

polynomial transform to colour calibrate the images, this error was reduced to

approximately 30. The Thin-Plate Spline interpolation on the other hand, managed to

decrease the error to approximately 25. Using the Thin-Plate Spline interpolation on

the images in xy coordinates yields prediction errors of 0.0126 and 0.0275 for the

HTC with white balance set to auto and daylight respectively. For the Samsung the

prediction errors were 0.0157 and 0.0163 with the same white balance settings.

These values are plotted in Figure 6 similarly to the standard deviations plotted in

Fig. 5 . The reason for the large value of the calibration error of the HTC with white

balance set to daylight is not known. Prediction errors were also calculated for the

other white balance settings, but auto and daylight were the ones with the best

results for the images captured with diffuse daylight through a window as light

source.



The diameter of the circles 452-455 in Figure 6 are of approximately the same

length as the length of the lines 451 . This indicates that this calibration procedure is

not precise enough for bilirubin concentrations to be estimated from comparing a

colour measurement to numerical simulations. A calibration improvement was seen

when the images taken using the flashlight of the phones as light source were used.

When the reference colours from the paper by Pascale [36] were used to calibrate

the images taken using the flashlights, the results were prediction errors of 0.01 5

and 0.023 for the HTC and Samsung respectively. Using the colours of the

ColorChecker calculated by combining the flashlight spectra and the reflection

spectra of the ColorChecker, calibration errors were reduced to 0.012 and 0.01 8 ,an

improvement of approximately 20%. These errors have been further decreased

using Kriging methods and by correcting for light intensity variations as described in

the following paragraphs concerning the colour calibration card.

Gaussian process regression is a regression method used to generate both

good predictions of values at unknown inputs, but also to get an estimate of the error

at that point. Other regression methods can create uncertainty estimates through

e.g. cross validation, which creates an error measurement based on the predicted

values at certain known points. Gaussian process regression is able to create error

estimates for all points in the input space, including the exact point we are

measuring.

Gaussian process regression has also provided the best colour calibration of

the methods that has been tested. This, in addition to providing an error estimate at

the point that is measured, makes it the preferred calibration method. For a general

introduction of Gaussian process regression the reader is referred to Ebden[43]. For

a detailed guide to Gaussian process regression with uncertain inputs, as used here,

the reader is referred to chapter 3 of Girard[44].

The measured flashlight spectra can be seen in Figure 7 . All spectra are very

similar and share the same characteristic shape. This makes it likely that most

smartphones use the same type of diodes in their flashlights, sharing a similar

spectrum.

Colour measurements of skin with and without a bruise were also performed

using the same calibrations as were used for the prediction errors shown in Fig. 6 .

These measurements can be seen in Figure 8 . Each line with two connected circles

472-475 represents two colour measurements. The bottom left circles of 472-475

indicate a colour measurement done on skin with no bruise. The upper right circles

of 472-475 indicate measurements done on a bruise. The lines 471 represent

simulations as before. All the lines 472-475 going from a measurement of the skin to



a measurement of the skin with a bruise point up to the right similarly to the

numerical simulations of increasing bilirubin concentrations. This indicates that the

calibrated colour measurements are indeed capable of measuring increased bilirubin

concentrations.

The purpose of the colour calibration is to make the cameras able to measure

the true colours of the scene it is capturing. These captured colours can then be

compared to numerical simulations of skin colour to give an estimate of the bilirubin

concentration of the skin. Figure 5 shows that the standard deviation of the cameras

is small enough that this is possible. If this had not been the case, several images of

the target could have been captured and the means of the captured colour values

could have been used instead. This technique can of course be used when the

standard deviation is small as well, as a means of reducing the errors caused by the

camera itself. The results of the calibration procedures in Figure 6 on the other hand,

show a far larger error than can be accepted if bilirubin concentrations are to be

measured. A remedy for this is suggested by Menesatti et al.

Menesatti et al. [35, p. 12] reports that when using the thin-plate spline

interpolation method, the use of ColorCheckers with more colour patches results in

calibrations of higher accuracy than calibrations performed with fewer colour

patches. In addition, they showed that the farther away the measured colour was

from the closest reference patch colour, the larger the calibration error. For this

reason, they suggest the use of ColorCheckers with several colours that closely

match the colours of interest to reduce calibration error. ColorCheckers could even

be created and printed ad hoc, and the colours could then be measured a posteriori

using a spectrometer.

Numerical skin simulations have been used to calculate the whole range of

skin colours expected to exist in newborns. Skin colours to be used as reference

colour points on the calibration card have been chosen by choosing colours that

maximise the distance between them. This ensures that when the skin colour of

newborns is measured the distance between the measured colour and the colours

on the calibration card will be minimal, increasing the accuracy of the proceeding

calibration algorithms.

The colours on the calibration card may be printed using a process known as

spectral printing [36]. Spectral printing tries to replicate the entire reflection spectrum

of light, instead of just the RGB colour. An advantage of using spectral printing is that

the measured colours of the calibration card will change in a similar fashion to the

measured colour of the skin when the light source illuminating the card and skin

changes. Without using spectral printing, there is no guarantee that the printed



colour remains similar to a skin colour when the light source or the illumination

changes. Using spectral printing is therefore an advantage when creating a system

that can be used in different light conditions or using different illumination sources.

Typically 7 colour components are used in spectral printing. In other embodiments

the there may be fewer than seven colour components to save cost of the calibration

card. In other embodiments there may be more than seven colour components to

allow control of the changes of the colours of the calibration card under changing

illuminations conditions. An advantage with spectral printing of the calibration card is

that it is possible to manufacture a calibration card that behaves similar to skin,

sclera or area of the body under the same illumination conditions.

Typically the calibration card is made of cardboard or paper. The calibration

card may have an opening or transparent section where the skin, sclera or an area

of the body is visible. Preferably the calibration card is not transparent. The

calibration card may be made of plastic or other material that provides sufficient

stiffness in such a way that the calibration card does not easily bend or deform.

Fig. 9 shows a first embodiment of a colour calibration card 500 with grey

patches 504 for light source strength correction. Rectangles with the number 504

indicate a grey rectangle used for light source strength correction. They are evenly

distributed to ensure that all coloured patches and skin is adjacent to at least one

grey colour patch. Rectangles with the numbers 506 indicate coloured rectangles

which are used for colour calibration. The colour of the coloured rectangles may be

chosen among suitable skin colours, simulated skin colours or other colours suitable

for calibration of images. The coloured rectangles 506 may have different colours, or

some of the coloured rectangles may have similar colour. In an embodiment of the

calibration card the coloured patches 506 comprises of 24 different colours. The

rectangle with the number 502 indicates the opening in the calibration card where

the skin will be visible. If there, for some reason, is no need for light source strength

correction for a certain application, the grey patches can be replaced by more

coloured patches.

Fig. 10 shows a second embodiment of a colour calibration card 500.

Rectangles with the numbers 506 indicate coloured rectangles which are used for

colour calibration. The colour of the coloured rectangles may be chosen among

suitable skin colours, simulated skin colours or other colours suitable for calibration

of images. The coloured rectangles 506 may have different colours, or some of the

coloured rectangles may have similar colour. In an embodiment of the calibration

card the coloured patches 506 comprises of 24 different colours. The rectangle with

the number 502 indicates the opening in the calibration card where the skin will be



visible. If there, for some reason, is no need for light source strength correction for a

certain application, the grey patches can be replaced by more coloured patches.

In other embodiments of the calibration card, there may be no opening or the

opening may be located at the periphery of the calibration card.

Preferably when photographing the skin, sclera or other area of the body the

calibration card is part of the image.

The grey colours on the calibration card are used to correct any variation in

light source strength across the imaged calibration card. When using a flash or

ambient lighting as light source there is no guarantee that very part of the calibration

is illuminated with the same intensity. By having grey calibration patches with the

same colour across the card we can model the light source strength across the card

and correct for any variation. This technique may be used both with calibration cards

printed using spectral printing and with calibration cards printed using traditional

printing techniques.

In addition to skin colours on the calibration card chosen from the numerical

skin simulations described above, the calibration card may include some grey

patches. These grey patches should be as similar as possible as they are used to

correct for any variation in the illumination across the calibration card. Using the fact

that the grey patches should reflect the same colour regardless to where they are

situated on the calibration card, the variation in the reflected colour from theses

patches can be used to correct for light intensity variation on to the colour patches

and on to the skin. Several different algorithms could be used to perform this

correction, such as bilinear interpolation, linear regression, Gaussian process

regression methods, etc.

This method could possibly also be used as a diagnostic tool for other

conditions. As mentioned earlier, the reflection spectrum of newborn skin can be

used to calculate more than the bilirubin concentration. The colour of the skin is a

result of the reflection spectrum and could therefore be used to calculate some of the

same parameters, even though most of the spectral information is lost when the

reflection spectrum is collapsed to three colour values. Takiwaki and Serup [39]

found such colour indicators on psoriatic plaque, opening the possibility of using

colour analysis to diagnose psoriasis, or at least to measure the extent of it. But the

technique is not limited to the medical field. The colour measurement technique may

be used to objectively measure the colour of e.g. paint, or custom colour calibration

cards may be produced to asses the colour quality of food in factories and stores etc.

The applications mentioned here should not be seen as an exhaustive list.



Best Modes of Carrying Out the Invention

Presently the best mode is to depict the skin using a smartphone and the

smartphone's flash with a custom made colour calibration card with colours selected

from numerical skin simulations and printed using spectral printing placed on the

skin. The skin colour is then calibrated using a Gaussian process regression method

and compared with simulated skin colours and corresponding bilirubin

concentrations in a direct lookup table. This gives a good estimation of the bilirubin

concentration from the measurement of skin colour.

The calibration card needs to be as close possible to the area of the skin,

sclera or other area that is to be analysed. Placing the calibration card close to the

area to be analysed ensures that the same lighting conditions exist on the calibration

card as the skin/sclera being measured. A preferred way to get the card close to the

area that needs to be analysed is to have an opening in the calibration card. The

calibration card is then placed on a child's chest when measuring the skin, or held

near the eye of the child when measuring sclera.

Alternative Embodiments

A number of variations on the above can be envisaged. For instance also sclera of

the eyes can be used, using a similar model. Since jaundice affects the eyes at a

delayed rate from the skin it is possible with one set of measurements to determine if

the level of bilirubin is increasing or decreasing. Thus if the level of bilirubin is

increasing the analysis using skin gives a higher indication than for sclera. At steady

state both give the same indication.

The estimation of a bilirubin concentration from the calibrated skin colour

measurement can also be performed by a meta model instead of a direct lookup

table. The accuracy of this estimation may be improved by finding which input skin

parameters to the model are most likely with regard to the measured colour. The

colour calibration can also be performed by other algorithms than the thin-plate

spline, for example by partial least squares regression or Gaussian process

regression. In addition, calibration can be improved by using both an image captured

without flash and an image captured with flash. Calibration can also be performed on

a single image captured without flash.

The calibration card may be manufactured of a stiff and transparent material

like Plexiglas. The calibration colours are printed on the transparent material. The

calibration card may be pressed towards the skin and thereby providing an even and

flat surface that may be imaged.



The calibration card may be equipped with light sources to provide calibrated

illumination of the skin, sclera or other part of the body. This would be advantageous

in having a known illumination source.

In other embodiments the calibration card may be replaced with light projected

5 on the skin, sclera or an area of the body. The light may be projected from a known

light source like video projector, screen of a smartphone, flash or other suitable light

source. The screen of a smartphone may be used for illumination where a specific

light pattern is shown on the display and when in proximity of the skin the light from

the display is reflected from the skin and captured by the camera in the smartphone.
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Industrial Applicability
The invention according to the application finds use in determining presence of

jaundice in newborns using simple low cost means in the field.



Claims

1. A method for diagnosing a level of bilirubin comprised in blood causing

jaundiced skin in a subject which comprises

receiving a depiction using an RGB sensor of skin with a colour calibration

chart, and

calculating a level of bilirubin based on an optical diffusion model of a skin or

Monte Carlo simulations of skin optics in the received depiction.

2 . The method according to claim 1 wherein calculation of the level of bilirubin is

performed using a meta model of the diffusion model of skin or Monte Carlo

simulations of skin optics.

3 . A method for determining a rate of change in level of bilirubin in blood causing

jaundiced skin and sclera, comprising

receiving a depiction using an RGB sensor of jaundiced skin and sclera with a

colour calibration chart,

calculating a level of bilirubin using the method of claim 1 for skin and sclera,

and

comparing the indicated level of bilirubin from the skin with the indicated level

of bilirubin from the sclera,

determining a rate of change in level of bilirubin in blood by the difference in

the indicated level of bilirubin from the skin from the indicated level of bilirubin from

the sclera

4 . An apparatus for diagnosing a level of bilirubin comprised in blood causing

jaundiced skin in a subject according to claims 1 or 2 , which comprises

means for receiving a depiction using an RGB sensor of skin with a colour

calibration chart, and

means for calculating a level of bilirubin based on an optical diffusion model of

a skin or Monte Carlo simulations of skin optics in the received depiction.

5 . A method for creating a customised treatment plan of a subject with jaundice

by sunlight exposure by wherein the data obtained according to claims 1 or 2 , in

combination with sunlight exposure data of a location and/or weather data.



6 . Use of a method according to claim 1 or 2 for creating a customised treatment

plan of a subject with jaundice through sunlight exposure wherein the data obtained

according to claim 1 or 2 are combined with sunlight exposure data of a location

and/or weather data.

7 . A calibration card comprising a plurality of colour patches wherein the

calibration card further comprises a plurality of grey patches for detecting the

variations of illumination of the calibration card.

8 . A calibration card according to claim 7 wherein the calibration card comprises

further an opening where the skin or sclera is visible.

9 . A calibration card according to claim 7 or 8 , wherein the colour patches on the

calibration card are printed using spectral printing.

10 . A calibration card according to claims 7 to 9 , wherein the grey patches are

evenly distributed over the calibration card.

11. A calibration card according to claim 7 to 10 , wherein at least one grey patch

is arranged at a corner of the calibration card.
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