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A B S T R A C T

The shape of a diffuse reflectance spectra can provide knowledge
about tissue composition. By analysing this spectra one can, with
the right evaluation methods, find out information about the tis-
sue. With known absorption properties of the present tissue chro-
mophores it is possible, with a curve fit algorithm, to find their
volume fractions in any measured tissue.

In this work, the usability of diffuse reflectance spectroscopy (DRS)
as a tool in tissue diagnostics was investigated. A model based
on diffusion theory with a semi-infinite boundary condition and
known tissue chromophore data was developed. It was used to eval-
uate DRS signals in tissue phantoms and on murinae, porcine and
human livers. To ease the evaluation, an interface was developed
to run the instruments (one light source and two spectrometers)
from the computer and to compute the tissue composition from the
provided diffusion model. The tissue composition was computed
through a Levenberg-Marquardt least-squares algorithm in MAT-
LAB.

Validation of the diffusion model was performed on tissue phan-
toms together with Monte Carlo (MC) simulations and a Time-
of-Flight Spectroscopy (TOFS) measurement. The results from the
validation measurements were varying. Many different kinds of
phantoms were created. Commonly used phantoms, containing wa-
ter, blood and intralipid gave results systematically underestimat-
ing the absorption while phantoms with greater fractions of lipid,
mixed with agar or Triton-X100, gave results with less good correla-
tion between signals and concentrations. The poor phantom results
were discovered to be due to a low haemoglobin concentration in
the used blood whilst there was also limitations in the diffusion
criteria for these phantoms.

The results from liver measurements gave better correlation be-
tween signals and concentrations, and when investigating the cri-
teria for diffusion these were also fulfilled in a greater wavelength
region. The liver results also showed an evident difference between
healthy and malignant tissue.
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P O P U L Ä RV E T E N S K A P L I G S A M M A N FAT T N I N G

I dagens sjukvård finns det många etablerade metoder för att di-
agnostisera sjukdomar. Vissa av dessa är avbildningstekniker som
PET, CT eller MR medan andra, som biopsi, är en annan typ av un-
dersökning som utförs. Dessa metoder har både för- och nackdelar.
Gemensamt för dem är att de antingen är dyra, potentiellt kan ha
bieffekter eller tar lång tid. Sjukvården har många alternativ, men
vilket är egentligen det bästa?

Optiska metoder är inte lika frekvent utnyttjade som diagnos-
tiska verktyg. De är kraftfulla tekniker som varken gör skada, tar
tid eller kostar mycket pengar. Genom att i stället använda sig av
optiska metoder för diagnostik och terapi kan man både reducera
kostnad, tid och i vissa fall förbättra den diagnostiska informatio-
nen. Självklart finns det inte endast positiva saker med de optiska
metoderna, en stor nackdel är att ljuset inte når långt ner i väv-
naden. Fotonerna når endast en bråkdel av en millimeter till någon
centimeter ner i vävnaden, beroende på vilken färg ljuset har.

En optisk metod för att avgöra om viss vävnad är frisk eller
skadad bygger på diffus reflektans. Genom att mäta den diffusa
reflektansen på specifik vävnad kan man sedan räkna ut vilka kom-
ponenter som finns, samt till vilken grad de är närvarande. Detta
tillsammans med kunskap om komposition om frisk samt skadad
vävnad kan bidra till att ställa en diagnos.

Diffus reflektans har i det här projektet används till att karakteris-
era vävnad i levern. Applikationerna finns både genom att tekniken
kan använadas som ett guidande hjälpmedel under kirurgi samt
vid undersökning av kemoterapiskador. I den här rapporten beskrivs
den underliggande teorin för hur ljus och vävnad växelverkar med
varandra. Med detta som bakgrund har en modell för diffus re-
flektans utvecklats. Utifrån modellen valideras och evalueras instru-
ment, i form av en optisk prob, en ljuskälla och två spektrometrar.
Valideringen har också inkluderat metoder för att karakterisera lev-
ervävnad genom en fantomstudie samt genom mätningar på olika
levrar. Modellen har också testats genom datorsimuleringar.

Valideringsmätningar av blodfantomerna gav varierande resultat
vilket troligen berodde på låga hemoglobinvärden i blodet som an-
vändes samt begränsningar i diffusion teori. Levermätningarna gav
bra resultat med en tydlig skillnad mellan hälsosam och sjuk väv-
nad.
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A C R O N Y M S

BMC BioMedical Center

CT Computed Tomography

DRS Diffuse Reflectance Spectroscopy

MC Monte Carlo

MCML Monte Carlo for Multi-Layered media

MR Magnetic Resonance

NA Numerical Aperture

NIR Near Infra-Red

PET Photon Emission Tomography

RTE Radiative Transport Theory

SNR Signal-to-Noise Ratio

TEC ThermoElectric Cooling

TOFS Time Of Flight Spectroscopy

UV Ultra Violet

VIS Visible
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PA R A M E T E R S

SB Hb oxygen saturation %

B Average blood volume fraction %

W Water volume fraction %

L Lipid volume fraction %

Bi Bile volume fraction %

R Average vessel radius m

λ0 Reference wavelength nm

b Scattering power (Mie slope) -

a Reduced scattering coefficient at the reference wavelength m−1

fRay Fraction of Rayleigh scattering -

nt Refractive index of tissue -

nf Refractive index of optical fibre core -

θc Critical refractive angle rad

ρ Distance between optical fibres m

µs Scattering coefficient m−1

g Anisotropy parameter -

µ′s Reduced scattering coefficient m−1

µa Absorption coefficient m−1

Cdiff Correction factor for inhomogeneously -

distributed absorbers

Rv Vascular radius of blood vessel m

µeff Effective attenuation coefficient m−1

µt Total attenuation coefficient m−1

D Diffusion coefficient m

a′ Transport albedo coefficient -

R0 Specular reflectance -

A Coefficient compensating for refractive index mismatch -

when handling the boundary condition in diffusion

zb Extrapolated boundary m

z0 Subsurface depth of isotropic photon source m

r1 Distance: light source-detector m

r2 Distance: image source-detector m

Rd Diffuse reflectance %



1
I N T R O D U C T I O N

The first chapter will give a short introduction to a few optical imag-
ing techniques; with focus on DRS, which is the technique used in
this thesis. The outline of the thesis: with its purpose, aims and
assumptions are also stated.

1.1 optical imaging

Optical imaging techniques involves ultraviolet (UV), visible (VIS)
and/or near-infrared (NIR) light. As light propagates in turbid me-
dia, photons will either scatter: stray from their path, or be ab-
sorbed: converted to heat. These two properties depend on the spe-
cific medium in which they are traveling. Scattering and absorp-
tion are wavelength dependent properties and they can be used to
model light propagation in a medium. These properties can also
provide information about the medium itself.

Light of wavelengths ranging between 600 - 1400 nm is less atten-
uated in tissue, and this range is thus called the tissue optical win-
dow. It is optimal to use light in this wavelength range in optical
measurements of subsurface tissue structures. However, the pene-
tration depth of light is still limited to sub-centimeter range at best.
In this region, optical techniques have a high sensitivity, and could
in theory determine the structure and constitution of the imaged
sample.

There are many biomedical imaging techniques using light, e.g.
DRS (this work), diffuse optical tomography [1], fluorescence imag-
ing [2], bioluminescence imaging [3] and many more. With light
penetration only being in the millimeter to centimeter scale, one
cannot measure something buried deep into the tissue. However,
optical techniques show great potential, as they are much cheaper
and require a relatively primitive setup compared to other avail-
able techniques, such as PET/CT. Also, the optical techniques are
not harmful to those working with it or those seeking a treatment
or diagnosis.

1



2 introduction

1.2 diffuse reflectance spectroscopy

DRS is a widely used non-invasive technique for optical imaging.
The fact that DRS can be used to measure without destroying or
affecting samples makes the technique ideal to use in a number of
applications. These applications can be used in several fields, e.g.
the food industry [4], the drug industry [5, 6] and as an optical tool
for diagnostics and analysis within medicine [7, 8].

DRS and tissue chromophore detection

In the field of tissue chromophore detection, i.e. detection of water,
blood, etc., DRS has been used to diagnose cancer in breast [9, 10],
colon [11] and more. A DRS setup usually consist of two or more
optical fibres. The fibres are most commonly placed parallel and
fixed in a pen-like probe [12]. By acquiring the diffuse reflectance
of light from tissue, a diffuse reflectance spectrum can be obtained.
The spectrum contains information about the medium, such as the
optical properties and the structure. This information can be used to
get an overview of what the tissue is composed of through various
models.

Several groups work with DRS and the most common wavelength
range used is 500 - 1000 nm. However, lately it has been shown that
if the wavelength range is increased up to 1600 nm a more trust-
worthy and robust result can be obtained [13].

1.3 purpose

The purpose of this thesis is to validate a DRS setup. This setup
should be able to assist tumour resection in liver surgery, espe-
cially for patients that has undergone chemotherapy prior to the
surgical resection. The evaluation is performed through an inverse
model of the diffusion theory, following proper method validation
by measuring the diffuse reflectance in tissue-like phantoms with
an optical probe. Then, through a curve fitting algorithm, one can
determine the optical properties of the tissue and concentrations of
chromophores. A computer program with a simple interface is also
desired for the DRS setup to function in an environment used by
non-technicians, such as nurses or doctors.
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1.4 specific aims

The primary aim of this thesis is to create a tool to determine if a
liver is healthy, unhealthy or how it is responding to chemotherapy.
The work is directed to establish the correlation between the dif-
fused reflectance (i.e. the signal) and chromophore composition in
tissue. The specific aims are to:

a. Validate the system

b. Implement a working curve fit algorithm

c. Design a program that is acceptable to work with, by those
whom it may concern

d. Establish diagnostic criteria to differentiate healthy and ma-
lignant tissue through DRS

e. Investigate the relationship between probe pressure on tissue
and the shape of recorded diffuse reflectance spectra

f. Evaluate the limitations of diffusion theory

1.5 assumptions

In this thesis the following assumptions are made

• Tissue compositions make light diffuse. This assumes that the
scattering coefficient is considerably larger than the absorp-
tion coefficient (µ′s >> µa) and that the fibre separation is
greater than the reciprocal of the scattering (ρ > 1/µ′s).

• The short fibre separation in some of the probes are used with-
out respect to the limitations in the diffusion theory.

• The angle of incident light is set to 0◦. The diffusion model
is dependent on the angle of incidence; when measuring in
practice the actual angle is not well characterised.

• The temperature dependences of light absorption and scatter-
ing by various chromophores and microscopic structures of
elements are neglected, i.e. µ

′
s and µa are assumed to be inde-

pendent of the temperature.

• Intralipid, used as a scattering agent, is assumed to absorb
light similarly to water and modeled as water in the curve fit.





2
T H E L I V E R

The technology in this thesis has applications for liver metastasis
and the livers reaction to chemotherapy. Therefore, this chapter con-
tains a brief introduction to the liver and the medical problem of
relevance for the work in this thesis.

Figure 2.1: Placement of liver in
human body. (Image extracted
from Wikimedia, “Liver loca-
tion”,
02-06-2014)

2.1 diseases in the liver

The liver is one of the most vital organs in our body and we cannot
survive without it. It is situated to the right of the stomach and
overlies the right kidney and the gallbladder, see Figure 2.1. The
liver receives the majority of its blood, 75 %, from the hepatic portal
vein which runs from the gastrointestinal tract through the spleen
to the liver [14].

Malignant tumours in organs in the gastrointestinal tract, such as
esophagus, stomach, biliary system, pancreas, small intestine and
large intestine, are categorised as gastrointestinal cancer. This form
of cancer make up 10 % of all malignant diseases, the third most
common malignancy, among both men and women [15].

Since the liver’s blood supply runs through the gastrointestinal
tract the liver is highly receptive to metastatic growth. A metastatic
tumour, or metastasis, is the spread of malignant tumour cells across
tissue boundaries whilst a primary tumour is the first original tu-
mour in a body. A metastatic tumour in the liver is 4 - 5 times more
common than a primary tumour [16].

2.2 treatment options

There are several treatment options of metastatic liver lesions: the
most common being chemotherapy, radiofrequency ablation, and
surgery [17]. Some of these can be combined, like chemotherapy
and surgery. Surgery involves a major operation, which is usually
reserved for those with good health, and is the only therapy with
a possibility of curing the patient [18]. The resected part can make
up as much as 80 - 90 % of the liver, due to it’s remarkable ability
to regenerate [19].
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6 the liver

Pre-operative chemotherapy and it’s consequences

Figure 2.2: The chemotherapeu-
tic drug (yellow) attack cells as
they are dividing.

Chemotherapy, abbreviated chemo, is one of the more commonly
used means to treat cancer today [17]. When malignant cells are
spread out, chemotherapy can be used to kill these cells and also
to reduce the weight of the tumour. These two elements enable the
patient to undergo surgery.

Chemotherapy is essentially a chemical substance injected into
the body of patients [20]. When in the body, it will locate cells in the
process of dividing and eradicate them, see Figure 2.2. For the best
result, the chemotherapeutic drug should only be attracted towards
the malignant cells and leaving the healthy ones undamaged.

Malignant cells constantly divide and multiply and grow into
a lump with time, often referred to as a tumour. Most, but not all,
normal cells divide less frequent after you reach adulthood. Normal
cells which still has a high multiplication frequency include:

• Hair cells - the hair is constantly growing.

• Blood cells - the cells are invariably being produced within
the bone marrow.

• Skin and digestive lining cells - both are renewed frequently.

These cells are also highly susceptible to the chemotherapy [21].
Studies show that the use of pre-operative chemotherapy can in-

duce other consequences than destroying healthy cells. Pre-operative
chemotherapy increases the risk of several fatty liver conditions,
such as: steatosis, steatohepatitis (Figure 2.3) and sinusoidal ob-
struction syndrome [22]. Diagnosing these symptoms either involve
a liver biopsy; where a piece of liver tissue is extracted and exam-
ined, or various other diagnostic techniques, such as ultrasound,
CT or MR. Although the latter ones are non-invasive, they are ex-

Figure 2.3: Liver with steato-
hepatitis. (Image extracted from
Wikimedia, “Steatohepatitis”, 02-
06-2014)

pensive and have low sensitivity for these conditions, thus provide
limited diagnostic information. Ultrasound is the least expensive of
these techniques, but also offers the lowest sensitivity [23].

2.3 drs

By using a DRS setup, mentioned in Chapter 1, a higher sensi-
tivity is possible to achieve. With this technique, a surgeon can
hopefully detect pre-operative chemotherapy induced injuries on
the liver. These fatty liver conditions cannot be seen by the naked
eye, which makes DRS a suitable technique to adopt. A DRS probe
can measure, while in contact with the liver surface, during open
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surgery. This technique can help to establish the state of the liver
segment which will remain in the body after surgery. Diagnosing
fatty liver conditions with the DRS-technique is a novel idea still
to be evaluated, with a potential to develop as a clinical diagnostic
application during open liver surgery.

DRS is not a time consuming technique, a single acquisition only
takes a few seconds. The surgeon would also have the choice of
someone watching and analysing the data in real-time or save the
data and perform the analysis at a point later in time. Potentially
an online real-time evaluation can be developed in the future. The
theory and use the use of DRS will be discussed in Chapter 3 and
Chapter 4.





3
L I G H T- T I S S U E I N T E R A C T I O N

When light is propagating in tissue, it is either scattered or ab-
sorbed. The coefficients describing these two processes are, together
with the refractive index, called the optical properties of the tissue.
In the following chapter the theory of scattering, absorption and
the radiative transport equation (RTE) will be described as well as
the diffusion equation, as an approximate solution to the RTE.

3.1 scattering

When a medium is inhomogeneous (here meaning the refractive
index is spatially varying on a microscopic scale), light will scat-
ter as it propagates. The scattering of light in a medium can be
described by the scattering coefficient (µs), defined as the average
number of scattering events per unit length. However, to fully de-
scribe scattering in tissue more information than this is needed. For
the description to become more accurate the change in direction of
the light should also be considered.

θs

s’

Figure 3.1: The phase function of
single scatter, p(s, s’).

The probability of a photon to scatter from the direction s′ to s
is described by the scattering phase function (p(s, s’)), illustrated
in Figure 3.1. The scattering phase function depends on the angle
(θ) between two scattering events and is often approximated by the
Henyey-Greenstein phase function [24]

p(θ) =
1

4π
· 1− g2

(1 + g2 − 2 · g(cosθ))
3
2

, (1)

where g is the anisotropy factor, defined as the average of the cosine
of the scattering angle

g = 〈cos(θ)〉, (2)

with g = 1 being completely forward scattering and isotropic scat-
tering characterised with g = 0. Both the scattering coefficient and
the anisotropy factor are wavelength dependent.

With the anisotropy factor we can define a reduced scattering
coefficient as

µ′s = µs · (1− g). (3)

9



10 light-tissue interaction

Finding the true value of the reduced scattering at all wavelengths
through Equation 3 can be difficult. However, the reduced scatter-
ing can be approximated by a power law. In literature, two ways of
describing the scattering coefficient are commonly used [25]. One
can either describe the scattering as Mie-scattering and the power
law takes the form

µ′s(λ) = a ·
(

λ

λ0

)−b

, (4)

where λ0 is the reference wavelength, which in this project is set to
800 nm, a the reduced scattering at λ0 and b is the scattering power.

As an alternative the reduced scattering coefficient can be de-
scribed as a function of both Mie- and Rayleigh-scattering

µ′s(λ) = a ·
[

fRay

(
λ

λ0

)−4

+ (1− fRay)

(
λ

λ0

)−b
]

, (5)

where a and b are defined as above and fRay is the fraction of
Rayleigh scattering. Rayleigh scattering is caused by particles much
smaller than the wavelength of light, while particles which are sim-
ilar to or larger in size are described by Mie scattering. For the
entire wavelength range, 400 - 1600 nm, it is not established which
of Equation 4 or Equation 5 models the scattering the most accurate
[25], so in the presented model both options will be considered.

3.2 absorption

When light is propagating in tissue it can also be absorbed. The ab-
sorption of light depends on the chromophores in the tissue. The
absorption coefficient (µa) is defined in a similar way to the scatter-
ing coefficient, i.e. the probability for a photon to get absorbed per
unit length. The ratio of the chromophores present in tissue will de-
termine how the absorption spectra will look, since the absorption
coefficient is the linear combination of the contribution of each of
the absorbing chromophores [25]

µa(λ) = ∑
i

µa,i(λ) · fi, (6)

where µa,i is the absorption coefficient for chromophore i and fi is
the volume fraction of that corresponding chromophore.
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Figure 3.2: Absorption coefficients (µa) as a function of wavelength (λ) for the
main chromophores present in the liver [26]. The tissue optical window ranges
from ∼600 - 1400 nm and is the region in which the chromophores absorb the
least, hence light will reach deeper into the tissue.

The strongest absorbers in biological tissue are blood, water and
lipids. For liver applications, bile should also be taken into account
[26]. Blood consists of red blood cells (∼45.0 %), white blood cells
(∼0.70 %), platelets and plasma (∼54.3 %). Of these, the greatest
absorber, and also the greatest contribution to scattering, are the
red blood cells; these cells contain primarily haemoglobin.

Haemoglobin can be both oxygenated and deoxygenated, thus
the oxygenation of blood should be accounted for when modeling
light propagation. The ratio between oxygenated and total haemo-
globin, the oxygen saturation (SB), is [HbO2]/[HbO2 + Hb] with
HbO2 as fully oxygenated haemoglobin and Hb as fully deoxy-
genated haemoglobin. The oxygenation saturation ranges from∼75 %
in venous blood to ∼97.5 % in arterial blood [27].

The described chromophores will yield the total absorption coef-
ficient as follows

µa = B · [SB ·µHbO2
a +(1−SB) ·µHb

a ] +W ·µH2O
a + L ·µLipid

a + Bi ·µBile
a ,

(7)

where SB is the oxygenation saturation, while B, W, L and Bi are
the volume fractions of blood, water, lipids and bile, respectively.
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The absorption coefficients as a function of wavelength for these
chromophores can be viewed in Figure 3.2.

Pigment packing
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Figure 3.3: Correction factors
(Cdiff) for inhomogeneously dis-
tributed absorbers as a function
of the vessel radius (Rv) for the
absorption coefficient (µblood

a ) in
blood calculated at three differ-
ent wavelengths.
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Figure 3.4: The correction fac-
tor (Cdiff) as a function of the
absorption coefficient (µblood

a ) in
blood for three different vessel
radii (Rv). For wavelengths over
800 nm the value for Cdiff stays
at ∼1.

Equation 7 assumes all chromophores to be homogeneously dis-
tributed in tissue, however, this is not always true. To compensate
for the inhomogeneous distribution of blood, i.e. that blood is con-
centrated in blood vessels, a correction factor can be taken into ac-
count. This is called pigment packing and was suggested in refer-
ence [28]. If the blood vessel radius (Rv) is large, less light will reach
through the vessel. As a consequence, the measured absorption co-
efficient will be smaller than its true value, since the model assumes
blood to be homogeneously distributed. The correction factor (Cdiff)
for blood vessels exposed to diffused light is

Cdiff(Rv, µblood
a (λ)) =

1− e−2·Rv·µblood
a (λ)

2 · Rv · µblood
a (λ)

, (8)

where Rv is the vascular radius of the blood vessel and µblood
a the

absorption coefficient of blood [28]. The correction factor is close
to one for small vessel optical density (Rv · µblood

a ) and decreases
the as the optical density increases, see Figure 3.3. In Figure 3.4
one can notice that pigment packing has a greater effect for shorter
wavelengths.

The new, corrected, expression for the absorption coefficient can
be expressed as

µtissue
a = Cdiff · B · [SB · µHbO2

a + (1− SB) · µHb
a ] + ∑

i
fi · µa,i, (9)

where µtissue
a is the effective absorption coefficient for tissue, µHbO2

a

the absorption coefficient of fully oxygenated blood, µHb
a fully de-

oxygenated blood, SB the oxygen saturation and B the blood vol-
ume fraction as in Equation 7.

Beer-Lambert Law

The Beer-Lambert law describes how the intensity of light passing
through an absorbing media decreases exponentially on the prod-
uct of the absorption coefficient and the path length

I = I0 · e−(µa·l), (10)
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where I is the transmitted intensity, I0 the incident light and l the
optical path length in the medium. For a non-scattering medium the
optical path length is equal to the sample thickness. For a scattering
medium the attenuation of the light can be expressed as

I = I0 ·
1
r
· e−(µeff·r), (11)

where r is the geometrical distance and µeff is the effective attenua-
tion coefficient depending on both absorption and scattering.

3.3 temperature dependence for optical properties

Both the scattering and the absorption coefficients are temperature
dependent. Chromophores absorb differently for different temper-
atures. The temperature dependence of water absorption has been
studied; the absorption peak around 970 nm blue-shifts for higher
temperatures and the absorption peak also gets more narrow and
stronger [29, 30]. However, these changes are usually negligible
in biomedical optical applications. Small temperature variations
should not affect the diffuse reflectance spectrum significantly.

The temperature dependence of the scattering coefficient is re-
lated to the refractive index. The refractive index is temperature
dependent, which in turn makes the scattering coefficient tempera-
ture dependent as well. Also, lipids may undergo a phase transition
between room and normal body temperature, drastically altering
scattering properties of tissue.

Figure 3.5: Different pressures
in the contact state between the
probe and tissue will affect the
tissue structure and the shape of
the acquired spectra.

Figure 3.6: Different angles with
which the probe is held will af-
fect the shape of the acquired
spectra.

3.4 probe-tissue contact state

The contact state between probe and tissue influences the shape of
the diffuse reflectance spectra. The contact state can be the pres-
sure the probe is inducing on the tissue, see Figure 3.5. The signal
will also depend on which angle the probe is held, as shown in
Figure 3.6. For light pressures the reflectance is expected to be
greater, but take the same form. For greater pressures deformation
of the tissue will take place and the expected shape of the curve will
be changed. The measured intensities, in the spectra, will change
differently depending on which wavelength is studied and these
changes can affect the performance of the evaluation of the data.
Some theories say that the induced pressure compresses the blood
vessels and therefore influences the blood flow which will alternate
the shape and strength of the obtained signal [31].
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Different behaviour of the shape of the acquired spectra has been
noticed by several groups [32, 33, 34, 35]. Wavelengths below 600 nm

400 1000 1600
0.0

0.1

0.2

0.3

0.4

λ / m

R
d / 

a.
u.

 

 Touch

Light

Hard

Figure 3.7: Diffuse reflectance
(Rd) as a function of wavelength
(λ) for experimental values for
different pressures against a fin-
ger.

increase in diffuse reflectance intensity and wavelengths above 600 nm
an applied pressure gives a decrease in diffuse reflectance, see Fig-
ure 3.7. Some investigators have also observed a pivot pattern around
590 nm, which would verify this [32].

3.5 radiative transport theory

When modeling light propagation in tissue, with known optical
properties, the RTE can be used. The RTE is complicated to solve
without approximations. In this thesis, the RTE is modeled through
the diffusion approximation and through MC simulations. MC is
considered the gold standard for these problems.

The quantity used to describe propagation of photon power in
tissue is called radiance (L(r, ŝ, t)). It is defined as power per area
per solid angle. The photon distribution function (N(r, ŝ, t)) is the
number of photons within a volume with a certain direction at a
certain time. Radiance is the photon distribution multiplied by the
photon energy (h · v) and the speed of light (c),

L(r, ŝ, t) = N(r, ŝ, t) · hvc. (12)

The RTE is derived in a small element with volume V and boundary
S, see Figure 3.8. When deriving the RTE the conservation of energy,
absorption and scattering of photons and a photon source within
the element are considered. The RTE is

a)

b) c) e)

d)

Figure 3.8: RTE in a small ele-
ment with volume V and bound-
ary S.
a) Transfer of photons across the
boundary
b) Loss due to absorption
c) Loss due to scattering
d) Gain due to scattering
e) Photons generated by a source

∫
V

∂N
∂t

dV = −
∫
S

cNŝ · n̂dA

︸ ︷︷ ︸
a)

−
∫
V

cµaNdV

︸ ︷︷ ︸
b)

−
∫
V

cµsNdV

︸ ︷︷ ︸
c)

+
∫
V

cµs

∫
4π

p(ŝ’, ŝ)N(ŝ’)dω′dV)

︸ ︷︷ ︸
d)

+
∫
V

qdV

︸ ︷︷ ︸
e)

, (13)

where c is the speed of light, and q is the source term [36].
In clinical applications the fluence rate often has more signifi-

cance than the radiance. The fluence rate is defined as the integral
of the radiance over all directions

ψ(r, t) = chv
∫

4π

N(r, ŝ, t)dω, (14)
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hence we can compute the absorption of a photon independently
of its direction.

3.6 diffusion theory

In this work, a diffusion model was developed as an approxima-
tion of the RTE. The solution was developed for the steady state
diffuse reflectance, in order to solve for the composition of the chro-
mophores in terms of volume fractions. The diffuse reflectance (Rd)
is a function of the distance between the emitting and collecting fi-
bre (ρ), the absorption and the scattering coefficients. The distance
between the fibres is a fixed value depending on probe geometry,
see Chapter 4.

The model was constructed to be valid for liver tissue and thus
for the chromophores present in the liver. There are variations in
the composition of tissue from individuals and from healthy and
unhealthy tissue. Variation can also be found for the same individ-
ual at different occasions.

The propagation of light in the tissue was approximated with the
diffusion equation as previously by Farrell et. al. [37]

∇2ψ(r)− µa

D
ψ(r) = −S0(r)

D
+ 3∇ · S1(r), (15)

where So(r) and S1(r) are the zeroth and first order spherical har-
monics and D is the diffusion coefficient which can be either
[3(µa + µ′s)]

−1 or [3µ′s]
−1. Since the scattering is assumed greater

than the absorption, µa is sometimes neglected from the expression
for the diffusion coefficient.

For a semi-infinite medium the boundary condition for the diffu-
sion equation is approximated by

ψ(r)− 2ADn̂ · ∇ψ(r) = 0, (16)

where n̂ is a unit normal vector with direction into the tissue and A
is a factor related to the internal reflection and the refractive indices
(n) on the boundary

A =
2/(1− R0)− 1 + |cosθc|3

1− |cosθc|2
, (17)
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where cos θc is the critical refractive angle and R0 the specular re-
flectance. R0 is dependent on the refractive index in the tissue (nt)
and in the optical fibre (nf) in the following way

R0 =

[(
nt

nf
− 1
)

/
(

nt

nf
+ 1
)]2

. (18)

To fulfill the boundary condition, the model assumes an isotropic
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Figure 3.9: Geometry of the dif-
fusion equation with the mod-
eled boundary conditions.

light source at the distance one mean free path from the tip of the
optical fibre, which is the location of the first scattering site in the
tissue. Then a negative image source is introduced to set the fluence
at an extrapolated boundary equal to zero. The location of the ex-
trapolated boundary depends on both the diffusion coefficient and
the factor A. The diffuse reflectance was solved from Equation 15

and the boundary condition from Equation 16, which is the geome-
try illustrated in Figure 3.9 for two different light sources [37]. The
single source approximation is

R(ρ, µ′s(λ), µa(λ)) =
a′

4π

[
1
µt

(
µeff +

1
r1

)
e−µeffr1

r2
1

+

(
1
µt

+ 2zb

)(
µeff +

1
r2

)
e−µeffr2

r2
2

]
, (19)

where the source is an exponential line source, and secondly the
extended source approximation is

R(ρ, µ′s(λ), µa(λ)) =
1

4π

[
1
µt

(
µeff +

1
r1

)
e−µeffr1

r2
1

+

(
1
µt

+ 2zb

)(
µeff +

1
r2

)
e−µeffr2

r2
2

]
, (20)

where the source models multiple buried sources along the z-axis
whose contributions are integrated and calculated at the surface
[37]. The two expressions differ only in the transport albedo (a′). In
Equation 19 and Equation 20, zb is the location of the extrapolated
boundary located at 2AD, z0 the location of the isotropic photon
source, z the distance between the probe and the tissue during the
measurement. r1 is the distance between the real light source and
the detector, r2 is the distance from the image source to the detector
and ρ is the distance between the illuminating position and collect-
ing fibre. µt = µ′s + µa is the total attenuation coefficient, a′ = µ′s/µt
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the transport albedo, and finally µeff = [3µa(µa + µ′s)]
1/2 the effec-

tive attenuation coefficient.
The scattering coefficient, diffusion coefficient and the light source

can all be described through two different sets of equations. The dif-
fusion model can thereby be written through eight combinations of
these equations.

Limitations with diffusion theory

Since the diffusion model is an approximation to the RTE, it has
some limitations. For the model to be valid the scattering needs to
be much greater than absorption, i.e. µ′s >> µa. In tissue, blood
is highly absorbing around ∼400 nm and above 1000 nm lipids
and water are absorbing. In these regions this criteria might not be
met. Furthermore, the distance between the emitting and collecting
fibre (ρ) also limits the diffusion model. The distance needs to be
great enough for the light to get diffused, this means that ρ > 1/µ′s,
if the fibre separation is not long enough diffusion is not a good
approximation.

Penetration depth

Figure 3.10: For a given fibre sep-
aration one penetration depth
will be more likely than others.

The depth of light penetration in a medium is dependent on the
absorption and scattering coefficients, further it is also dependent
on the fibre separation. The penetration depth is a measure of how
deep photons can travel and still be detected at the tissue surface.
In Figure 3.10 a schematic picture of light penetration is presented.
As shown in the illustration not all depths are of equal probability.

The dependency of absorption is simple - higher absorption equals
less light and vice versa. However, the detected amount of photons
have a different dependency considering scattering. With little or no
scattering, the light will pass through the medium and no diffused
light is detected. With increased scattering, a direction change of a
photon is more likely and this is consistent with a higher diffuse
reflectance up till a breaking point where it will start to decrease.
This can be shown in the diffusion model for a fixed fibre distance
[38].

As stated above, the penetration depth is also dependent on the
fibre separation. For a short separation, a high signal is achieved but
the light is probing a small volume. By extending the fibre distance,
a larger volume is probed, with the trade-off of a weaker signal. In
the case of studying tissue, a greater volume is usually desired to
get a more homogeneous picture.
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Because of the large amount of photons during a measurement,
a statistical most-probable photon path can be estimated. The max-

Figure 3.11: Penetration depth
for four different fibre distances.
From 400 µm (left) to 1 mm,
2 mm and 2.5 mm (right) for
1100 nm photons.

imum depth of this path can be defined as the penetration depth
[39]. Figure 3.11 shows MC simulations for how the penetration
depth differs for fibre distances 400 µm, 1 mm, 2 mm and 2.5 mm
at 1100 nm. The white line indicates the penetration depth for these
photons. Table 1 presents that a greater fibre distance will give a
deeper light penetration.

Table 1: Monte Carlo depth simulations

Fibre separation 400 µm 1 mm 2 mm 2.5 mm

Depth (cm) 0.06 0.10 0.12 0.13

The statistical maximum for photons for the four different fibre separations at
1100 nm.



4
I N S T R U M E N T S A N D S O F T WA R E

The instruments used in this project together with the developed
software is presented in the following chapter. A description of the
spectrometers and probes is presented together with a test of the
system. Furthermore, the interface, signal processing and curve fit
algorithms are described.

4.1 optical system

The setup consists of two miniature spectrometers, a light source,
a probe and a computer, see Figure 4.1. The spectrometers are
interconnected with the light source and the probe through op-
tical fibres. The light source is a Tungsten-Halogen light source
with an integrated shutter (Ocean Optics, HL-2000-FHSA). A vis-
ible range spectrometer (Ocean Optics, USB-4000-VIS-NIR) and a
near infrared (Ocean Optics, NIRQuest-512) are used.

Figure 4.2: Instrumentation set
up during a measurement.

The system is portable, easily moved and can be packed down
in two suitcases. One suitcase is for the computer and one is for
the optical system. When brought to a measurement it can fit on a
small surface, see Figure 4.2.

Figure 4.1: Setup for light source, spectrometers, probe and computer.

19
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Spectrometer description

The USB-4000 has a 100 µm slit providing approximately a 4 nm
optical resolution and a bandwidth of 349 - 1041 nm [40]. The
NIRQuest-512 has a 25 µm slit providing approximately a 3 nm op-
tical resolution with a bandwidth of 900 - 1700 nm [41]. Using both
spectrometers, a spectrum is obtained in the the wavelength range
360 - 1700 nm. The USB-4000 has a Toshiba TCD1304AP linear
CCD array detector and the NIRQuest-512 a Hamamatsu G9204-
512 InGaAs linear array. The wavelength range is slightly reduced
to 450 - 1600 nm due to the low sensitivity outside this range, see
Figure 4.3 and Figure 4.4.
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Figure 4.3: Relative response
as a function of wavelength
(λ) for Toshiba TCD1304AP.
(Data extracted from “Toshiba
TDC130AP” data sheet)
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Figure 4.4: Relative response as
a function of wavelength (λ) for
Hamamatsu G9204-512 InGaAs.
(Data extracted from “InGaAs
linear image sensor G9301 to
G9204” data sheet)

The detectors are influenced by noise which are categorised into
three different kinds. Two of them, readout noise and dark noise,
are caused by the instruments and can be regulated to some extent.
Readout noise is present in any electrical circuitry. In this case, it
is primarily caused by the generated voltage signal from the detec-
tor array and from the analog to digital conversion. Dark noise is
caused by generation of electrons in the detector array through a
thermal process. The dark noise is hence immensely dependent on
the temperature of the device.

The third kind of noise, photoelectron noise, is noise in the de-
tected light itself, and thus cannot be eliminated [42]. The signal-to-
noise ratio (SNR) can though be manipulated as it depends on the
number of photons detected, the more photons, the better signal-to-
noise ratio.

Comparing the spectrometers

A comparison of the detectors SNR, noise level and pixel size can
be viewed in Table 2.

Table 2: Detector specifications

Toshiba Hamamatsu

SNR @ full signal 300:1 13000:1 -

Noise 45 (@ 50 ms) 15 (@ 1500 ms) RMS counts/pixel

Pixel size 8 x 200 25 x 500 µm

SNR and noise specifications for the USB-4000 and NIRQuest-512. The USB-
400 spectrometer is run at ambient room temperature, while the NIRQuest-512

spectrometer run with a cooled detector array. The two noise specifications are
given for a single array read-out.
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The USB-4000 achieves full signal with an integration time which
is up to 100 times shorter than the NIRQuest-512, for a similar
number of detected photons. We understand that this difference is
mainly caused by different settings of the analog-to-digital conver-
sion, i.e. the number of electrons per count. The longer integration
time for the NIRQuest-512 with a higher number of photons de-
tected provides a higher signal-to-noise ratio per readout (defined
by the photoelectron noise as discussed briefly above). Because of
this, a single acquisition from both spectrometers will result in the
USB-4000 having more stochastic noise in the signal.

By signal averaging, the SNR for the USB-4000 would increase to
3000:1 by using 100 acquisitions, as the SNR increases by the square
root of the number of samples [40]. Hence, the USB-400 would re-
ceive an equal integration time as the NIRQuest-512. This has not
been used in this thesis because of longer computation times and
slower real-time capture. Instead, post-processing of the signal has
been implemented.

The dark noise and read out noise counts are unknown for the
detectors. However, the NIRQuest-512 has a thermo-electric cooler
(TEC) which helps it to reduce the noise by controlling its operat-
ing temperature. Hence, its dark noise count is reduced. The pixel
size of the Hamamatsu detector is approximately eight times larger
than the pixel size of the Toshiba [40, 43]. This, combined with the
difference in integration times, results in the Hamamatsu detector
receiving up to 800 times more photons per pixel, given the same
photon flux. This fact in combination with the achieved signal-to-
noise characteristics yields that the material sensitivity of the Hama-
matsu detector is expected to be considerable lower than the one for
the Toshiba detector.

The spectral response of the two spectrometers have peak values
at 550 nm and 1550 nm respectively, in the range of interest. The
relative sensitivity for the detectors is noticeably low in the range
800 < λ < 1000 nm, especially for the USB-4000, see Figure 4.3 and
Figure 4.4, which will also result in a higher stochastic noise in this
region.

Probes

The optical probes used in biomedical applications consists of sev-
eral optical fibers aligned in different formations, depending on ap-
plication and chosen design. For diffuse reflection probes, a single
illumination fibre with different numbers of spatially distributed
collecting fibres are commonly used. [44]. For these applications fi-
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bres with core diameters between 50 to 600 µm are usually used
together with a doped cladding and a protective layer around it.
The refractive indices of the core and the cladding define the nu-
merical aperture (NA) of the fibre. The probe specifications in this
project can be viewed in Table 3. Two probes have been tested and
a third probe has been designed for future purposes:

Figure 4.5: Probe 1 with one illu-
minating fibre and six collecting
fibres.

• Probe 1 (Avantes, Reflection Probe (Standard)):
The geometry of the probe head can be seen in Figure 4.5 with
its six collecting fibre in a circular design and a single illumi-
nating fibre core. The common part of the probe is enclosed
in a stainless steel cover.

• Probe 2 (Custom made probe):
The fibres are placed in a row of three fibres, see Figure 4.6.
The fibres in this probe are not enclosed in a protective tube
and are instead bundled up. In this project, this probe has
been used during a majority of the measurements.

Figure 4.6: Probe 2 with three fi-
bres for possible source-detector
separations 1 mm and 2 mm.

• Probe 3 (Trifurcated concentric fiber probe - Not tested):
A circular design similar to Probe 1, however with a greater
fibre distance, see Figure 4.7. The common part of the probe
is enclosed in a black PVC-monocoil tubing whereas the legs
are enclosed in black PVC furcation tubes.

Figure 4.7: Probe 3 with fibre dis-
tance 2.5 mm. One illuminating
fibre and ten collecting fibres.

Table 3: Probe specifications

Probe 1 Probe 2 Probe 3

Fibre separation (ρ) 0.4 1.0 / 2.0 2.5 [mm]

Core diameter (illuminating) 400 400 400 [µm]

Core diameter (collecting) 400 400 200 [µm]

Probe length 2.0 - 4.5 [m]

Common length 1.0 - 4.0 [m]

Leg length 1.0 - 0.5 [m]

NA 0.22 0.22 0.22 [-]

Size of ferrule 10 15 10 [mm]

Probe specification overview for the three different probes.

The fibre geometry of Probe 2 enabled the usage of different fibre
distances. It was used either with the light source in the centre
slot and the two spectrometers in the outer ones (ρ = 1 mm), or
with the light source in one of the outer slots (ρ = 2 mm). When
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using the 2 mm configuration of Probe 2 a fibre splitter was used
(Avantes, Bifurcated fiber cable, FCB-IR200-2), to measure in the
entire wavelength range simultaneously.

Design Probe 3

When probe 3 was designed, some important specifications were
discussed:

• Penetration depth and probing volume

• SNR ratio

• Sterilisation

• Length of probe
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Figure 4.8: Diffuse reflectance
(Rd) as a function of wave-
length (λ) for investigation of
light source stability. The diffuse
reflectance the second the light
was turned on (green) , after 15

s (pink/purple) and 1 min (or-
ange).

• Fibre geometry

The custom made probe was designed to get an optimal fibre
separation. The fibre separation was decided to be 2.5 mm, which
enables a good depth penetration without compromising the SNR
ratio [45]. The separation is also sufficient to support diffusion the-
ory [44].

The positioning of the fibres over the slit in the spectrometers
were designed to be optimised. Both slits are 1 mm high, therefore
the five 200 µm fibres are positioned in a vertical alignment and the
user will have to adjust this connection between probe and spec-
trometers manually, to ensure no signal is lost.

A circular fibre geometry was selected for the probe head to get
a good signal, not altered by inhomogeneous tissue [11]. The probe
will be used during surgery and should therefore be of sufficient
length to not interfere with the regular operating procedures. The
whole probe is encapsulated in metal to enable a complete sterilisa-
tion in an autoclave before surgery.

4.2 test of system

The white light source was tested through continuously acquiring
reference spectrum from the moment it was turned on, and every 15

seconds for ten minutes. The same was made for the spectrometers
by measuring the background spectrum, i.e. the noise, instead.

Both the light source and the spectrometers showed a quick re-
sponse to stabilise after initialising the system. The light source
showed no difference in the spectrum past 15 seconds after being
switched on, seen in Figure 4.8.
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The NIRQuest-512 can operate without its cooling fan, which
was also tested. The most noticeable change was before and after
the cooling fan was activated, seen in Figure 4.9. Afterwards, both
spectrometers showed similar stability as the light source and were
stable after 15 s.
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Figure 4.9: Diffuse reflectance (Rd) as a function of wavelength (λ) for investiga-
tion of the spectrometers background noise. The noise before cooling (green), at
1 s after turning on cooling (orange) and after 15 s (purple/pink). After 15 s the
spectrometers were stable.

4.3 interface

A MATLAB program was developed with an assisting interface to
automate the handling of data acquisition and analysis. The inter-
face was designed to require minimum training to operate. The
program is supposed to be operated by a nurse, or other personnel,
as an operation takes place. It is, in such case, crucial that the pro-
gram can be used with ease and hence a minimalistic design of the
interface was desired.

A two window approach was designed. The design split up the
coexisting functions into two windows, one named spectrum_part,
which focuses on the real-time data, i.e on the actual measurements.
While the other window, named curve_part, was solely to perform
the curve fit and hence extract chromophore data from the measure-
ments. Figures of the interface can be viewed in Appendix A. Both
of the program windows included the ability to manage the data,
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as it is essential that the first program can save data and the other
load it.

Spectrum_part - in detail

A flow chart of the program is shown in Figure 4.10. The program
initialises with running a few commands related to the spectrom-
eters, as the spectrometers are found and a connection is set up.
When started, the program is meant to be operated in the following
way:

1. Select a suitable integration time. A choice of three different
times can be selected.

2. Update the reference signal. The reference is measured by il-
luminating a reflective surface, a Spectralon reflectance stan-
dard (SRS-99-010, Labsphere, Inc., North Sutton, NH), and
measure the diffuse reflectance to achieve a signal with high
intensity, without saturating the detector.

Figure 4.10: Flowchart of pro-
gram spectrum_part.
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Figure 4.11: Intensity and shape
of reference signal (IRef) as a
function of wavelength (λ) for
the reference spectra for the two
spectrometers.

3. Update the background by closing the shutter on the light
source and measure the background noise.

The reference should resemble the one in Figure 4.11, where the
count should come close to 6 · 104 (saturation limit for the detec-
tors) for optimal sensitivity. These three presented steps are recom-
mended to do on every startup of the program.

The acquired reflectance signal is calculated through

Rd(λ) =
IS(λ)− IBg(λ)

IRef(λ)− IBg(λ)
, (21)

where IS(λ) is the measured diffuse reflectance signal, IBg(λ) the
background noise and IRef(λ) the reference signal. The diffused re-
flectance is thereby normalised in each instance of use since the raw
signal is divided with the reference.

As mentioned, low sensitivity results in a low signal. In Equa-
tion 21, the denominator approaches zero in the regions where the
reference signal is low, which results in random fluctuation in the
acquired signal, also seen as noise.

Every time one of the functions (integration, reference, background)
are performed, a .mat-file is saved. If the files are in the same or
parent directory, it is possible to skip the updating of these files
and use old values (e.g in case of unexpected program termination).
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After the initial steps, the program is ready to run. A signal is con-
tinuously updated and displayed in the graph according to Equa-
tion 21. The spectrometers perform measurements with different
efficiencies. The USB-4000 contains a lot more stochastic noise than
the NIRQuest-512, despite the background reduction. However, it
requires a very short integration time compared to the NIRQuest-
512. To compensate for the stochastic noise, the visible signal is
acquired five consecutive times and its average computed.

When using the program, the user can save spectra and choose
the name of the saved files through the input field, however a name
is not necessary. The files are saved in the same directory as the
program is running from, with a time stamp attached to its name.

The data is saved as a -struct in .mat-files, containing:

• Wavelengths (λ)

• Raw signal (IS(λ))

• Diffuse reflectance (Rd(λ))

• String with integration times

Curve_part - in detail

The curve fit window is used for data analysis. Saved files can be
loaded and the program will connect the two spectra and perform
some signal processing before displaying it in the window. After
loading files the curve fit can be applied on a selected spectrum. If
the chromophores add up to a percentage different from 100 % the
user can chose to normalise the data to get a better overview of the
chromophore composition. The normalised spectrum should not be
taken as the unique solution but as a guideline to the real volume
fractions.

4.4 signal processing

After a spectrum is acquired, the signal will be processed in several
steps. The signal from the USB-4000 is considerably influenced by
noise, hence the acquired signal is binned and filtered in MATLAB.
A Savitzky-Golay filter is used since this filter is optimal to use for
signals whose frequency span without noise is large. The filter min-
imises the least-square error when fitting a polynomial to a decided
frame [46]. Different frame sizes and polynomials were tested and
ultimately a frame size of 51 pixels and a first order polynomial was
decided upon, which eliminated most of the noise and gave a good
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Table 4: Parameter restrictions

Lower boundary Upper boundary

Chromophores 0 100 [%]

a 100 10000 [m−1]

b 0 10 [-]

fRay 0 1 [-]

Rv 0 0.1 [m]

k 0 1.5 [-]

The restrictions on the parameters incorporated in the model.

signal. After filtering the USB-4000 signal, binning of the signal is
performed a second time.

When the USB-4000 signal has been processed, the two spectra
are put together through a third order polynomial fit in the range
900 - 950 nm. If there is an offset between the two spectra the part
from the NIRQuest-512 if multiplied by a factor to level it out. This
factor is in most cases approximately one if the probe has been
handled correct. Before the total spectrum is ready for analysis one
final binning is performed to make the edges for the overlapping
range smoother.

4.5 curve fit

To analyse a gathered spectrum a Levenberg-Marquardt least-square
algorithm is used in MATLAB, which previously have been used
by other groups [30, 47]. The input to the algorithm is the solution
to Equation 19 or Equation 20 with different combinations of the
diffusion and scattering coefficients (Equation 4 or Equation 5). Ap-
propriate restrictions are made on the parameters in the model, see
Table 4.

For the curve fit to be as accurate as possible the volume frac-
tion of the chromophores should add up to 100 %. To increase the
stability of the fit, this can be implemented as an additional con-
straint, which have been suggested [28]. However, some deviations
from this will be tolerated in this thesis, since there is always some
uncertainty in the measurements.
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M E T H O D S A N D VA L I D AT I O N

The validation was performed through phantom measurements,
MC simulations and a TOFS measurement. In the following chapter
the methods for the validation measurements are presented as well
as their results. The results were analysed by adopting the scatter-
ing coefficient described by Equation 5, the light source modeled
by Equation 19 and the diffusion coefficient, D = [3µ’

s]
−1. Further,

unless else specified, the data is evaluated with Probe 2 and the
fibre distance 2 mm.

5.1 transmission measurements

Measurements were performed to extract the absorption coefficients
for sunflower oil and pig lard, used as lipids in the phantoms. These
were conducted by using a collimated transmission setup and a
spectrophotometer. Reference measurements were performed on
water since it has a known spectrum.

To measure the absorption of lard it had to be melted. Some ir-
regularities due to different temperatures might be present as the
lard was heated up and then cooled repeatedly.

Collimated transmission

Collimated transmission measurements were performed with the
light source and the two spectrometers described in Chapter 4. The
instruments were coupled to a cuvette holder (Thor Labs, CVH100)
in which cuvettes containing the lipids were placed. Measurements
of the transmitted light were performed in the wavelength range
400 - 1600 nm. Integration times of 30 ms for the USB-4000 and
2 s for the NIRQuest-512 were used. The USB-4000 acquired five
consecutive spectra which were accumulated while it was sufficient
with a single spectra for the NIRQuest-512. The absorption coef-
ficient was calculated through the Beer-Lambert law, Equation 10,
and compared to the known chromophore absorption spectra in
Figure 3.2.

29
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Spectrophotometer

The measurements were performed in the region 400 - 1100 nm.
The spectrophotometer (Unicam, Helios Alpha, UV-Vis spectropho-
tometer) gave results in the dimensionless parameter absorbance.
An integration time of 1 s was used with a single acquired mea-
surement for each wavelength. Initially, a sweep was made over the
entire region and a general spectrum was obtained. Afterwards, the
measurement points were taken in intervals of 10 nm for regions
with high absorbance since the instrument could not resolve points
with low absorbance.

Results

The measurements of the absorption coefficients for sunflower oil,
pig lard and water followed the expected spectra quite accurately
in the NIR range. However, there was a slight offset due to prob-
lems with finding a suitable reference. For the visible region the
spectrophotometer and the collimated transmission setup were not
sufficiently sensitive to detect the weak absorption of the oil. For
the collimated transmission, the calculated absorption coefficient in
the range 400 - 900 nm was larger than tabulated values found in
references [48, 49], probably due to scattering in the region. The
spectrophotometer was only able to resolve the visible wavelengths
between 400 - 500 nm; in this region the lipid absorption is stronger.
The lower limit of resolution for the spectrophotometer is estimated
to be µa = 0.1 cm−1.

5.2 phantoms

A phantom study was completed to validate the instruments and
the presented diffusion model. Phantoms are virtual tissues that
can take different forms, both liquid and solid. The advantage of
phantoms are that one can control the magnitude of the optical
properties by mixing different ingredients in different proportions.
The created phantoms were both liquid and gel-like. These were
mixed with different fractions of a water based solution (PBS), blood
and different lipids. Blood was the absorber in the phantom and the
lipids the scattering component. Measurements were conducted on
approximately 100 phantoms. There is no gold standard for phan-
toms, so an appropriate way to mix the phantoms needed to be
found. In the following evaluation, the expected absorption coeffi-
cients are based on spectra in Figure 3.2.
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Choosing the lipids

Lipids and water are difficult to mix since they repel each other,
therefore different techniques were tested to mix the two. The lipids
in the phantoms were either intralipid, sunflower oil or pig lard.
There was no problem mixing phantoms with intralipid since it is
emulsified and has known optical properties. However, intralipid
cannot provide high enough fractions of lipid to the phantoms [50,
51]. Different phantom recipes have been suggested in the literature,
one way to mix water and lipid is to use agar as an emulsifier.
Phantoms with agar have previously been mixed with as much as
50 % lipids [52]. Another suggested recipe is to mix water and lipid
with Triton X-100. Using Triton-X100 has proved successful for up
to a 70 % lipid fraction [30, 52, 53, 54].

intralipid phantoms

The intralipid phantoms were mixed on a magnetic stirrer and
heated to 37

oC one hour prior to the experiment for the phan-
tom to be homogeneous and the temperature stable. A first set
of phantoms were prepared with water, blood and intralipid, see
Figure 5.1. The measurements were performed with two different
source-detector separations (1 and 2 mm) using Probe 2. The phan-
toms were prepared with blood volume fractions varying between
1 % and 10 % in eight phantoms and the fraction of intralipid vary-
ing between 1 % and 5 % in five phantoms, since this seems to be
common percentages to use [55].

100

50

0

ml

Figure 5.1: Schematic picture of
measurement in an intralipid
phantoms.

A second set of phantoms were also prepared with the same
recipe to see if the results were reproducible. For the second set
the measurements were only acquired with the 2 mm distance. In
the second set a greater range of intralipid volumes were also inves-
tigated. The volumes were 3, 6, 9, 15, 20 and 25 %. All were tested
for blood volume fractions between 1 - 10 % as previously. During
the second set, some of the measurements were acquired two times
in the same phantoms. Both with the magnetic stirrer on and with
it off, too see if the stirring would affect the results.

Results

Acquired spectra for phantoms with varying intralipid and blood
volumes are shown in Figure 5.2. An increase of blood resulted in
a lower signal and an increase of intralipid a stronger signal.
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Figure 5.2: Diffuse reflectance (Rd) as a function of wavelength (λ). Trend of spec-
tra for (a) increasing blood and (b) increasing intralipid in the phantoms.

The general trend in the results are that the blood volume frac-
tions are underestimated. The underestimation is 0 - 3 % percentage
points for intralipid levels between 0 - 10 %, which gives an aver-
age relative error of 30 - 50 %. The model greatly overestimated the
blood absorption for fractions of intralipid greater than 10 %. The
estimated blood volume as a function of the expected blood volume
are shown in Figure 5.3.
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Figure 5.3: Estimated blood volume fraction as a function of the expected blood
volume (red) for blood fractions from 1 - 10 %. Intralipid fractions were 3 - 4 %
(black), 6 - 9 % (blue) and 15 - 25 % (purple).
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The errors for the estimated blood volume were systematic and
could be compensated for by finding a linear regression based on
the acquired data. The first order polynomials were calculated to
y = 0.45x + 0.3, for 3 - 4 % intralipid and y = 2.3x− 3, for 15 - 25 %
intralipid. The compensated spectra are shown in Figure 5.4.
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Figure 5.4: Systematically corrected blood volume estimations (blue) as a function
of the expected blood volume (red) using (a) 3 - 4 % intralipid (b) 15 - 25 %
intralipid. In (a) the 8 and 10 % blood volumes were greatly overestimated and
their average is not visible.

Analysis of the curve fit was performed by studying the behaviour
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Figure 5.5: Normalised diffuse
reflectance (Rd) as a function
of wavelength (λ). Result of a
curve fit, as shown the devia-
tions are for wavelengths greater
than 900 nm.

of the residual. The general features was an increased level of in-
tralipid, from 1 - 5 %, resulted in a smaller residual and a larger
blood volume increased the residual.

See Figure 5.5 for a typical curve fit and Figure 5.6 for the resid-
ual of varying intralipid. Generally, the curve fit works well up to
900 nm and after 900 nm it deviates depending of the absorption
and scattering properties.
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Figure 5.6: Residual as a function of wavelength (λ) for measurements with vary-
ing intralipid.
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Since the reduced scattering coefficient was a free parameter in
the curve fit, it was also studied. Equation 5 was used to model
the reduced scattering coefficient and when the intralipid fraction
was increased the outcome was an increase of a and fRay, and a
decrease of b. The same trends were further noticed for increasing
fractions of blood in the phantoms, but not on the same scale as
when increasing the intralipid volume.

Figure 5.7 shows a comparison of the absorption and reduced
scattering coefficient for a phantom with 5 % blood and 3 % in-
tralipid. One can clearly see that the two diffusion criteria, µ′s >> µa

and µ′s > 1/ρ, are not fulfilled in the majority of the region.
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Figure 5.7: Reduced scattering
(blue), absorption (black) and re-
ciprocal fibre separation (red) as
a function of wavelength (λ) for
a phantom containing 5 % blood
and 3 % intralipid.

Another element to consider is that the curve fit usually calcu-
lates the water volume fraction to 100 %. The model restricts it from
finding a higher value since the parameters in the curve fit have an
upper boundary as stated in Table 4.

Lastly, measurements were performed in the phantoms both still
and while stirred with the magnetic stirrer. No difference could be
seen either in the curve fit or in plots of the two cases.

agar phantoms

The second phantoms used agar as emulsifier to mix in a greater
fraction of lipids. In the agar phantoms sunflower oil was used as
the lipid component. The absorption of sunflower oil has been mea-
sured previously but does not mimic tissue well for all wavelengths
[48].

The agar was heated to 90
oC together with water on the magnetic

stirrer. The amount of agar added to the phantom was 1 % of the to-
tal water volume. The heated mixture was together with sunflower
oil and blood poured in 4 ml containers and shaken while cooling
down. As the phantoms were getting cooler the liquid became a gel-
like substance. The same phantoms were produced 3 - 5 times to
show reproducibility. During the measurement the probe was held
fixed inside the phantom.

Results

Mixing the agar phantoms was not trivial. During the process small
air bubbles entered the solution and this caused the phantoms to
be highly scattering. Furthermore, it was hard to confirm that the
phantoms were homogeneous due to these bubbles.

Since no absorption spectra of sunflower oil was obtained during
the transmission measurements, no evaluation of the lipid content
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was made. The expected blood volume fractions varied from 2.7 %
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Figure 5.8: Expected (red) and
estimated (blue) blood volumes
for the agar phantoms without
lipid in the curve fit.

to 3.5 %. When running the curve fit, with lipid excluded, blood
volume fractions between 1.5 - 3.1 % were found. This underesti-
mation of blood is more satisfying than for the intralipid phantoms
with the average percentage point error being 0.88 % and the aver-
age relative error 29 %. Figure 5.8 shows the estimated blood vol-
ume fractions compared to the expected blood volume fractions for
the agar phantoms.

triton-x100 phantoms

The third set of phantoms used were water, blood and lipids emul-
sified with Triton-X. The quantity of Triton-X was about 1 - 2 %
of the total volume of lipids. The lipid used in the Triton-X phan-
toms was pig lard which has an absorption spectra similar to that
of lipids in the human body [49]. The lard was melted on the mag-
netic stirrer and when it was a clear liquid, Triton-X was added and
the two components were mixed for about 15 minutes at 60

oC. The
mixture was kept at the same temperature while water, blood and
intralipid were gradually mixed in. Measurements were performed
with lipid volume fractions of 5, 10, 15, 20 and 25 % and while
stirring the phantoms, to keep them as homogeneous as possible.
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Figure 5.9: Expected (red) and
estimated (blue) blood volumes
for the Triton-X100 phantoms
with lipid in the curve fit.

Results

The Triton-X100 gave varying results. Yet again, there were some
problems mixing the phantoms homogeneously, due to the large
particle size of lard. In general, the model overestimated the lipid
volume fraction with as much as 15 - 20 %. However, the algorithm
came closer to the expected value for blood. The average percentage
point error was 1.06 % while the relative error was 27 % for blood,
see Figure 5.9.

5.3 monte carlo

MC simulations were used to further validate the instruments and
the model. MC simulations are considered the gold standard for
tissue optics, since MC does not depend on any approximations.
It is thus not dependent on the reduced scattering being greater
than the absorption. The MC algorithm used was Monte Carlo for
Multi-Layered media (MCML) for steady state light transport and
is described in reference [56].
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MC simulations were carried out with experimentally extracted
liver values of scattering and absorption [26] and the curve fit al-
gorithm was tested on the output spectrum from the simulation. A
similar validating simulation was performed with the optical prop-
erties of an intralipid based phantom to evaluate the performance
of the curve fit and the usage of the diffusion approximation in this
regime.

Results
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Figure 5.10: Diffuse reflectance
(Rd) as a function of wavelength
(λ) for MC simulation (blue) and
diffusion model (red) for a phan-
tom containing 3 % intralipid,
3 % blood and 94 % water.
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Figure 5.11: Diffuse reflectance
(Rd) as a function of wavelength
(λ) for MC simulation (blue)
with the curve fit algorithm (red)
and residual (black) for a phan-
tom containing 3 % intralipid,
3 % blood and 94 % water.

The MC simulation was compared to the diffusion model for a
virtual tissue, seen in Figure 5.10. The two methods agree up to
700 nm while they differ in the NIR region. The input values in the
simulation was the expected data from a phantom (3 % intralipid,
3 % blood and 94 % water). Figure 5.11 shows the performance
of the curve fit on the simulated data. The curve fit gave a better
approximation for the MC simulation than in the phantom study.
The new estimation of blood was 2.74 % compared to ∼1.5 % for
the phantoms.

When comparing the MC simulation from a liver, seen in Fig-
ure 5.12, the diffusion model comes close to describing the prop-
agation of light in the tissue, and performs more accurately than
in the phantoms. When running the curve fit on the MC data the
algorithm found a fit with a small residual, see Figure 5.13. The
results from the curve fit are presented in Table 2.

Table 2: Monte Carlo Result

Average (%) MC input Curve fit

Water 76 74

Lipid 16 13

Blood 3.2 2.4

O2 saturation 8.0 0.0

Bile 5.5 13

Scattering MC input Curve fit

µ′s (800 nm) 1700 1600

Mie Slope 1.2 1.6

fRay 0.56 0.38

Input to MC simulation of liver from reference [26] and result from performing
the implemented curve fit on the MC data.
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The results from the curve fit are close to the true values used
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Figure 5.12: Diffuse reflectance
(Rd) as a function of wavelength
(λ) for MC simulation (blue) and
diffusion model (red) for liver
tissue. Input data is the first col-
umn in Table 2.
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Figure 5.13: Diffuse reflectance
(Rd) as a function of wavelength
(λ) for MC simulation (blue)
with the curve fit (red) and resid-
ual (black) for liver tissue.
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Figure 5.14: The scattering coef-
ficient (blue), absorption coeffi-
cient (black) and reciprocal fibre
separation (red) as a function of
wavelength (λ) for the MC liver.

as input to the simulation. The model underestimates the chro-
mophores water, blood and lipid, but is still within the standard
deviation from the data in reference [26], and overestimated bile.

In Figure 5.14 the evaluated scattering coefficient is compared
to the absorption coefficient and the reciprocal fibre separation for
the simulated MC liver. Here, diffusion theory is valid in a greater
region (λ < 1400 nm) than in Figure 5.7.

5.4 time-of-flight spectroscopy

TOFS was used as a third way to validate the instruments and the
optical properties of the phantoms. Information about the TOFS
system can be found in reference [57]. The measurements were per-
formed in three different wavelength ranges, 590 - 690, 960 - 1020

and 1080 - 1200 nm on four phantoms. The TOFS measurements
were compared to the expected absorption and scattering coeffi-
cients and to the results from the curve fit to see if they agreed.

Results

Some of the measurements were hard to perform due to a low
signal-to-noise ratio. The best signal came from the phantom con-
taining 3 % intralipid and 3 % blood, which is presented while
the others are excluded. The absorption values from TOFS came
closer to the estimation of the curve fit than the expected values.
The scattering TOFS overlapped both the expected and estimated
values, see Figure 5.15.
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Figure 5.15: Scattering (µ′s) and absorption (µa) as a function of wavelength (λ) for
TOFS (red), DRS (black) and expected values (green).
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L I V E R M E A S U R E M E N T S

Opportunities arose to do ex vivo measurements on murinae organs,
porcine liver and on human liver tissue recently resected during
surgery at Lund University Hospital. Most of the liver measure-
ments gave results with a strong correlation between signal and
evaluated curve. The results were also similar compared to previ-
ous studies.

6.1 ex vivo murinae organ measurements

Measurements were performed on 13 - 14 organs in five differ-
ent mice at the Biomedical Center at Lund University. The mice
were part of a research project conducted by Oskar Vilhelmsson
Timmermand. The murinae measurements were ethically approved
through “Malmö/Lund djurförsöksetiska nämnd”.

The mice were sacrificed, dissected and had their radioactivity
and weight measured for each organ before the optical measure-
ments could be performed. Probe 1 and Probe 2 (both fibre sep-
arations) were used for all measurements. The task was to try to
identify the blood volume fraction in each of the organs. Between
7 - 8 diffuse reflectance measurements were performed on each or-
gan summing up to between 90-110 measurements on each mouse.

Two to three measurements were acquired with each probe in dif-
ferent spots, which resulted in a total measurement time of 40 min-
utes for each mouse. The organs dried out rather quickly, thus af-
fecting both the blood and water volume fraction for the measure-
ments carried out towards the end. New reference and background
spectra were acquired for each mouse and every time the probe was
switched.

Analysis was only performed on the liver organs since they were
of interest in this project.

Results

The results from the murinae livers were satisfying. In total 76 mea-
surements were acquired and 69 were used for further analysis.
The measurements that were not used either had an unsatisfactory
curve fit or a different shape of the spectrum. One measurement

39



40 liver measurements

deviated more than 2 standard deviations (σ) from the mean and
was also excluded.
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Figure 6.1: Diffuse reflectance
(Rd) as a function of wavelength
(λ) for the two distinct diffuse re-
flectance spectra from the muri-
nae liver, measured with the 1

mm probe. The shape of the
spectra for mouse 1 - 4 (red)
were similar looking and mouse
5 (grey) had a different shape to
it’s spectra.

Two fits were made for all organs, one including all chromophores
and the pigment packing factor (Full fit) and one containing only
water, lipids and blood, without pigment packing (WBF fit). Both
fits gave similar results for the volume fractions of the chromophores.

The summation of all chromophores for Probe 1 and 2 can be
viewed in Table 3. The WBF fit gave the best results for all probes,
even though the result for the 2 mm distance is more or less the
same.

The results showed two typical shapes of the diffuse reflectance.
Mouse 1-4 had similar spectra when normalised and mouse 5 had
a different shaped curve, see Figure 6.1. According to the curve fit
mouse 5 had more blood in its liver compared to mouse 1 - 4.

Figure 6.2 shows an acquired murinae liver spectrum and its fit.
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Figure 6.2: Normalised diffuse reflectance (Rd) as a function of wavelength (λ).
Acquired signal and corresponding curve fit for a typical measurement for Mouse
2. The chromophores are calculated to 66 % water, 10 % blood, 20 % lipids and 2

% bile. The sum of all chromophores add up to 98 %.

6.2 ex vivo porcine liver measurements

Ex vivo measurements were performed on a porcine liver as an at-
tempt to test the curve fit algorithm and to compare the spectra for
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Table 3: Murinae measurements

Average (%) 400 µm 1 mm 2 mm 2 mm*

Full fit 155± 26 131± 23 106± 12 103± 9

WBF fit 147± 24 126± 20 106± 14 102± 8

Average summation of chromophores by the curve fit for the two different fits
and the three different probes. *measurements with a standard deviation >2σ ex-
cluded.

the different source-detector separations. During the course of the
project two livers were obtained. The first liver was kept for three
days in a fridge and measurements were performed each day. The
measurements from the first day were all with the 1 mm source-
detector separation and with the probe being hand held. During

Figure 6.3: Surface of porcine
liver together with Probe 1.

the second day spectra were acquired with Probe 1 and Probe 2

with both fibre separations. Figure 6.3 shows a porcine liver dur-
ing a measurement with Probe 1. The probe was also mounted on
a stand for two sets of measurements and hand-held for one set
to be able to compare the stability of the technique. The third day
measurements were taken only with the 2 mm separation, and the
integration time was manually set to four times greater than the
reference.

The second porcine liver was obtained towards the end of the
project. Measurements were performed to further analyse the sta-
bility of the curve fit and the extraction of the chromophore volume
fractions. The measurements were carried out during two days and
about 20 measurement points were acquired each day to get better
statistics.

Results

For the first porcine liver all spectra that were obtained during the
first two days had similar shapes. No difference could be detected
when the probe was touching and when the probe was inducing a
pressure on the liver surface. The results from the third day cannot
be used. When the integration time was increased by a factor of
four, compared to the reference, analysis showed a non-linearity
for the NIRQuest-512.

Measurements were acquired with the probe being hand held or
held by a stand. As before, no major difference could be detected
in the shape of the spectra. The integration time for this was quite
short, 23 ms for the USB-4000 and 1.5 s for NIRQuest-512.
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Different fibre separations are compared in Figure 6.4 and the
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Figure 6.4: Diffuse reflectance
(Rd) for porcine liver as a func-
tion of wavelength (λ) for dif-
ferent fibre separations, 400 µm
(red), 1 mm (green) and 2 mm
(blue). All spectra were acquired
with the same integration time.

shorter the distance, the higher the signal is achieved.
During the first day, measurements were performed with a fibre

separation of 1 mm and the results from the curve fit were good and
consistent. For 8 measuring points, the average total summation
was 101.8 % with volume fractions calculated to 75.8 ± 6.8 % water,
8.9 ± 2.9 % blood and 17 ± 1.9 % lipid.

The second liver also showed consistent results. When comparing
the results from the two days there was less liquid (water and blood)
during the second day, which agrees with the fact that the liver
should be more dehydrated, see Table 4.

Table 4: Porcine measurements

Average % Day 1 Day 2

Total 112± 4 101± 4

Water 77± 4 66± 3

Lipid 26± 2 27± 2

Blood 10± 3 8± 2

Comparison between the two days for the second porcine liver.

6.3 ex vivo human liver measurements

Figure 6.5: Measurement at
Lund University hospital at a re-
sected liver part.

Several ex vivo measurements on human liver were performed. The
liver parts were resected from patients who had tumour metasta-
sis in the liver and the measurements started within approximately
20 minutes of the extraction, see Figure 6.5. The sample was mea-
sured on during 30 - 40 minutes before being returned and sent
to the pathologist. The last measurements were hence performed
within one hour of the extraction.

The time used for each surgical procedure differed for each op-
eration, but was typically well over three hours. During the time,
the arteries and veins are gradually throttled in the part of liver
which later was to be resected. The oxygenation within the sample
was presumably close to none due to the time outside the body, but
foremost the time required for the surgical procedure.

The measured points were selected over two rows on the liver
surface with 5 - 6 points in each row. Several measurements were
also acquired on the slightly lighter tissue, which would indicate
a tumour or malignant tissue. To minimise the human error, each
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point was measured twice whilst lifting the probe from the surface
between the measurements.

The measurements were repeated with both Probe 1 and 2 during
the measurements of the first and third patient. The sample of the
second patient’s liver was smaller and the time measuring the sam-
ple was limited due to the risk of dehydration. Hence, the second
patient’s liver was only measured with Probe 2.

Sterilisation

Figure 6.6: Measurement on a re-
sected liver part using the plastic
pouch with the probe.
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Figure 6.7: Diffuse reflectance
(Rd) as a function of wavelength
(λ) from three different liver pa-
tients. The red curve is from the
second patient.

Measurements were performed with and without a sterile plastic
cover, see Figure 6.6. The future of this project is aimed at perform-
ing measurements during surgery. This demands the probe and the
instruments to pass certain requirements regarding sterile process-
ing. Even with Probe 3, a plastic pouch will be required. To validate
the use of such a pouch, the measurements were performed with
and without a pouch to investigate its feasibility and how much
it influenced the acquired data. The measurements performed with
the plastic pouch are referred to as coating. The comparison is an ap-
proximate, since the different techniques were done independently.
Hence, measurements were not acquired in the exact same spot.

Results

The measurements showed different results. Two out of the three
patients gave good results for healthy tissue when comparing the
data with previous studies [47], see Figure 6.7. The curves were
also similar throughout the different measurement, as shown in Fig-
ure 6.8. The curve fit worked well on the different measurements,
evaluating a curve with a small residual. The second liver was dif-
ferent both in the shape of the spectrum and in the calculated curve
fit.

The use of the plastic pouch proved to have little effect on the
acquired signal, see Figure 6.9. The shapes with and without the
pouch are similar. Some deviations in intensity did occur but no
reference was acquired with the pouch.

The average results for Probe 2 is presented in Table 5 for all three
patients. The evaluation of the chromophores were similar in most
cases, however, there were several measured points that deviated
from average When the curve fit displayed a different result, the
total summation was usually lower, but with a similar ratio for all
chromophores. For two seemingly similar curves the chromophore
content showed an expected value in one case and only half of the
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(a) Patient 1 (Probe 2)

400 1000 1600

0.0

0.05

0.10

0.15

0.20

0.25

0.30

λ / nm

R
d  /

 a
.u

.

(b) Patient 3 (Probe 2)

Figure 6.8: Diffuse reflectance (Rd) as a function of wavelength (λ). Averaged spec-
tra (green line) with corresponding standard deviation (blue bars) for (a) patient
1 and (b) patient 3.

volume in the other. A normal result of, e.g. 55 % water content was
instead 25 %, and similar, bile was 15 % instead of 7 %. When the
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Figure 6.9: Diffuse reflectance
(Rd) as a function of wavelength
(λ). Statistical average of coat-
ing (top) and no coating (bot-
tom) with the average (green)
and standard deviation (blue).

total summation was too low the scattering coefficient was greatly
overestimated.

Table 5: Ex vivo human liver

Average % 1 2 3

Total 104± 3 67± 7 91± 17

Water 64± 3 22± 4 47± 10

Lipid 20± 1 40± 3 25± 5

Blood 6± 1 4± 1 5± 1

O2 saturation 11± 11 100± 1 3± 4

Bile 15± 2 0± 0 13± 3

Average results for the healthy liver parts with Probe 2 for the three patients. The
evaluation of chromophore data adding up to less than 50% for all chromophores
together (6 measurements) have been excluded.

Tumour tissue

The regions with tumours were fairly easy to distinguish with their
lighter tissue colour. Their measured spectra also confirmed this,
containing more diffuse reflected light for visible wavelengths. A
comparison between normal tissue and tumour tissue is shown in
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Figure 6.10. The malignant tissue showed a trend of increased water
and a decrease of fat, blood and bile content. In the tumours the
reduced scattering at 800 nm was lower compared to healthy tissue.
The scattering power (Mie Slope) also decreased but varied more
for the healthy tissue and hence conclusion could be drawn from
this.

The second patients data differed significantly from the first and
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Figure 6.10: Diffuse reflectance
(Rd) as a function of wavelength
(λ). Acquired spectra (blue) with
corresponding curve fits (red)
and residual (black) for healthy
tissue (top) and malignant tissue
(bottom).

third, and no distinction between tumour and healthy tissue could
be established on the sample. The average of healthy and malig-
nant tissue chromophore composition and scattering properties for
patients 1 and 3 are presented in Table 6. An explanation for the
second patient is not yet established, and thus not included in the
table.

Table 6: Ex vivo human liver

Average (%) Healthy Malignant

Total 100± 12 123± 12

Water 58± 11 91± 12

Lipid 22± 4 21± 4

Blood 6± 1 6± 2

O2 saturation 8± 9 49± 35

Bile 14± 2 6± 7

Scattering Healthy Malignant

µ′s (800 nm) 1790 1050

Mie slope 1.2 0.9

Averaged chromophore data, reduced scattering at 800 nm and calculated Mie
slope, for patients 1 and 3.

Fibre distance comparison

In Figure 6.11 the average summation for Probe 1 and Probe 2 are
plotted with their standard deviation.

The 400 µm fibre separation does not work well with the model
and the summation of the chromophores is above 200 % for most
measurements; the standard deviation is also larger than tolerable.
The separation of 2 mm both gives a total summation closer to
100 % and a more acceptable standard deviation.
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Figure 6.11: Summation of chromophore data with their average (solid line) and
standard deviation (dashed line) for Probe 1 (red) and Probe 2 (blue).



7
D I S C U S S I O N

In the following chapters discussions are made of the used approx-
imations, the results and the curve fitting algorithm. In detail, the
discussion will be of the phantom preparation and validation and
of the liver measurements.

7.1 approximations

Diffusion

For regions with high absorption, and when using a probe with a
short fibre distance, diffusion was not a good approximation. For
short fibre distances, measurements on tissue are more likely to be
affected by inhomogeneous structures. This contributes to larger
irregularities between measurements.

Probe 3 will hopefully give more accurate results with a 0.5 mm
greater fibre separation than Probe 2. This probe will both meet
the diffusion criteria in a more adequate way and will also probe a
larger volume.

Temperature dependency

The shift in absorption spectra was assumed not to change for vary-
ing temperature. This approximation was sufficient for the phan-
toms containing intralipid together with blood and water since they
were kept at a constant temperature [30]. For phantoms containing
the emulsifiers agar and Triton-X100, heating and cooling down
of the phantoms were performed in several steps. The Triton-X100

phantoms were also measured at 60
oC, which is very high com-

pared to 20
oC or 37

oC. How greatly this affected the phantoms is
unknown since the results were not adequate. However, the change
in lipid temperature is more likely to influence the scattering prop-
erties of the phantoms.
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7.2 results

Transmission

The transmission measurements did not give as good results as
expected, due the spectrophotometers low sensitivity and limited
dynamic range. The spectrophotometers detection range only went
to 1100 nm, which was not sufficient to fully cover the range of
interest. For this project a spectrophotometer up to 2000 nm would
have been desirable.

In the collimated transmission setup there was a lot of noise in
the visible region. This might be due to too much scattering, since
scattering is more prominent in this region. Furthermore, it was
hard to find an appropriate non-absorbing reference. For the trans-
mission measurements, no suitable reference was used. These mea-
surements were not of high significance for the project, since good
tabulated data was available. The measurements were mainly to
confirm if the lipid spectrum was similar to the one in Figure 3.2,
which it was.

Phantoms

Some difficulties arose in controlling the optical properties of the
phantoms. The curve fit kept underestimating the blood volume,
possibly due to the diffusion approximation or the performance of
the curve fit. If the diffusion criteria was not met the estimation
should have been better for larger fractions of intralipid, but this
was not the case. When using intralipid volume fractions between
10 - 25 %, the blood was overestimated. No explanation for this
has been found.

When comparing the scattering with the absorption and the re-
ciprocal fibre separation, it indicates that the diffusion model is
invalid in a majority of the wavelength range. However, the TOFS
measurements came closer to the estimated values from the curve
fit than the expected values. This would suggest that the expected
values are not accurate.

The absorption of blood is based on the amount of haemoglobin
and varies between individuals. During the course of the project,
blood from different individuals were used. The absorption spectra
in Figure 3.2 is based on an average and might not accurately model
all blood [27]. In the future, this should be kept in mind when
working with phantoms containing blood.
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To confirm this hypothesis, a MC simulation was performed to
verify the performance of the curve fit. Applying the curve fit on
the MC data gave a close to correct result, within a 10 % relative
error. However, the result was still limited by diffusion.

The blood used, that was continuously underestimated, probably
had a lower haemoglobin concentration than the chromophore spec-
tra in Figure 3.2. Since the error in the phantoms was systematic it
could be compensated by multiplying with a correction factor.

Another aspect noticed in the intralipid-blood phantoms was an
unknown absorption peak which was present in some of the mea-
surements. This might be some sort of degradation product in blood
while it was still fresh.

The agar and Triton-X100 phantoms were created with blood
from another specimen, therefore the same kind of analysis was
not performed for these phantoms. In the agar phantoms sunflower
oil was used, which turned out to be a bad choice of lipid since it
barely absorbed any light in the region of interest. The Triton-X100

phantoms containing pig lard were better, but very hard to get ho-
mogeneous. Perhaps the results would have been better if agar was
used with lard since lard is not a liquid at room temperature and
neither is agar. The poor estimation of the lipid volume fraction was
probably due to the phantoms inhomogeneity.

Liver

The human liver measurements gave good results, similar to results
in reference [47], and were within the region for the diffusion ap-
proximation. The reason for the differences in the spectra obtained
for patient 2 is not yet established. The result from the pathologist
is still pending and will confirm whether the patient’s liver was
different and/or a measurement error was made.

Measurements from the porcine liver showed the expected loss of
water and a higher concentration of fat on the second day of mea-
surement, due to water evaporation. The measurements over the
liver were homogeneous and the difference between the two livers
small. The porcine liver also had a similar spectra to the human
liver.

The murinae livers were all different in size and shape. Because
of their small size, light did occasionally escape the organ and thus
affecting the acquired signal. These results were not as consistent
as for the human and the porcine livers.
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Probe Pressure

No difference was noticed for different pressures during the liver
measurements, but the measurements were ex vivo and the blood
flow was severed during the resection. Initially, when the pressure
was induced, a difference could be noticed in the real time data on
the screen but this quickly subsided.

7.3 curve fit

Some flaws in the curve fit are still present. It was noted that for
two seemingly similar spectra and well fitted curve fits, the total
summation added up to 100 in one case and only to about 50 in the
other. This was due to overestimation of the reduced scattering at
the reference wavelength. One way to elude this problem is to im-
plement a constraint to force the total summation of chromophores
to 100 % which was also suggested in reference [28].

Another problem with the curve fit is that for the liver measure-
ments the model seems to overestimate bile. From the Monte Carlo
simulation with a theoretical value of bile of 5.5 % the curve fit
found the bile to be 12.7 % whereas the other chromophores were
much closer to the original data, yet underestimated. This might be
due to the fact the water absorption and bile absorption are more or
less the same for wavelengths in the NIR-region. With several algo-
rithms which focus on different chromophores through weight fac-
tors, the robustness of the curve fit could be additionally increased.

The curve fit’s residual is highest in the NIR-region. As men-
tioned, this is probably due to the diffusion approximation. How-
ever, another aspect could be the correction factor which adjusts the
signal from the NIRQuest-512.
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C O N C L U S I O N S

The conclusions of the project are presented and are overall pleas-
ing. After this the outlook of the project and suggestions for further
work are presented. Conclusions are drawn in respect to list of the
specific aims presented in Chapter 1.

8.1 aims

A. Validation

In this thesis, a validation procedure was performed with several
probes. For future prospects, this thesis can be used as a guideline
to validate other probes, e.g. Probe 3 which was also designed in
this project.

Several recipes for phantoms were tested and suggestions on how
to improve them included. The different phantoms gave varying re-
sult. The blood volume was mostly underestimated due to diffusion
limitations and a lack of haemoglobin in the blood. Refined meth-
ods are probably needed to mix agar and Triton-X100 phantoms
more homogeneously.

B. Curve fit

A curve fit algorithm was developed using a diffusion model, which
was tested in tissue phantoms, murinae, porcine and human liver.
The results were varying. The livers gave a better curve fit and
agreed with data which have been presented by others [26, 47].

C. Interface

The created interface saved a lot of time, both during measurements
and especially during the validation and data analysis. The pro-
gram is easy to use and fulfilled the criteria put up for it. The two
window approach with one window for collecting data and one for
the analysis helped to keep it minimalistic.
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D. Difference between healthy and malignant tissue

There was a noticeable difference between healthy and malignant
tissue. These differences were mostly noticed when the measure-
ment was acquired from a visible tumour, but not when the tumour
was buried deeper in the tissue. Here the penetration depth limits
the result.

E. Probe pressure

The probe pressure did not affect this project since all measure-
ments were made ex vivo, but will most likely affect in vivo mea-
surements.

F. Limitations with diffusion

Diffusion theory is limited by the fibre separation and also limited
where absorption no longer is neglectable compared to scattering,
usually above 1300 nm. The theoretical and the experimental results
agreed and recognised that the diffusion model has limitations in
this application. The results will most likely improve with the ar-
rival of Probe 3 since it is designed with a greater fibre separation.

8.2 outlook

For the future of this project and the validation of Probe 3 there are
several aspects to consider. When mixing phantoms, agar can be
tried with pig lard instead of sunflower oil. The lipid particle size
shoulds be considered and reduced to make the preparation easier.

For increased robustness, the reference spectrum should be ac-
quired from a fixed distance from the reflective plate. The integra-
tion time should also be suitable for the purpose, i.e. the same inte-
gration time should always be used in the same application.

For further studies a database of liver spectra can be set up to
get a better knowledge of the shape for healthy and malignant tis-
sue. Also, if diffusion proves limited for liver measurements with
Probe 3, a MC database can be used for evaluation of acquired
spectra.

When measuring in vivo the probe pressure should be considered.
Both the time elapsed and the pressure itself need to be accounted
for in model.

The general model can be extended to other fields and applica-
tions within biophotonics.
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Therese

During this project I have learned to combine and use knowledge
from many different areas to new applications within biophotonics.
This is the largest project I have been a part of so far, and I have
been able to develop my analytical, programming and logical skills
both through my own work and through help from others. It has
been beneficial to be a part of the biophotonics group and everyone
has been contributing to this project in one way or another. I am
happy with the result of this project and hope that it will continue
to grow.

David

This has been the largest scientific project I have taken part in. Not
only the project itself, but being part of the biophotonic group as a
whole has given me great insight on how to work as a team. Though
most of the benefits of knowledge have been given to us students,
we have also been able to contribute during our weekly meetings
and voice our opinions. Furthermore, I have been introduced to
how scientific research is performed and the emphasis of system-
atic, yet easily approached writing.

Workload

Most of the work and much of the research was performed simulta-
neously by both of us. On the more practical note, Therese focused
more on coding the curve fit algorithms and David on the interface
along with the real time data from the spectrometers to MATLAB.
Therese wrote the majority of chapters 3, and 5 along with the ab-
stract while David wrote most of chapters 2, 4 and 6. The remain-
ing chapters were written by both and the chapters mentioned were
also edited by both.
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Spectrum_part

Figure A.1: Interface for running the spectrometers and acquiring spectra. Signal
from the USB-4000 (blue) and NIRQuest-512 (green). It is easily noticed that the
signal-to-noise ratio is worse for the USB-4000.

Curve_part

Figure A.2: Interface for analysing the data and performing the curve fit. Signal
curve (red) and curve fit (green).
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