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Abstract 
 
In case a tumour grows in a tissue close to the lymphatic system, biopsies of the first 

draining lymph nodes connected to the tumour, also known as sentinel lymph nodes, 

allow determining if the cancer has already metastasized. Lymph node mapping is used 

in oncology surgery to find the patients lymph nodes connected to the tumour. The fluo-

rescence marker indocyanine green (ICG) has shown successful results to trace the 

lymph nodes and arise to replace the currently used radioactive tracers. Because the 

ICG fluorescence is in the near infrared region and not visible to the human eye, imag-

ing systems are used to visualise the fluorescence. A preliminary spectroscopy meas-

urement system was developed at the Department of Biomedical Engineering, Linköping 

University. The aim of this thesis was to develop a combined spectroscopy and imaging 

set-up for simultaneous recordings of ICG fluorescence and suggest further develop-

ments. 

The combined system consisted of a fibre-optical based spectroscopy system together 

with a camera imaging system. An optical phantom that mimicked breast tissue 

(μs = 4.66 mm-1) was developed for the measurements. Phantoms with different ICG 

concentrations of 6.45 μM, 64.5 μM and 645 μM simulated different concentrations of 

fluorescence dye in the lymph system. The set-up and the settings of the devices were 

adjusted to enable simultaneous measurements with both systems. The phantoms were 

solidified with agar to measure the fluorescence decay (photobleaching) of ICG. To sim-

ulate a lymph node deep in the tissue, a tube containing pure ICG was covered with 

different layer thicknesses of breast tissue-like phantom. 

Measurements at the same time with both systems were possible when the probe was 

positioned in an 80 degree angle with 5 mm distance relative to the phantom surface 

and the camera in 10 cm distance with a 30 degree angle. To visualise the ICG fluores-

cence emission with the excitation light (4 mW) and an integration time of 600 ms was 

necessary for the camera. Higher laser power caused saturation in the spectrometer. 

The spectroscopy measurements and camera images showed maximum fluorescence 

intensity at an optimal ICG concentration (10-16 μM) in the phantom. Also the photo-

bleaching measurements showed to be dependent on the ICG concentration and asso-

ciated with the optimal concentration. ICG concentrations equal and lower than the op-

timal concentration decayed with exposure to the excitation light. The fluorescence in-

tensity of higher concentrations initially increased and decayed after reaching a maxi-

mum intensity when exposed to the excitation light. The detection depth in the simulated 

tissue was limited to 0.3 mm for spectroscopy. A detection depth of 2 mm was achieved 

with the camera while using the maximum excitation power of 50 mW and integration 

time of 700 ms. 

Simultaneous measurements were possible with the set-up on the same phantom. An 

optimal concentration of ICG was found for the developed phantom. The ICG fluores-

cence intensity was concentration dependent and showed a relatively slow photobleach-

ing. The fibre-optical based spectroscopy system was able to measure low ICG emis-

sions. Subtracting the background spectrum of surrounding tissue might increase the 

detection of weak ICG signals in depth. High excitation power and an increased integra-

tion time were needed to record ICG fluorescence emission with the camera. The ob-

tained results allowed suggestions for the further improvement of set-up and its in-

traoperative use. 

 

Keywords: Indocyanine green (ICG), near infrared, fluorescence spectroscopy, fluores-

cence imaging, fluorescence guided surgery, biooptics, lymph nodes, breast cancer 
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Zusammenfassung 
 
Bei Krebserkrankungen kann sich ein wachsender Tumor mit dem Lymphsystem 

verbinden. Eine Biopsie der Sentinel-Lymphknoten (Lymphknoten an erster Stelle) gibt 

Aufschluss darüber, ob ein Tumor Metastase gebildet hat. Sentinel-Lymphknoten-

Mapping wird in der onkologischen Chirurgie für die Lymphadenektomie verwendet zur 

Lokalisierung der individuellen Lymphknoten. Der Fluoreszenzfarbsstoff Indocyaningrün 

(ICG) wurde bereits erfolgreich für das Sentinel-Lymphknoten-Mapping eingesetzt und 

ist eine mögliche Alternative zu den momentan verwendeten radioaktiven 

Markierungsstoffen. ICG fluoresziert im nahen infraroten Bereich und ist nicht sichtbar 

für das Menschliche Auge. Bildgebende Verfahren werden zur Visualisierung der 

Fluoreszenz eingesetzt. Ein vorläufiges Spektrosokopiesystem wurde am Institut für 

Medizintechnik der Linköping Universität entwickelt. Ziel dieser Bachelorarbeit war die 

Entwicklung eines kombinierten Messaufbaus zur simultanen Messung der ICG 

Fluoreszenz mit dem Spektroskopiesystem und einer Kamera.  

Das kombinierte Messsystem besteht aus einem fiberoptischen 

Lichtspektroskopiesystem und einer Videokamera. Zusätzlich wurde für die Messungen 

ein Phantom mit gewebeähnlichen optischen Eigenschaften der weiblichen Brust 

(μs = 4.66 mm-1) entwickelt. Phantome mit verschiedenen ICG Konzentrationen 

6.45 μM, 64.5 μM und 645 μM simulierten unterschiedliche Konzentrationen des 

Fluoreszenzfarbstoffes im Lymphsystem. Zur simultanen Messung mussten die 

Einstellungen und die Anordnung der zwei Messsysteme angepasst werden. Die 

Phantome wurden zur Messung der Photobleichung (Fluoreszenzverlust durch die 

photochemische Zerstörung der Fluorophore) mit Agar-Gel verfestigt. Zur Simulation 

eines Lymphknoten tief im Gewebe wurde ein mit ICG gefülltes Röhrchen mit 

gewebeimitierendem Phantom überdeckt. 

Gleichzeitige Messungen konnten mit den beiden Systemen durchgeführt werden. Dazu 

wurde die fiberoptische Sonde in einem Winkel von 80° und mit 5 mm Distanz, die 

Kamera in einem Winkel von 30° und mit 10 cm relativ zur Probe positioniert. Für die 

Aufnahme von Fluoreszenzspektren wurde eine Laserenergie von 4 mW zur Anregung 

benötigt. Die Belichtungszeit der Kamera musste zur Aufnahme dieser Fluoreszenz auf 

700 ms erhöht werden. Die gemessenen Spektren und aufgenommenen Bilder zeigten 

die höchste Fluoreszenz bei einer optimalen ICG Konzentration (10-16 μM) im Phantom. 

Die gemessene Photobleichung verhält sich unterschiedlich in den verschiedenen 

Konzentrationen. Die Fluoreszenz der optimalen Konzentration und tieferen 

Konzentrationen zerfällt von Beginn an. Bei höheren Konzentrationen zerfällt die 

Fluoreszenz erst nach einem Anstieg. Die maximale Detektionstiefe im simulierten 

Gewebe mit dem Lichtspektroskopiesystem lag bei 0.3 mm. Eine Detektionstiefe von 

2 mm wurde mit der Kamera mit der höchsten Anregungsenergie von 50 mW und 

Integrationszeit erreicht. 

Simultane Messungen der Fluoreszenz einer Probe war mit dem Versuchsaufbau 

möglich. Eine optimale ICG Konzentration konnte für das entwickelte Phantom evaluiert 

werden. Die langsame Photobleichung war unterschiedlich bei verschiedenen ICG 

Konzentrationen. Das Lichtspektroskopiesystem konnte nur bei kleinen 

Anregungsenergien eingesetzt werden, konnte jedoch auch schwache Fluoreszenz 

messen. Bei höheren Anregungsenergien würde ein Spektrometer mit einer höheren 

zählbaren Photonenmenge eine Sättigung verhindern. Die Subtraktion des 

Hintergrundspektrums des Gewebes könnte die Messung schwacher ICG Fluoreszenz 

verbessern. Zur Aufnahme der ICG Fluoreszenz mit der Kamera waren hohe 

Anregungsenergien und lange Belichtungszeiten nötig. Die Messresultate ermöglichten 

Vorschläge zur Verbesserung für den nächsten Messaufbau und dessen intraoperative 

Anwendung.  
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1. Introduction 
 

The biomarker indocyanine green (ICG) is used for the identification of lymph nodes 

where metastasis could have spread from a tumour1. Due to the fact that ICG has fluo-

rescence in the near infrared (NIR) region it is not visible to the human eye. Therefore a 

detecting optical system in these wavelengths is needed for a diagnostic application 

during surgery. ICG is being used in several clinical applications for the visualisation of 

structures in real time. Fluorescence imaging systems provide a promising tool for the 

localisation of lymph nodes, especially in the oncology of breast cancer. A few NIR im-

aging systems are commercially available and are investigated in clinical studies2,3. 

Spectroscopy has been used in different investigations for the diagnosis of cancer but 

only limited studies of peer groups with spectroscopy measurements of ICG were 

found4. The reported spectroscopy measurements enabled to find retained tumour cells 

not visible to the imaging system in mice4,5. No intraoperative spectroscopy measure-

ments on humans with ICG could be found in literature. The development in this work is 

a first step for a new intraoperative assistance device that provides spectroscopic infor-

mation in combination with camera images. 

A combined measurement set-up of fluorescence spectroscopy and an NIR camera im-

aging is being developed at the Dept. of Biomedical Engineering, Linköping University. 

Based on the already developed methods and set-ups, the experimental part was to be 

designed in this project work. An experimental set-up was created for combined meas-

urements of fluorescence spectroscopy and camera imaging. To perform controlled 

measurements a phantom that optically mimics breast tissue was to be developed. An 

optical fibre probe is used to lead light from the laser to the tissue for excitation and the 

emission light from the tissue to the spectrometer. Different fluorophore concentrations 

in the phantom should give information about the minimal detection threshold of the 

camera and allow quantification with the spectroscopy measurements. Characterisation 

measurements to find the concentration with the highest emission and its fluorescence 

decay (photobleaching) were done with the spectroscopy system. As the lymph nodes 

often lie deep in the tissue, an expansion of the experimental set-up using breast tissue 

phantom should give an advice of detection depth in the tissue. These set-ups should 

allow a qualitative and quantitative comparison between the NIR camera imaging and 

fluorescence spectroscopy. The obtained results are to be compared to clinical data 

recorded with a similar fibre optic spectroscopy system. Improvements of the set-up are 

suggested in the discussion chapter. 
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2. Theoretical Background 

2.1. Anatomy 

2.1.1. Tumours and Metastasis 

A tumour starts when normal cells of the human body become abnormal and start to 

grow uncontrollably and form a mass. Tumours can be malignant or benign, where a 

benign tumour is not cancerous and a malignant tumour is cancerous. Malignant tu-

mours spread as metastasis into other healthy tissue of the body. An early stage identi-

fication of metastasis is an important factor for the patient cancer survival. Breast cancer 

is with 23% incidence rate of all cancer cases the most frequently diagnosed cancer 

among females.1,6 

2.1.2. Lymphatic System and Lymph Nodes 

The lymphatic system with its vessels and nodes is an essential part of the body´s im-

mune defence. The vessels of the lymphatic system drain interstitial fluid from tissues 

into the blood. Drained lymph fluid coming from the collecting ducts is filtered after cer-

tain time by a lymph node. Passing cells including foreign particles could initiate an im-

mune response at the lymph nodes. As in Figure 1 (a) the lymph nodes are distributed 

throughout the body, some clusters are located in the underarms, groin, neck, chest and 

abdomen. Some clusters of lymph nodes are located close to the endocrine and exo-

crine organs as for example the thyroid and the breast (Figure 1, (b)).7 

A growing tumour in tissue close to the lymphatic system could also have induced a 

spreading of metastasis to the nearby lymphatic vessels. The connection to the lymphat-

ic system enables the direct transport and spreading of metastasis through lymphs. 

Mapping of the individual lymphatic vessels and nodes with a tracer allows determina-

tion of the lymphatic drainage basin. This mapping enables the tracing of metastasis 

dragged by the lymph system from the tumour tissue. The first possible lymph node or 

group of lymph nodes draining cancer are called ‘sentinel lymph nodes’ SLN. The SLNs 

are the first/preliminary target organs of metastasis. The assessment of the SLN pro-

vides information about metastasis and the removal decreases further spreading of the 

cancer cells to the blood and other organs.3,7–9 

 

  

(a) (b) 

Figure 1: (a) Distribution of the lymph nodes throughout the body and (b) an illustration of the 

female axillary lymph system close to the breast.10,11 

 

SLN mapping is done clinically with blue dye, radioactive tracers or combination of both. 

The usage of fluorescent tracers arises as an alternative intraoperative method especial-

ly for hospitals without access to radioactive isotopes. 3,12 
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2.2. Biomedical Optics for Diagnostics 

Biomedical optics uses the interaction of light with biologic entities in medical proce-

dures for non-invasive, nonionizing diagnostic modalities. Light is an electromagnetic 

wave characterised by its wavelength. The traveling light in tissue goes through two 

main processes of scattering and absorption. The appearance and strength of the ef-

fects are specific to the optical properties of the investigated tissue. An elaborated de-

scription of the interaction between light and tissue is described later on. Usually in bio-

medical optics the light for illumination has a wavelength within the therapeutic window 

as shown in Figure 2. The therapeutic window is the spectrum from the visible light to 

the near infrared light (600-1400 nm) where tissue has minimal absorption. The usage of 

NIR wavelengths (780-3000 nm, ISO 20473:2007) brings certain advantages as for ex-

ample chromophores of the tissue do not absorb these wavelengths and the penetration 

depth of the light increases. Also the autofluorescence of tissue is negligible at the NIR 

wavelengths.3,12,13  

 

 

Figure 2: Location of the therapeutic window (600-1400 nm) in the electromagnetic spectrum. 

 

Spectroscopic techniques allow diagnosis of the tissue or organs through extracting in-

formation on the tissue and light interactions. The spectral analysis of a certain tissue 

allows prediction of its health status or differentiation from normal tissue from other kinds 

as cancer. Further fluorophores are widely used for the visualisation of different chemi-

cal aspects ranging from tracing of chemical objects or monitoring cellular function or 

lymph nodes. The results of fluorescence measurements are often available in real time 

and can be performed in vivo without the need to excise a biopsy sample. The usage of 

fluorophores for lymph tracking, as investigated in this work with indocyanine green 

(ICG), is an example of optical method used for diagnostics.14,15 

2.2.1. Light Tissue Interactions 

The interaction of light with the tissue may is explained in the field of biomedical optics. 

In physics the radiative transport model analyses the transport of particles through an 

opaque medium, whereas the migrating particles don’t have interaction with each other 

and conserve their energy. The effect of interference falls apart in the model.14–16 

Light interacts with tissue, because of the present geometries with different sizes from 

small-scale sub cellar organelles to large-scale variations. Different particle geometries 

and constitutions of the tissue define its optical properties. When light is distributed in-

side turbid tissue it goes through two main processes of scattering and/or absorption as 

illustrated in Figure 3.15 
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Figure 3: Illustration of light interaction with tissue. 

 

Effect of the light on the tissue depends on the variables of the optical properties of the 

tissue and the illuminating light. Optical properties of tissue are commonly described by 

the parameters of absorption coefficient, scattering coefficient, scattering anisotropy and 

refractive index. The optical properties are wavelength dependent. The propagation pro-

cess might be more complex when the tissue is composed of multiple components or 

layers. 14,15 Using laser light limits the variables of the light to one coherent wavelength 

and a specific energy. Coherence of the light coming from the source is quickly lost after 

entering the tissue and a photon performed several scattering events.15,17 

2.2.2. Refractive Index 

The speed of light is determined by the medium it is propagating in. The Snell´s law de-

scribes the propagation speed of light in material (cmedium) in relation to the speed of light 

in vacuum (c0). This relation is described with the refractive index 𝑛.  

 

𝑛𝑚𝑒𝑑𝑖𝑢𝑚 =  
𝑐0

𝑐𝑚𝑒𝑑𝑖𝑢𝑚
 

Equation 2-1 

 

Diffraction occurs at the interface of two materials with different refractive indices. If the 

second medium has a higher refractive index than the first one, the travelling light direc-

tion is diverted closer to the vertical of the interface. In biological tissue the refractive 

index is strongly coupled to the water content.15 

2.2.3. Scattering 

Scattering occurs when the host material contains particles with unequal refractive indi-

ces. The incident light gets redirected in the direction of propagation at every interface 

but does not lose energy. The angle of redirection is determined by the size and shape 

of the particle. The redirected power of an incident beam by the scattering object is ex-

plained by the scattering cross section, σs as below: 

 

𝜎𝑠 =  
𝑃𝑠𝑐𝑎𝑡𝑡

𝐼0
 

Equation 2-2 

 

where I0 is the intensity of the incident beam and Pscatt the redirected amount of power. 

Quantification or scattering strength of a spherical object is given by the scattering cross 

section. The scattering properties of a medium with uniform distribution of scattering 

objects is defined with the scattering coefficient, μs:  

 

𝜇𝑠 =  𝜌𝜎𝑠 Equation 2-3 

 

reflection

scattering absorption

air

tissue
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where ρ is the density of the scatterers per volume unit in the medium. Scattering coeffi-

cient is dependent on the light wavelength. 

Biological tissue contains different sized entities and refractive indices that scatter the 

photons. The scattering of photons in tissue can be classified, based on the relation be-

tween the wavelength and particle size, in three categories of Mie, Rayleigh and 

geometric scattering. 

Scattering according to the Mie theory occurs when the scattering particles have a com-

parable size to the wavelength of the photon and are spherical. When the size of the 

particle is smaller than the wavelength the scattering falls into the Rayleigh limit, for ex-

ample at cellular-, extracellular components and subcompartments. Scattering to the 

geometric limit occurs at particles bigger than the wavelength where the interaction can 

be described most sufficient by the law of geometrical optics. At this point the interaction 

is usually not described as scattering. 

Scattering is stronger in biological tissue than absorption and multi scattering events 

appear. Additionally tissue has no uniform distribution of identical scattering particles 

and therefore has an anisotropic scattering. For approximating the anisotropic scattering 

to the isotropic scattering the reduced scattering coefficient, μs’ is used: 

 

𝜇𝑠´ = (1 − 𝑔)𝜇𝑠 Equation 2-4 

 

The anisotropic factor g describes the degree anisotropy of the. g ranges from 0 to 1, as 

g = 1 total forward scattering according to the Mie theory happens and for g = 0 total 

isotropic scattering according to Rayleigh occurs. Biological tissues usually have an ani-

sotropy factor g of 0.85-0.95.14,15 

2.2.4. Absorption 

Absorption is the transfer of energy carried by a photon into other forms of energy where 

the energy of the photon shifts the absorber’s atom electrons into a higher energy level. 

The transferred energy of the photon is given by: 

 

ℎ𝑣 =  ∆𝐸 Equation 2-5 

 

When the excited electrons decay back to the ground level, the energy difference is re-

leased in form of heat or photons. The absorption of photons is specific to the absorber. 

The absorption cross section, σa is defined similarly to the previously explained scatter-

ing cross section: 

 

𝜎𝑎 =  
𝑃𝑎𝑏𝑠

𝐼0
 

Equation 2-6 

 

where the cross section describes the amount of absorbed power Pabs related to the 

initial intensity I0. The absorption coefficient, µa enables the definition of the amount of 

absorption in a medium with uniform distribution of absorbing particles: 

 

𝜇𝑎 =  𝜌𝜎𝑎 Equation 2-7 

 

where ρ is the density of absorbers in the medium.14 The decline of a photon stream 

through an absorbing medium can be described with the Beer Lambert law: 

 

𝐼𝑑 =  𝐼0𝑒−𝜇𝑎𝑑 Equation 2-8 
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The Beer Lambert law describes the exponential decrease of an incoming intensity I0 

along the pathway d (thickness). The absorption coefficient, μa is specific to the medium 

and can be expressed as: 

 

𝜇𝑎 =  𝜀𝜆𝑐𝑚𝑒𝑑𝑖𝑎  Equation 2-9 

 

where ελ is the wavelength dependent molar extension coefficient and cmedia the molar 

concentration of the absorption media.14 The absorbance of a medium is given by: 

 

𝐴 = 𝜀𝜆𝑐𝑚𝑒𝑑𝑖𝑎𝑙 =  𝑙𝑜𝑔10(
𝐼0

𝐼
) Equation 2-10 

 

Accordingly the absorption properties of a medium are wavelength dependent and con-

stitute a spectrum. The main absorbers in tissue are haemoglobin in the blood, fat, mel-

anin and water. Haemoglobin and melanin absorb more at lower wavelengths, where fat 

and water absorb dominantly at higher wavelengths of the visible light.14,18 

2.3. Fluorescence 

Fluorescence is next to phosphorescence a phenomenon of luminescence. Lumines-

cence results when substances change from the excited state into its basic state and 

emit the energy difference inform of photons. Fluorescence occurs from short lifetime 

excited states of nano seconds and phosphorescence from excited states lasting for 

milliseconds to seconds. Fluorescence is the energy release in form of photons as a 

result of a product of absorption.16 

2.3.1. Excitation and Emission 

The emerging absorption and emission processes of light leading to fluorescence are 

shown in the Jablonski diagram (Figure 4). Excitation is caused by the absorption of a 

photon and raising the molecules to a higher electronical state. Usually an electron of 

the highest occupied orbit gets promoted into a previous unoccupied orbital. After inter-

nal conversion to a lower excited energy the substance falls back into the ground state. 

When the excited molecule relaxes and the electron falls back into the ground state, the 

difference of the orbital energy is released as a photon with longer wavelength. The 

longer wavelength as the absorbed photon results from the lost energy by the internal 

conversion process. The occupation energies of the ground - and excited electron levels 

are specific to each substance. Therefore a substance has its specific absorption and 

emission spectra. The relaxation back to the ground state can also occur non-

radiatively. The fluorescence quantum yield describes the efficiency of the emitted pho-

tons in relation to the absorbed photons. The Stokes’ Shift describes the wavelength 

difference between the absorption maximum and emission maximum of compound spe-

cific spectra.16 
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Figure 4: Jablonski diagram illustrating the absorption and 

fluorescence emission process.16 

 

2.3.2. Fluorophores 

Fluorophores are widely used as fluorescence markers and can be divided in two cate-

gories of intrinsic and extrinsic fluorophores. The intrinsic fluorophores are proteins and 

peptides that naturally exist in the tissue. The extrinsic fluorophores are molecules inten-

tionally added to the sample, with the purpose as a fluorescence dye for turning ab-

sorbed photons into emitted photons. Absorption and emission wavelengths are specific 

to each dye. Some fluorescence markers specifically bind to biologic entities. These 

markers are often used for the observation of biochemical processes. For this project an 

unspecific fluorophore is used that absorbs and emits light at near infrared wave-

lengths.16,17 

2.3.3. Quenching and Photobleaching 

Fluorescence quenching applies to every process that reduces the fluorescence of a 

sample. The reduction of the fluorescence can be reversible or irreversible. Photo-

bleaching is the photochemical destruction of a fluorophore that includes transformation 

of the fluorophore to other molecules and is irreversible. The strength of the photo-

bleaching depends on factors such as the light irradiation, exposure time and the chemi-

cal interactions of the excited fluorophore with the environment.  

Reversible fluorescence quenching processes result from short-range interactions of the 

fluorophore with its local environment. Other molecules near the fluorophore serve as 

quenching agent. They can provide non-radiant route for the loss of the excitation ener-

gy of the fluorphore. A reversible binding between fluorophore and the quenching agent 

can form a non-fluorescent compound. Quenching agents with maximal absorption 

wavelength close to the emission wavelength of the fluorophore act as an acceptor for 

the excitation energy. The excitation energy is transferred from the fluoropohre to the 

agent. This transfer can also happen between fluorphores with a small Stokes shift and 

leads to self-quenching at high fluorophore concentrations in a sample. This results in 

the effect that the emission of one fluorophore is coupled to the excitation of another 

when they are located close to each other.16 

2.3.4. Indocyanine Green 

In the present work the extrinsic dye indocyanine green (ICG) is used as an extrinsic 

fluorophore to enhance the lymph nodes. In surgery ICG is widely used as an NIR con-

trast agent for lymph tracing in fluorescence guided surgery2,3,12,13,19. It also enables the 

identification of the tumour margins in the surrounding tissue due to the high signal to 

noise ratio when the ICG is injected into the tissue cavity of the resected tumour4. Figure 

5 shows solutions with different ICG concentrations. 
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Figure 5: Diffrent ICG concentrations 6.4 mM, 

645 μM and 64.5 μM (left to right) dissolved in 

DMOS and distilled water. 

 

The ICG has no functional group to specifically bind to a targeting peptide, protein or 

other molecules. In combination with albumin ICG creates a lymphotropic agent and the 

association with albumin results in a non-covalent binding3,4,20. This complex has a small 

hydrodynamic diameter and is able to pass through sentinel lymph nodes and subcuta-

neous tissue3,13,20. The maximum absorption wavelength of ICG is around 785 nm and 

the maximum emission wavelength is located around 820 nm (Figure 6).  

 

 

Figure 6: Normalised total absorption and emission spectra of 64.52 μM ICG 

solution in DMSO. The maximum absorption is located at the wavelenght of 

785 nm and the maximum emission at 820 nm.  

 

The standard applied dose for in vivo imaging between 100 µg/kg and 500 µg/kg body 

weight could be found in literature. Whereas for the sentinel lymph node tracking usually 

an ICG concentration of 5 mg/ml is applied.2,3,8 

2.3.5. Detection Methods 

A detection device may be used to record the emitted photons from the fluorescence. 

Usually a photoactive semiconductor or a similar electronic device measures the incom-

ing light and converts it into an electronic voltage. Very commonly used is the charge 

coupled device (CCD), which consists of an array of photosensitive capacitors. The 

charge of the capacitor of one pixel is proportional to the number of collected photons. 

CCD chips have sensitivity from the visible to the near infrared light. The CCDs are inte-

grating detectors that are read out sequentially. Complementary metal oxide semicon-

ductors (CMOS) are used as an alternative technology to the CCD. The light sensitive 

element of a CMOS is a photosensitive transistor.14,16,21 
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2.3.6. Spectroscopy 

Spectroscopy gives spectral information about the collected light. The output of a spec-

trometer are the counted photons of a specific wavelength; all wavelengths together 

represent the spectrum of the measured light. To do so the incoming light beam is sent 

to a grating after being collimated (Figure 7). The light is diffracted at the grating, where-

as every wavelength is diffracted in a different angle. The diffraction image is focused on 

a one dimensional CCD where the position of an incoming photon on the CCD array 

corresponds to a certain wavelength. The resolution of the spectroscope is given by the 

strength of diffraction and resolution of the CCD array.14,16,21 

 

 

Figure 7: Light diffraction in spectrometer. 

 

2.3.7. Camera Imaging 

Cameras are built with two dimensional detector arrays of CMOS or CCD. An optical 

lens focuses the incoming light onto the size of the detector array, where each pixel 

quantifies the incoming photons. Different optical filters are used on separate detectors 

to detect the colours red, green and blue. Three detectors are needed to obtain a colour 

pixel.14,16,21 

2.4. Optical Phantom 

Optical phantoms mimicking biological tissue provide a platform for controlled in vitro 

measurements. The design is dependent on the region of excitation spectrum, geomet-

rical-, thickness parameter and the corresponding fluorophores. The phantom should 

mimic the tissue over longer spectral range. For the preparation of the phantom with 

controlled scattering and absorption properties, a calibrated scatterer and absorber were 

used. An extended description of the commonly used phantom materials is given by 

Pogue and Patterson22. Intralipids are often used as scatterers and ink is used for ab-

sorption, both are dissolved in an aqueous suspension or solid material. A phantom with 

water as matrix material and specific μa, μs coefficients can be achieved while having 

mixed the right concentrations of a calibrated diffusor and absorber. Silicon, agar or 

similar substances serve as other matrix material to build solid phantoms. 

The phantom is supposed to mimic the optical properties of breast tissue at the excita-

tion wavelength of ICG at 785 nm. The optical properties of breast tissue at 785 nm as 

reported in literature can be found in Table 1. 

Table 1: Optical properties of breast tissue at 785 nm 

Source g µs´ mm-1 µa mm-1 

Fantini 2012 23 - 0.92 0.004 

Netz 2011 24 0.85 0.7 0.07 

Cerussi 2013 25 - 0.72 0.003 
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The optical properties of the ingredients for a breast tissue-mimicking phantom can be 

found in Table 2. The coefficients are related to the applied excitation wavelength from 

785 nm. 

Table 2: Optical properties of scattering and absorbing material at 785 nm 

Substance Source µs mm-1 µs´ mm-1 µa mm-1 

Water  Smith Baker 26 negligible negligible 2.24*10-3 

Intralipid 20% Michels 27 44.2 19.43 - 

Intralipid 20% Chen 28 24.25 12.6 0.23 

Intralipid 10% Chen 28 18.16 9.88 0.16 

Intralipid 10% Staveren 29 - 10.2 - 

Intralipid 10% OMLC 18 28.68 10.13 - 

Ink  Ninni 30 negligible negligible 432 

ICG 1 µM Suganami 31   163*103 M-1 
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3. Materials and Methods 

3.1. Laboratory Equipment 

For the preparation of the samples in the laboratory different laboratory equipment were 

used. A 5 ml syringe with 0.2 mm needle was used for putting the ICG powder in the 

injection flask in solution. Preparation of accurate solutions was done with precise labor-

atory pipettes (10-100 μL, 20-200 μL, 200-1000 μL). The pipettes were chosen such that 

the pipetted off volume was located in the middle of the pipette working range. To weight 

the agar a scale (Sauter RC 2022) was used. All mixtures were mixed with a magnetic 

stir bar on the heating plate (Wilten & Co Heating and Stirrer ARED). The same device 

was also used for heating up the agar solution to 70 degrees Celsius.The measure-

ments of the laser power at the probe were done with a laser power meter (OPHIR La-

serstar). 

3.2. Instrumentation 

3.2.1. Fibre-Optical Based Spectroscopy System 

The fluorescence spectroscopy system used was previously developed at the Depart-

ment of Biomedical Engineering, Linköping University. Two parts build up the fibre opti-

cal based spectroscopy system, a light supplying part and a light collecting and charac-

terising part (Figure 8 (a)). The optical fibre conducts the light from the collimator to the 

probe. The probe involves the light sending and collecting fibres. Light from the sample 

gets collected by the probe with its collecting fibres and gets guided to the detector. The 

devices are controlled and the data acquisition is done by the LabVIEW software and a 

data acquisition card. 

 

 
 

(a) (b) 

Figure 8: (a) Fibre-optical based spectroscopy system with excitation laser, fibre optical probe and 

spectrometer. (b) Front view of the probe. 

 

Excitation light 

A laser with wavelength of 785 ± 5 nm and maximum power of 80 mW was used for ex-

citation light. The measurement software controls the settings of the laser. The laser 

contains a manual driven ring for focusing its beam. The irradiation on the sample sur-

face as a function of laser power and probe distance with the introduced fibre optical 

spectroscopy system can be found in the Appendix A. 

Probe 

The probe contains 7 fibres each with a diameter of 400 μm (Figure 8 (b)); six fibres 

were used for excitation and one fibre for collecting light. The fibres have a numerical 

aperture of 0.22 what equals a Θ of 12 degrees and a wavelength range of 300-

1200 nm. 

Detector 

A spectrometer was used to quantify the collected light from the probe. The spectrome-

ter composed of a 2048 pixel CCD with a working range of 240-890 nm and spectral 

resolution of 0.6 nm. The spectrometer has a maximum photon count of 4096. 
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Measurement settings 

The spectrometer integration time determined how long the light sensitive device counts 

photons for one measurement and can be chosen by the operator. The spectrometer 

had a background signal even when no light is illuminating the photosensitive device. 

This background signal or dark spectrum changed with the integration time. 

3.2.2. NIR Camera 

Camera 

A camera that worked in the visible and NIR region was used to record images of the 

fluorescence. The camera had a 1/3” CMOS sensor with a resolution of 

1280 x 960 pixels. The automatic standard integration time of the camera was 66.7ms, 

which could be manually extended to 732 ms. Implemented in the camera was a manual 

or automatic gain mode that allowed amplification up to 18 dB. The camera objective 

(2.8 mm-8 mm, F1.2) had a working distance of 8-80 cm. The zoom, focus and aperture 

were operated manually.  

Filter 

In order to see only the emission light of the ICG with the camera, the excitation light of 

the laser had to be filtered out. A longpass optical filter with cut-off at 800 nm omitted the 

reflection of the laser light. The filter was fixed in front of the camera objective lens. 

Transmission of the filter for the wavelengths above 800 nm was about 90% (Appen-

dix A). 

Measurement Settings 

The camera can be run with different integration times, internal amplifications and gam-

ma corrections. The aperture was in the most open position during recordings for sup-

porting the highest light transmittance. Internal amplification provided by the camera 

software was on 18 dB, with zero amplification no intensity was recorded. The focus was 

set manually on the illumination spot on surface. The focused spot looses its sharpness 

by turning the focal ring of the lens by 1 degree. Images recorded with the minimal fo-

cusing range of the lens in different distances to the sample without filter showed all dis-

tortion. No distortion could be seen when recorded with the maximal focusing range. 

The position and additional settings of the camera had to first be evaluated. 

3.2.3. Spectral Collimated Transmission System 

The evaluation of the optical properties of the phantoms and the ingredients were done 

with a spectral collimated transmission system available at the Department of Biomedi-

cal Engineering, IMT at the Linköping University32 (Figure 9). The analysed medium was 

placed in the path of the light beam between the light source and a spectrometer. Ac-

cording to the Beer Lambert law the measured intensity of the incoming light at the 

spectrometer changes with the sample thickness. A halogen white light lamp was used 

as the light source (1 mW). The spectrum (400-1000 nm) included the excitation wave-

length for ICG excitation at 785 nm. The variation of the sample thickness was managed 

using a manually driven positioner with micrometre precision. Based on the measure-

ment of the intensity of the transmitted light in relation to the sample thickness the atten-

uation coefficient of the medium could be calculated.  
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Figure 9: Illustration of the spectral collimated 

transmission system. 

 

The logarithmic plot of the measured intensity in relation to the thickness describes a 

linear curve. The decline of the linear curve is determined by the total attenuation coeffi-

cient. The modified Beer Lambert law for the determination of the linear decrease can 

be seen in Equation 3-1. 

 

log (𝐼𝑑 ) =  𝜇𝜆 𝑡𝑜𝑡𝑎𝑙 𝑎𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛𝑑𝜆 − log (𝐼0 ) Equation 3-1 

 

Whereas the knowledge of I0 is not necessary, it is included in the constant offset in 

each measurement. To obtain the medium’s concentration dependant attenuation coef-

ficient, this measurement is done with several concentrations. The linear fit of the meas-

ured total attenuation coefficients as a function of concentration determines the best 

approximation of the total attenuation coefficient as a function of concentration of the 

medium. 

This setup only allows the measurement of the total attenuation coefficient and it is not 

possible to determine between absorption coefficient and scattering coefficient. By 

measuring the scattering or absorption dominant material separately, it can be assumed 

that the measured total attenuation corresponds to the medium’s scattering or absorp-

tion. 

3.3. Optical Phantom 

An optical phantom with different ICG concentrations was made for the evaluation of the 

combined spectroscopy and NIR camera set-up. The phantom was designed to have 

the same optical properties as breast tissue. The measurement of the total attenuation 

of a phantom with only scattering properties allowed the adjustment of the used concen-

tration of the calibrated scattering material. As the absorption properties of the breast 

tissue is much smaller (100 times) than the scattering, the absorbing material was not 

added to the phantom. 
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The final phantoms for the measurements with the combined set-up should contained 

different ICG concentrations. To have an economical consumption of ICG, each phan-

tom was chosen to have an approximate volume of 2 mL. In this volume the amount of 

200 μL was reserved for the ICG solvent with a specific ICG concentration. The phan-

tom was adjusted to the desired optical properties including scatterer, DMSO and water. 

No ICG was added to the phantom for the validation. When the phantoms were used for 

the fluorescence measurements, the 200 μL DMOS water part included the wanted ICG 

concentration. How the phantom is adjusted to specific optical properties is explained in 

Section 3.3.1. 

3.3.1. Optical Phantom with Breast Tissue Optical Properties 

In the phantom, distilled water (18.2 MΩ) as matrix material, intralipid as scatterer and 

ink as absorber. The optical properties and coefficients in Table 1, corresponding to the 

wavelength 785 nm, were used for the calibration and validation of the available ingredi-

ents for the phantom. The validation is only possible when each ingredient has either 

dominant scattering or absorption properties. For this purpose the material specific total 

attenuation coefficients allow the calculation of the needed concentration for getting the 

specified optical properties of the final phantom. Since the optical properties are propor-

tional to the material concentrations the titration Equation 3-2 can be translated into 

Equation 3-3. 

 

𝜇𝑡
𝑎𝑓𝑡𝑒𝑟

∙ 𝑉𝑎𝑓𝑡𝑒𝑟 =  𝜇𝑡
𝑏𝑒𝑓𝑜𝑟𝑒

∙ 𝑉𝑏𝑒𝑓𝑜𝑟𝑒 
Equation 3-2 

 

This equation allows calculation of the needed concentrations for achieving the desired 

optical properties. The equation can be converted to: 

 

𝜇𝑡
𝑝ℎ𝑎𝑛𝑡𝑜𝑚

∙
𝑉𝑝ℎ𝑎𝑛𝑡𝑜𝑚

𝑉𝑝ℎ𝑎𝑛𝑡𝑜𝑚
=  𝜇𝑡

𝑏𝑒𝑓𝑜𝑟𝑒
∙

𝑉𝑚𝑒𝑑𝑖𝑢𝑚

𝑉𝑝ℎ𝑎𝑛𝑡𝑜𝑚
 

Equation 3-3 

 

where μt
before is the attenuation coefficient of the used volume Vmedium of the medium in 

the phantom volume Vphantom. This can also be written as: 

 

𝜇𝑡
𝑝ℎ𝑎𝑛𝑡𝑜𝑚

=  𝜇𝑡
𝑚𝑒𝑑𝑖𝑢𝑚 ∙ 𝜌𝑚𝑒𝑑𝑖𝑢𝑚 Equation 3-4 

 

The attenuation of the phantom is determined by the concentration of the medium in the 

phantom with its attenuation properties. In case of a phantom containing different ingre-

dient concentrations with different absorption or scattering coefficients, the total attenua-

tion is defined by: 

 

𝜇𝑡
𝑝ℎ𝑎𝑛𝑡𝑜𝑚

=  ∑ 𝜇𝑠 ∙ 𝜌𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑟 + ∑ 𝜇𝑎 ∙ 𝜌𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 
Equation 3-5 

 

Based on this the needed concentrations of the scatterer and absorber can be calculat-

ed, measured with the transmission spectroscopy and validated by comparison with the 

literature. Also the phantom was evaluated to see if it possesses the needed optical 

properties. 

Scattering Medium 

20% Intralipid (Fresenius Kabi, Intralipid 20%) is a highly scattering medium with small 

negligible absorption. The amount of the scattering media concentration can be calcu-

lated with the Equation 3-6.  
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𝜇𝑠
𝑝ℎ𝑎𝑛𝑡𝑜𝑚

=  𝜇𝑠 𝐼𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑 ∙ 𝜌𝑖𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑 
Equation 3-6 

 

At the evaluation of the measurable total attenuation of the diluted scattering media with 

the collimated transmission spectroscopy measurements, the attenuation of water has 

also to be taken in account. The total attenuation was calculated as below: 

 

𝜇𝑡 =  𝜇𝑠 𝐼𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑 ∙
𝑉𝐼𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑

𝑉𝑃ℎ𝑎𝑛𝑡𝑜𝑚
+𝜇𝑎 𝑊𝑎𝑡𝑒𝑟 ∙

𝑉𝑊𝑎𝑡𝑒𝑟 − 𝑉𝐼𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑

𝑉𝑃ℎ𝑎𝑛𝑡𝑜𝑚
 

Equation 3-7 

 

Different intralipid 20% concentrations were diluted in pure water and the total attenua-

tion measured with the collimated transmission spectrometer. The total attenuation coef-

ficient could be determined according to the description in the Section 3.2.3. The results 

of the measurements are shown in Section 4.1. The approximate concentration of in-

tralipid 20% used for the phantom with optical properties of breast tissue was calculated 

by: 

 

𝜌𝑖𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 =
𝜇𝑠𝑏𝑟𝑒𝑎𝑠𝑡 𝑡𝑖𝑠𝑠𝑢𝑒 𝑙𝑖𝑡𝑒𝑟𝑎𝑡𝑢𝑟𝑒

𝜇𝑠𝑖𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑 𝑙𝑖𝑡𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

  
Equation 3-8 

 

The intralipid 20% was calibrated at concentrations around the final estimated concen-

tration in the phantom. For the calculation the value for μs intralipid was taken from Netz24 

and μs tissue calculated by the values from Michels27. The measured concentrations of 

intralipid 20% were 1%, 2%, 5%, 9%, 10%, 11%, where the calculated concentration 

was 10.56%. 

Absorption Medium 

Ink provides a nearly flat absorption in an aqueous phantom and lasts in stability for a 

few days. The ink comes as reviewed with a high absorption and negligible 

scattering30,33. As can be seen in the optical properties of the breast tissue that the ab-

sorption is very low (Table 1). Therefore the use of an absorber in the phantom mimick-

ing breast tissue is skipped. The absorption of water increases at higher wavelengths, 

for this reason pure water was also measured with the collimated transmission spec-

trometer. The same measurements were done for the ICG solvent DMSO and agar solu-

tion. 

The ICG absorption can be calculated similar to Equation 2-9, except that the absorption 

coefficient depends on the concentration of ICG, cICG [Moles], and the solvent18,31. 

Total attenuation 

Summarising all attenuation of the used media for the phantom, the total attenuation is 

given by the Equation 3-9. 

 

𝜇𝑡 𝑝ℎ𝑎𝑛𝑡𝑜𝑚 =  𝜇𝑠 𝑖𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑
∙ 𝜌𝑖𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑 + 𝜇𝑎𝐷𝑀𝑆𝑂

∙ 𝜌𝐷𝑀𝑆𝑂

+ 𝜇𝑎𝑤𝑎𝑡𝑒𝑟
∙ (1 − 𝜌𝑖𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑 − 𝜌𝐷𝑀𝑆𝑂) Equation 3-9 

 

Based on this calculation and the transmission measurements of the phantom could be 

determined if the phantom complies with the required optical properties of the breast 

tissue. Attenuation of agar (used in photobleaching samples) was separately measured 

and was considered ignorable. 
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3.3.2. ICG Preparation 

The measurements with the setup were done with different ICG solutions. As already 

mentioned, the ICG should be dissolved in a solvent so that it emits fluorescence. For 

these preliminary experiments dimethyl sulfoxide (DMSO) (Sigma Aldrich) was chosen 

as solvent for ICG, where the ICG powder was solved in a base solution of DMSO and 

water in equal parts. The solubility of ICG in DMSO is 155 mg/mL34. The high solubility 

of ICG would allow a minimal amount of DMSO at low ICG concentrations. A main solu-

tion with 5 g/L ICG was prepared where the base solution was directly filled into the in-

jection vial. The injection vial comes with 25 mg ICG powder (ICG-Pulsion-Powder) and 

was therefore filled with 5 mL base solution. The concentration of ICG can be calculated 

by: 

 

𝑐𝐼𝐶𝐺[
𝑔

𝐿
] =  

𝑚𝐼𝐶𝐺  [𝑔]

𝑉𝑆𝑜𝑙𝑣𝑒𝑛𝑡[𝐿]
 

Equation 3-10 

 

The transformation to molar units is given by: 

 

𝑐𝐼𝐶𝐺[𝑀] =  
𝑚𝐼𝐶𝐺  [𝑔]

𝑉𝑆𝑜𝑙𝑣𝑒𝑛𝑡[𝐿]  ∙ 𝑀𝐼𝐶𝐺[
𝑔

𝑀𝑜𝑙𝑒
]
 

Equation 3-11 

 

where cICG is the concentration in mole-solution or weight per gram, MICG the molecular 

weight of ICG and Vsolvent the volume of the solvent. The highest concentration of ICG 

5mg/mL (6452 mM) served as stock solution. The stock solution was then diluted to the 

desired concentrations with the base solution. The volumes for dilution can be calculat-

ed by titration equation: 

 

𝑐𝑎𝑓𝑡𝑒𝑟 ∙  𝑉𝑎𝑓𝑡𝑒𝑟 =  𝑐𝑏𝑒𝑓𝑜𝑟𝑒 ∙ 𝑉𝑏𝑒𝑓𝑜𝑟𝑒 
Equation 3-12 

 

To obtain a specific concentration of ICG in the phantom it has to be considered that the 

after volume is the total volume of the phantom. Considering this aspect the Equation 

3-12 can be written as: 

 

𝑐𝐼𝐶𝐺 𝑝ℎ𝑎𝑛𝑡𝑜𝑚  ∙ 𝑉𝑝ℎ𝑎𝑛𝑡𝑜𝑚 =  𝑐𝐼𝐶𝐺 𝑠𝑡𝑜𝑐𝑘 ∙ 𝑉𝐼𝐶𝐺 𝑖𝑛 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑝ℎ𝑎𝑛𝑡𝑜𝑚 
Equation 3-13 

 

where cICG phantom is the desired concentration of ICG in the phantom, Vphantom the total 

phantom volume of 2 mL, VICG in solvent phantom the reserved volume for the ICG solvent in 

the phantom of 200 μL and cICG stock  the concentration of the used ICG solution.  

Additionally ICG has an absorption spectrum as already shown in Figure 6, therefore the 

wavelength dependent absorption coefficient is given by Equation 3-14. 

 

𝜇𝑎 𝐼𝐶𝐺 𝑃ℎ𝑎𝑛𝑡𝑜𝑚(𝜆, 𝑠𝑜𝑙𝑣𝑒𝑛𝑡) =  𝜇𝑎 𝐼𝐶𝐺(𝜆)  ∙ 𝑐𝐼𝐶𝐺 Equation 3-14 

 

3.3.3. Final Composition 

As the attenuation contribution of water and DMSO were considered ignorable, only the 

scattering of intralipid was included in the final phantom calculations. A stock solution 

served for multiple phantoms for the measurements. To calculate the intralipid 20% con-

centration in the phantom to get the same scattering properties as breast tissue a μintralipid 

of 49.9 mm-1 was used. Before a bigger amount of stock solution could be produced, 

phantoms without ICG, intralipid, water and DMOS were tested for having the wanted 
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absorption properties according to the description at the beginning of this section. The 

stock solution needed to have a higher concentration of intralipid 20% as in the final 

phantom was used. Because mixing 1.8 mL stock solution with the 200 μL of solved ICG 

in DMSO water caused dilution in both parts (Figure 10). The intralipid 20% concentra-

tion of the stock solution is calculated by: 

 

𝜌𝑖𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑𝑠𝑡𝑜𝑐𝑘 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
=

𝜌𝑖𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑𝑃ℎ𝑎𝑛𝑡𝑜𝑚
∙ 𝑉𝑝ℎ𝑎𝑛𝑡𝑜𝑚

𝑉𝑝ℎ𝑎𝑛𝑡𝑜𝑚 − 𝑉𝐼𝐶𝐺 𝑖𝑛 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑝ℎ𝑎𝑛𝑡𝑜𝑚

 
Equation 3-15 

 

According to the evaluated intralipid 20% concentration of 9% for the phantom, the con-

centration of intralipid 20% in the stock solution had to be 10%. 

A stock solution of 5 g/L ICG (6.452 mM) was prepared in the ICG vial and diluted twice 

to achieve the ICG concentrations of 645.2 μM and 64.52 μM. Using 200 ml of the pre-

pared pure ICG concentrations and mixing with 1.8 mL of the intralipid stock solution 

allowed the preparation of the listed phantoms Table 3. 1.5 mL of such phantom was 

filled into the sample holder for the measurement (Figure 10). An extended set of ICG 

phantoms (0.8 μM, 3.2 μM, 9.0 μM, 12.0 μM, 16.1 μM and 32.3 μM) was measured after 

finding the optimal position and laser power allowing measuring all ICG concentrations 

under the same conditions. 1% agar was added to the phantoms for solidification and 

restricting the diffusion of the ICG for photobleaching measurements. The solved agar in 

water was used to dilute the intralipid 20% for the phantom stock solution. A table with 

all prepared phantoms can be found in the Appendix A. 

Table 3: Prepared phantoms with different ICG concentrations for the measurments. 

Phantom VPhantom ICG concentration Intralipid stock solution VICG solution 

#1 2000 μL 645 μM 1800 μL 200 μL (6.45 mM) 

#2 2000 μL 64.5 μM 1800 μL 200 μL (645 μM) 

#3 2000 μL 6.45 μM 1800 μL 200 μL (64.5 μM) 

 

 

Figure 10: Illustration of how the phantom with different ICG concentrations were 

prepared for the measurements. 
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3.4. Experimental Set Up 

3.4.1. Combination of Spectroscopy and Camera Imaging 

For the experiments the optimal measurement position of the fibre optic probe and the 

camera had to be found. The initial placement of the devices is illustrated in Figure 11. A 

side view of the set-up in the laboratory can be found in Appendix A. 

The samples with different ICG concentrations were prepared in an ELISA multiwell 

plate with flat bottom and 16 mm well diameter which was placed on a laboratory lifting 

ramp. Filling up the total sample volume of 3.4 mL with 1.9 mL 1% agar reduced the 

needed sample volume to 1.5 mL. The lifting ramp allows a fast and rough sample ad-

justment. The photobleaching measurements on the ICG phantoms were performed 

ELISA multiwell plate with well diameter of 6.8 mm and a sample volume of 360 μL. 

The camera was fixed with the provided tripod mount adapter on a tripod. Similar to an 

estimated clinical surgery situation the tripod was adjusted next to the samples while 

standing on the floor with the tripod legs not entering the area under the table 8. The lens 

was mounted on the camera and the longpass filter was placed in front of the lens. The 

focal adjustments were done manually during the measurements without the filter. The 

fibre optical probe was fixed in the probe holder of the micro positioner. The tip of the 

probe was adjusted to the sample. As illustrated in Figure 12 the distance and angle 

positions of the devices had to be evaluated for the measurements. 

 

  

Figure 11: Left an illustration of the set-up of probe, camera with filter and the with the ICG samples 

in the well plate. Right a picture of the set-up in the laboratory. 

 

 

Figure 12: Arrangement of the devices of the set-up. 
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3.4.2. Spectroscopy Measurements 

An appropriate probe position for spectroscopy was found. Therefore the emission of 

three different ICG concentrations (6.45 μM, 64.5 μM and 645 μM) in pure solution and 

in phantom were measured under different probe positions and laser powers. The varia-

tion of the probe position included angle and distance to the sample. Only low laser 

powers of 4 mW, 8 mW and 12 mW were chosen for the measurements.  

3.4.3. Imaging with Camera 

Determination of the camera detection threshold was done mainly with three ICG con-

centrations of 6.45 μM, 64.5 μM and 645 μM. The 16.1 μM ICG concentration was only 

used for taking images with different integration times. Different probe positions and la-

ser powers (4 mW, 12 mW, 30 mW and 50 mW) for excitation were tested to find the 

optimal excitation power for an image showing ICG emission. Also the influence of dif-

ferent camera settings and positions on the recording of ICG emission was tested. 

Aperture was during recordings in the most open position for supporting the highest light 

transmittance. Internal amplification provided by the camera software was on 18 dB; 

with zero amplification was no recorded intensity visible. The focus was set manually on 

the illumination spot on surface. The illumination spot loses its sharpness by turning the 

focal ring of the lens by 1 degree. 

The images recorded with the minimal focusing range of the lens in different distances 

to the sample without filter showed all distortion. No distortion could be seen when re-

cording was done with the maximal focusing range. The best detail and overview area 

with highest zoom position of the lens was achieved when the camera was installed in a 

distance of 100 mm between the lens and the illumination spot on the sample surface. 

The recorded images can be found in the Appendix B. 

3.4.4. Realisation of Depth Measurements 

Because lymph nodes often lie deep in the tissue, a depth measurement was used to 

determine the detection depth of the spectroscopy system and the camera. Different 

ICG concentrations were filled into separate poly vinyl chloride (PVC) tubes and covered 

by different levels (1 mm and 2 mm) of liquid breast tissue mimicking phantom (Figure 

13).  

 

 

Figure 13: Measurement on simulated lymph node lying deep in the 

tissue. 

 

Each level of phantom simulated a tissue layer between the lymph node containing ICG 

and the exposed tissue to the air. The probe was positioned vertical to the phantom sur-
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uid phantom and lifted in 0.1 mm steps from the contact point with the tube for measur-

ing the decay of the ICG signal in the spectrum at thin tissue layers. The realisation of 

the depth measurement set-up can be found in Appendix A. 

3.5. Data Analysis 

3.5.1. Camera Images 

The results of the camera recordings are presented always as 100 by 100 pixel cut-out 

of the picture. The corresponding resolutions of 100 by 100 pixel of different camera 

distances can be found in Table 4. These resolutions correspond to a recorded surface 

parallel to the camera lens in the mentioned position and when the lens is at the minimal 

focusing range. 

Table 4: Image properties of different camera distances to sample sorface. 

Camera distance 50 mm 100 mm 200 mm 300 mm 

Resolution [mm pixel-1] 0.036 0.06 0.11 0.15 

1280 x 960 Pixel 46.2 x 34.56 mm 76.2 x 57.2 mm 136 x 102 mm 196 x 147 mm 

100 x 100 Pixel 3.6 x 3.6 mm 6 x 6 mm 11 x 11 mm 15 x 15 mm 

 

3.5.2. Measured Spectra 

The spectrometer has a background signal even when there is no light illuminating the 

photosensitive device. This background signal or dark spectrum differs with different 

integration times. The captured spectra were exported and processed in MATLAB (ver-

sion R2012a). At every data analysis the dark spectrum, recorded with the same inte-

gration time as the spectrum, was subtracted in a first step from the measured data. 

For measurements where the static ICG emission was of concern, the mean spectrum 

of five measured spectra was calculated and then the maximal fluorescence intensity in 

the range of 807 nm to 835 nm was extracted. 

The fluorescence intensity was always extracted from the same wavelength for the 

depth measurements, because the rising background spectrum moved partly into the 

wavelength range of 807 nm to 835 nm and had a higher intensity after certain tissue 

depth than the still visible ICG peak. This measured wavelength was given by the loca-

tion of the initial maximal fluorescence intensity peak.  

3.5.3. Reflection of the Sample 

During all measurements were performed on phantoms reflection of the excitation light 

on the sample surface was unavoidable. The measured spectrum with the spectroscopy 

contained a combination of the reflection and background spectrum of the sample sur-

face. Additionally the absorbing and emitting ICG in the phantom will affect the reflection 

spectrum around the reflection peak of the laser. The reflection causes an offset in the 

whole spectra and change of the signal base in the ICG emission region. A first order 

reflection adjustment was included in the data analysis for the determination of the abso-

lute ICG fluorescence intensity, where the intensity of reflection in the ICG emission re-

gion (820 nm) could be calculated based on a wavelength intensity not affected by the 

ICG and ambient light (600 nm). A phantom without ICG was recorded in different probe 

distances in the evaluated set-up. The measured intensity of the reference wavelength 

of 600 nm was always located in a flat part of the spectrum where no photons were 

emitted. The ratio between 600 nm and the ICG emission peak wavelength was calcu-

lated according to Equation 3-16, where the ratio was a function of different measured 

intensities at 600 nm. 
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𝑟𝑎𝑡𝑖𝑜 (𝐼𝑝ℎ𝑎𝑛𝑡𝑜𝑚 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐼𝐶𝐺) =
𝐼600𝑛𝑚 𝑝ℎ𝑎𝑛𝑡𝑜𝑚 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐼𝐶𝐺

𝐼820𝑛𝑚 𝑝ℎ𝑎𝑛𝑡𝑜𝑚 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐼𝐶𝐺

 
Equation 3-16 

 

The reference intensity at 820 nm is calculated from the measured intensity at 600 nm in 

a phantom with ICG: 

 

𝑟𝑒𝑓820𝑛𝑚 =
𝐼600𝑛𝑚 𝑝ℎ𝑎𝑛𝑡𝑜𝑚 𝑤𝑖𝑡ℎ 𝐼𝐶𝐺

𝑟𝑎𝑡𝑖𝑜 (𝐼𝑝ℎ𝑎𝑛𝑡𝑜𝑚 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐼𝐶𝐺)
 

Equation 3-17 

 

The absolute fluorescence intensity of the ICG emission can be calculated from the ref-

erence intensity with Equation 3-18. 

 

𝐼820𝑛𝑚 = 𝐼820𝑛𝑚 𝑝ℎ𝑎𝑛𝑡𝑜𝑚 𝑤𝑖𝑡ℎ 𝐼𝐶𝐺 −  𝑟𝑒𝑓820𝑛𝑚 
Equation 3-18 

 

The first order reflection model for the evaluation of the absolute ICG fluorescence in-

tensity was evaluated based on the measurements on a phantom without ICG. Over all 

spectroscopy measurements was discovered, that the ICG emission peak was located 

at 813 nm when measured on the pure ICG and 830 nm on the phantom. Therefore a 

ratio was calculated for 813 nm and 830 nm and used for the corresponding location of 

the ICG peak. Each measured ratio data was fitted with a double exponential curve fit. 

The calculated ratios and curve fits from the measurement can be seen in Figure 14.  

 

 

Figure 14: Calculated ratio from the measured reflection of phantom with no 

ICG. The probe distance was variated and a laser power of 4 mW was used.  

 

The curve fitting equation is shown in Equation 3-19 and the fitting parameters for the 

equation can be found in Table 5. 

 

𝑟𝑎𝑡𝑖𝑜 (𝐼600𝑛𝑚 𝑛𝑜 𝐼𝐶𝐺) = 𝑎 ∙ 𝑒𝑏∙𝐼600𝑛𝑚 𝑛𝑜 𝐼𝐶𝐺 + 𝑐 ∙ 𝑒𝑑∙𝐼600𝑛𝑚 𝑛𝑜 𝐼𝐶𝐺 Equation 3-19 

 

Table 5: Parameters of the curve fit for the calculated ratio at the two wavelengths. 

Wavelength a b c d 

813 nm 3.115 4.597∙10-5 -3.105 -0.006281 

830 nm 5.914 5.783∙10-5 -5.714 -0.004127 

 
  

0 500 1000 1500 2000 2500 3000 3500 4000
0

1

2

3

4

5

6

7

8

intensity 600nm [a.u.]

ra
ti
o
 [

a
.u

.]

Ratios for Emission Intensity Correction due Refflection 

 

 

600nm/813nm

curve fit ratio 600nm/813nm

600nm/830nm

curve fit ratio 600nm/830nm



Experimental set-up for near infrared fluorescence measurements during surgery 18.10.2013 22/54 

3.5.4. Comparison to Clinical Data 

Clinical data were provided from measurements previously performed on breast tissue 

ex vivo at the Linköping University Hospital. The spectra were recorded with a different 

probe as used for the experiments in this work. Laser pulses of 40 mW and 400 ms 

were delivered. No imaging experiments were performed during surgery. 

The results from the optical phantom were compared with the provided ex vivo results. 

The unknown ICG concentration in the tissue allows no comparison of the intensity. The 

ICG peak wavelength was compared between the phantom and the clinical data. 
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4. Results 

4.1. Composition of Optical Phantom 

The measured attenuation of water, 1% agar and DMSO with the collimated transmis-

sion spectroscopy can be found in Table 6. Solution of water and 1% agar was meas-

ured three times and DMSO was measured two times. A measurement of each sample 

can be found in Appendix B. Every measurement showed a slight attenuation of the in-

tensity in the sample. The measured attenuations were considered to be ignorable. 

 

Table 6: The measured total attenuation of water, DMSO and 1% agar in water. 

Compound Total attenuation at 785 nm (m  SD) 

Water 0.0061  0.0046 mm-1 

DMSO 0.0183   0.0098 mm-1 

1% agar in water 0.0144   0.0084 mm-1 

 

Different solutions of intralipid 20% and pure water were measured with the collimated 

transmission spectroscopy. Figure 15 shows the total attenuation of different in-

tralipid 20% solutions when measured with the white light of the system or the NIR laser. 

At each concentration a minimum of two measurements were performed, only at the 

concentration of 3% intralipid 20% solution a single measurement was done. The slope 

of the linear fit curve determines the total attenuation coefficient of intralipid 20% μintralipid 

of approximately 49.9 mm-1. 

 

 

Figure 15: Collimated transmission spectroscopy measurements of diffrent 

intralipid 20% concentrations. The incline of the linear fit curve represents the 

total absorption coefficient of the measured solution. 

 

Based on the measurements the scattering coefficient of an intralipid 20% solution can 

be calculated from Equation 4-1. 

 

𝜇𝑠 = 0.499 ∙ 𝑐𝐼𝑛𝑡𝑟𝑎𝑙𝑖𝑝𝑖𝑑  [%] + 0.0458 
Equation 4-1 

 

To obtain a scattering coefficient of 4.66 mm-1, a concentration of 9% of intralipid 20% 

was taken. Three test phantoms were prepared including the 200 μL base solution 

DMSO and water without ICG. The calculated absorption coefficient at the wavelength 

of 785 nm was 4.7288  0.7393 mm-1 (m  SD). The total attenuation of different pure 

ICG concentrations 6.54 μM, 12 μM, 16.1 μM, 32.3 μM and 65.4 μM can be seen in Fig-
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ure 16. Each ICG concentration was measured twice except 6.45 μM which was meas-

ured four times. 

 

 

Figure 16: Collimated transmission spectroscopy measurements of diffrent 

pure ICG concentrations. The incline of the linear fit curve represents total 

absorption coefficient per mole. 

 

The total absorption coefficient of pure ICG solved in DMSO is given by Equation 4-2. 

 

𝜇𝑎(𝑐𝐼𝐶𝐺) = 0.0485 ∙ 𝑐𝐼𝐶𝐺  [𝑀𝑜𝑙𝑒] + 0.0308 Equation 4-2 

 

The measured absorbance of different ICG concentrations can be found in the Appen-

dix B. 

4.2. Spectroscopy Measurements 

4.2.1. Probe Tilt 

The probe was tilted for the measurements because the reflection on the sample sur-

face with a probe angle of 90 degrees caused saturation in the spectrometer. The effect 

on the fluorescence emission from the variation of the probe angle is shown in Figure 45 

in the Appendix B. The measurement was done on a 64.5 μM ICG phantom and pure 

concentration. During the measurement a distances of 5 mm between probe and sample 

surface was maintained. The measured fluorescence emission in the phantom remained 

stationary whereas the emission of the pure ICG kept inclining towards a probe angle of 

90 degrees. 

4.2.2. ICG Fluorescence in the Phantom 

The measurements of the fluorescence spectra of different ICG phantoms without agar 

as in Figure 17 show that the florescence intensity does not necessarily increase with 

higher concentrations. The highest fluorescence intensity was measured for a 16.1 μM 

phantom. 
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Figure 17: Measured spectra of different ICG concentrations in the phantom 

without agar. 

 

In Figure 18 it can be seen that the highest fluorescence signal of ICG in the phantom 

with agar is also located at 16.1 μM. The analysis of all measurements performed on the 

phantom with and without agar in Figure 19 shows the same characteristic. Despite all 

the phantoms with agar in Figure 18 were prepared from the same batch and from the 

same stock solution, the signal intensity formed a hump, where the concentration of 

6.45 μM and 16.1 μM built two peaks. The intensity of the 16.1 μM ICG concentration 

was higher. It can also be seen that the phantom without agar has over all concentra-

tions a slightly higher emission than the phantom with agar, except at the concentrations 

of 6.45 μM and 32.3 μM. In the spectrum of 645.2 μM ICG phantom an ICG peak was 

visible but this peak was not visible in the 645.2 μM ICG phantom with agar. All meas-

urements were done at a probe distance of 5 mm and with a laser power of 4 mW. The 

emission spectra of the ICG phantoms without agar can be found in the Appendix B. 

Both phantoms show lower fluorescence intensity at higher concentrations. 

 

 

Figure 18: Measured fluorescence intensities of different ICG concentrations in 

phantoms with and without agar. 

 

Also shown in Figure 19 is the analysis of the measurements of the pure ICG solution-

without agar. The fluorescence spectra of different pure ICG solutions with and without 

agar can be found in the Appendix B. The pure ICG phantoms with and without agar 

have the fluorescence signal optimum located at a concentration of 64.5 μM. For meas-

uring the fluorescence intensity of the pure ICG with agar as shown in Figure 40 the 

probe distance had to be decreased to 1 mm. The pure ICG without agar has higher 

intensity than with agar. In both measurements of the pure ICG with and without agar it 
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can be seen that the higher intensities are located at the higher concentrations, where 

the higher fluorescence intensities of both phantoms with and without agar seem to be 

located at lower concentrations. The peak wavelength differs from pure ICG to ICG in 

the phantom. The pure ICG measurements have fluorescence peak located close to 

813 nm and the ICG phantoms to 830 nm. It was observed that the ICG peak shifts to-

wards higher wavelengths at higher ICG concentrations in the phantom. 

 

 

Figure 19: Measured fluorescence intensities of different ICG concentrations in 

phantom with and without agar. 

 

The fluorescence intensity of different ICG concentrations in the phantom and pure solu-

tion were measured as a function of the distance between probe and the sample surface 

while using the same laser power (Figure 41) and as a function of different laser powers 

while using the same distance (Figure 43). It can be seen that all concentrations in pure 

and phantom can be measured with a laser power of 4 mW down to a distance of 5 mm. 

Higher laser power or less distance caused saturation of the spectroscope. The meas-

urements of the pure ICG showed a similar behaviour, the smallest distance enabling 

the measurement of all concentrations was at 5 mm with a maximal laser power of 

4 mW. The distance and laser power measurements of the pure ICG can be found in the 

Appendix B. 

4.2.3. Depth Measurements 

As the probe was dipped in the 1 mm thick tissue-simulating phantom and approached 

on the tube an ICG signal could be detected. To prevent a saturation of the spectra it 

was measured with a laser power of 4 mW and integration time of 200 ms. As the probe 

was lifted from the tube the maximum detection distance of an ICG signal was up to 

0.3 mm. After 0.3 mm the reflection and background signal increased to a higher intensi-

ty as the last ICG signal. This can be seen in Figure 20 when the fluorescence intensity 

of the concentrations 6.45 μM and 64.5 μM start increasing. The fluorescence signal of 

the 645 μM pure ICG seems to keep decreasing after 0.3 mm but the ICG peak is no 

more clearly visible after 0.3 mm. The best ICG signal was noted while measuring the 

concentration of 645 μM. The measured signals were not corrected with the reflection 

correction as the measurements were performed inside the phantom solution and not on 

the surface. 
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Figure 20: Measured intensities of diffrent pure ICG concentrations in tube as a 

function of different tissue depths. Probe was postitioned on the simulated 

lymph node and the distance between probe and ICG gradually increased and 

the gap filled with tissue phantom . 

 

4.2.4. Photobleaching of ICG 

The photobleaching measurements on the ICG phantoms were performed with continu-

ous wave laser power of 4 mW at a probe distance of 5 mm. For the pure ICG a lower 

distance of 1 mm was chosen for the laser power 4mW. Only negligible photobleaching 

was measured in the liquid phantoms (Appendix B). The photobleaching measurements 

of the agar phantoms can be seen in Figure 21. The photobleaching behaviour was de-

pendant on the ICG concentration. The optimal concentration of 16.1 μM showed a 

slower decay than lower concentrations. Higher concentrations 32.3 μM and 64.5 μM 

decayed after a first increase. The optimal concentration of 16.1 μM reached 50% of the 

initial fluorescence intensity after 15 minutes. The fluorescence intensity of the 64.5 μM 

concentration kept decaying with longer exposure time.  

 

 

Figure 21: Measured photobleaching of different ICG phantoms with agar, 

continuous laser power of 4 mW and a probe distance of 5 mm.  

 

A likewise behaviour as discovered in the ICG phantoms can be observed in the pure 

ICG in Figure 22. The measurements showed that the pure ICG concentrations of 

6.45 μM and 64.5 μM decayed straight away after exposure to light whereas the highest 

concentration 645 μM inclined over the measured time interval. The concentration closer 

to the optimal concentration decayed slower where the lowest concentration decreased 

rapidly and reached 50% of its initial intensity after 2 minutes. 
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Figure 22: Measured photobleaching of different pure ICG concentrations with 

agar, continuous laser power of 4 mW and a probe distance of 1 mm. 

 

4.3. NIR Camera Recordings 

4.3.1. Evaluation of the Camera Settings 

The fluorescence images of different camera distances to the sample surface at maxi-

mal zoom can be found in Figure 23 (a – d). The corresponding resolutions of 

100 by 100 pixels can be found in Table 4. 

 

    
(a) 50mm (b) 100mm (c) 200mm (d) 300mm 

Figure 23: Different camera distances from surface illumination spot and 30 degree angle to surface. 

64.5 μM ICG phantom was illuminated with 50 mW laser power and probe position 1 mm above 

sample and tilt of 20 degree out of vertical axis of surface. 

 

Increasing the probe distance shows in Figure 24 (a – c) that the visible ICG emission 

decreases rapidly when the camera was run with standard integration time of 66.7 ms. 

 

  

Not visible 

(a) 1mm (b) 5mm (c) 10mm 

Figure 24: Different probe distances to 64.5 μM ICG phantom when placed vertical to sample surface 

and laser power of 50 mW. Camera angle of 30 degrees and 10 cm distance to sample surface.  

 

The variation of the camera angle showed that an angle of 30 degrees enabled a direct 

line of sight when the probe was in an angle of 80 degrees and at a distance of 1 mm. 
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The probe covered the ICG emission spot partly when excited with low laser power at a 

camera angle of 45 degrees. The recorded pictures can be found in the Appendix B. 

Increasing the integration time enhanced the visibility of the ICG emission and can be 

seen in Figure 25 (a – d), the sample was excited with the lowest laser power of 4 mW. 

The difference of the standard integration time of 66.7 ms and integration time of 200 ms 

at different laser powers on the 64.5 μM can be found in Appendix B. 

 

Integration 

time 
66.7 ms 200 ms 400 ms 600 ms 

4mW 

    
 (a) (b) (c) (d) 

Figure 25: Recordings of different integration times when 64.5 μM ICG phantom is excited with laser 

power of 4 mW and 1 mm probe distance. 

 

The variation of the internal amplification showed that the best results are obtained 

when set to 18 dB. The increasing of the gamma correction enhanced the visibility but 

also increased the background noise. The recorded images with different gamma cor-

rections can be found in the Appendix B.  
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4.3.2. ICG Fluorescence in the Phantom 

Images of the prepared ICG phantoms and pure ICG solution with concentrations of 

6.45 μM, 64.5 μM and 645.2 μM were recorded for testing the camera performance. 

Different laser powers were used for illumination of the samples. The camera was ad-

justed in a distance of 100 mm and 30 degree angle. The probe was positioned 1 mm 

above sample surface and 80 degree angle to the sample surface. 

All concentrations of the phantoms and pure ICG showed a brighter emission spot when 

illuminated with higher laser power (Figure 27). The phantoms with lower concentrations 

showed more fluorescence intensity. The brightest picture was registered with the con-

centration of 6.45 μM (Figure 26 (d)) and also showed the widest area of cloudiness. 

The fluorescence intensity on the pictures with the pure ICG solution increased with the 

concentration, where 6.45 μM pure ICG (Figure 28) has the highest intensity. The 

6.45 μM pure ICG showed (Figure 26 (h)) the least emission intensity and also cloudi-

ness of the pure concentrations. 

 

Laser 

power 
4 mW 12 mW 30 mW 50 mW 

ICG in 

phantom 

    
 (a) (b) (c) (d) 

pure ICG 

 

    
 (e) (f) (g) (h) 

Figure 26: 6.45 μM ICG sample recordings by the camera, when excited with different laser powers. 
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Figure 27: 64.5 μM ICG sample recordings by the camera, when excited with different laser power. 
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Laser 

power 
4 mW 12 mW 30 mW 50 mW 

ICG in 

phantom 
not visible not visible 

  
 (a) (b) (c) (d) 

pure ICG 

 

    
 (e) (f) (g) (h) 

Figure 28: 645 μM ICG sample recordings by the camera, when excited with different laser power. 

 

However to record images of ICG emission under the same excitation conditions as 

spectroscopy, the integration time of the camera was increased to 600 ms. The camera 

was placed in an angle of 45 degrees to the samples. As visible in Figure 29 (a – g) the 

phantoms with 64.5 μM and 645 μM ICG concentrations showed no visible ICG emis-

sion in the images. The laser power had to be increased up to 12 mW for visualising the 

fluorescence emission of the 64.5 μM phantom and to 30 mW for the 645 μM phantom. 

The image of the 16.1 μM phantom appeared brighter than the 6.45 μM phantom. The 

two higher concentrations of the pure ICG were brighter than the 6.45 μM pure ICG. The 

pure 16.1 μM ICG was not recorded due to the already known optimal concentration 

around 64.5 μM. The ring of the excitation fibres is visible in the pure ICG images, pos-

sible due to no scattering in the sample. 

 

 6.45 μM 16.1 μM 64.5 μM 645 μM 

ICG in 

phantom 

  

not visible not visible 

 (a) (b) (c) (d) 

pure ICG 

 

 

- 

  
 (e)  (f) (g) 

Figure 29: Images of different ICG samples when excited with the used probe settings for 

spectroscopy. The images were taken with an integration time of 600 ms. Probe distance of 5 mm, 

80 degree angle and a laser power of 4 mW. 
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4.3.3. Depth Measurements 

The depth measurements were performed with the highest laser power of 50 mW, a 

probe distance of 1 mm and vertically positioned to the tube covering tissue phantom. 

The images were taken with an integration time of 700 ms. 

After covering the tube with 1 mm of tissue phantom, a light cloudy emission could be 

registered at all three concentrations. No contours of the tube could be seen. The 

brightest emission was achieved when the probe was exactly positioned over the tube. 

The 64.5 μM pure ICG had the highest emission intensity at a tissue depth of 1 mm. The 

6.45 μM concentration could be noticed to a maximal depth of 1 mm and the other two 

concentrations down to 2 mm. The recorded images can be found in the Appendix B. 

4.4. Comparison to Clinical Data 

The measured fluorescence intensity of the provided clinical data allows no prediction 

about the ICG concentration because it was measured with different laser power and 

spectrometer. Therefore also no reflection correction was applied and just the raw data 

was plotted. The offset of the spectra and emission peak could give an advice about the 

reflection. The location of the ICG peak in the clinical data close to the wavelength of 

830 nm is similar to the peak locations of the phantoms (Figure 30).  

Analogue to the performed depth measurements with the phantom, it had not been pos-

sible to detect ICG emission deep in the tissue in the clinical measurements. 

 

 

Figure 30: Combined plot with clinical data and measurements with the 

phantom and pure ICG. It should be noticed that different settings than at the 

phantom were used for the clinical data. 
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5. Discussion 

5.1. Optical Phantom 

Due to the variation of the optical properties of the needed ingredients (Table 2) and that 

no “gold standard” for phantom mixture could be found, the proper optical coefficients 

were measured and processed step by step. The optical properties were investigated at 

the emission wavelength of 785 nm. This wavelength was chosen with awareness that 

the optical properties were different at the fluorescence wavelength. The used optical 

properties for breast tissue were chosen from Netz et Al., because the spectrum was 

provided for μa, μ’s and g. Their values are relating to the published optical properties of 

Cheong et Al35. The reduced scattering coefficient is located close to the other values. 

However, the used reduced scattering coefficient is a bit smaller than the SD of the sta-

tistically evaluated measurements from Garofalakis et Al36. His literature review shows 

that the reduced scattering coefficient can lie within a bandwidth of 0.6 mm-1 to 1.2 mm-1. 

The reported anisotropy factors in literature reach from 0.85 up to 0.9721,24,35,37. Never-

theless the calculated scattering coefficient was found to be reasonable when all report-

ed variations were considered. It can be seen that the absorption is insignificant in rela-

tion to the scattering. The values show that in breast tissue scattering is dominant com-

pared to the absorption. This seems reasonable because breast tissue is fatty tissue 

and other chromophores such as blood have a low absorption in the NIR wavelengths. 

The optical properties of water are not linear and rise in the NIR range26. The total atten-

uation coefficient of water measured showed a coefficient of 0.009 mm-1. This meas-

urement is rather inaccurate because the measurement of such low absorption coeffi-

cients should be done over longer distance range than millimetres and with less system 

noise. Similarly were the observations for the DMSO and agar. The absorption caused 

by water, DMSO and agar were considered as negligible for this phantom. 

Reviewing the scattering properties of intralipid 20% in literature showed different scat-

tering coefficients (Table 2). The measured scattering coefficient of the used in-

tralipid 20% is located between the values of Michels et Al.27 and OMLC18 and were 

therefore considered as reasonable. Deviation of the measurements might result from 

inhomogeneity distribution of the fat droplets in the intralipid solution and possible deto-

rioration due contact with air. The intralipid batches used were stored in open bottles for 

different time lengths. However Ninni proposed high stability in the optical properties of 

intralipid solutions in 10 days but stored in refrigerator38. Measurements of the total at-

tenuation coefficient from the test phantoms, without solved ICG in the DMSO, validated 

within a reasonable failure. 

5.2. ICG Fluorescence 

The measurements with the spectroscopy system and the camera images showed max-

imal fluorescence intensity at the concentration of 16.1 μM. This seems to refer to an 

optimal concentration of ICG in the phantom where higher concentrations fluoresce less 

due to self-quenching. Similar phenomenon was reported by other researchers where 

ICG emission strength reached a maximum and then decreased with increasing concen-

tration at a range 0-20 μM39,40. The photobleaching measurements also confirmed a 

maximal emission at 16 μM. Higher concentrations reached the maximal emission after 

being exposed to excitation light for a certain time and the photochemical destruction 

lowered the fluorophore concentration to the optimum. The influence of the solvent on 

the maximal emission concentration was also found in literature. Yuan used pure aque-

ous solvent for ICG in the intralipid and measured maximal emission close to 6 μM39. 

ICG injected into the body would bind to the human serum albumin. The reported results 
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differ about the optimal concentration of ICG solved in albumin which might be due to 

the dependency of the absorption and emission maximum on different 

solvents2,3,8,13,39,41–43.  

Comparison of the maximal emission from the phantoms with the pure ICG shows also 

an influence on the quenching by the phantom ingredients. The maximal intensity with 

pure ICG was observed at 64.5 μM with spectroscopy. The intensities of the concentra-

tions 64.5 μM and 645 μM seem both high on the images. The behaviour of photo-

bleaching around the optimal ICG concentration was similar in the pure ICG solution and 

ICG phantom. 

The photobleaching measurements also showed that there is insignificant fluorescence 

decay in the liquid solution. The fluorescence decay of the solidified ICG showed also 

slow but remarkable higher degradation as in the liquid phantoms. In literature can also 

be found that ICG in aqueous solutions has a slow (days) concentration dependent pho-

todegredation42,43. Photobleaching was observed above a threshold of 50 mW/cm2 irra-

diation for NIR fluorophores as mentioned by other researchers13.  

In both ICG constellations there was a peak shift to longer wavelengths with higher con-

centration noted in the spectroscopy measurements. The ICG emission peak wave-

length differs also as reported with different solvents2,3,13,39,42. Therefore predictions 

about the ICG concentration based on the peak wavelength need further investigations, 

unfortunately no results could be found in literature. 

5.3. Depth Measurement 

The measurable detection depth of both systems was lower compared to the results 

found in literature. The depth measurements of the phantom with the spectroscopy sys-

tem were mainly limited because of the reflection and saturation due to high laser pow-

ers. At the measurements in the phantom the ICG signal seemed to disappear behind 

the reflection signal after the distance of 0.3 mm. A separation of the detection fibre and 

emission fibre showed no enhancement either. Mohs et Al achieved a detection depth 

up to 4 mm4. The recorded fluorescence intensity of Mohs was very low even when 

measured with an integration time up to 10 seconds. He subtracted the background 

spectrum of fat tissue from the measured spectra to achieve the ICG fluorescence sig-

nals. No ICG fluorescence could be measured in this work with the equal setup.  

Camera images from other peer groups show fluorescence visibility from few millimetres 

down to a depth of 15 mm3,37,40. To visualise the fluorescence from this depth as in the 

pictures, they often used higher integration times up to several seconds. The maximum 

camera integration time used in this work was limited to 700 ms. A higher integration 

time should be possible as according to the camera manual therewith the fluorescence 

source spot will also get more contrast.  

The PVC tube adds two additional interfaces with different refractive indices for the inci-

dent light both ways. Also the spherical surface of the tube might cause additional dif-

fraction to the fluorescence light and cause less photons traveling in the direction of the 

detector. Solidifying the pure ICG with agar instead of using a PVC tube would enhance 

the setup for the depth measurements. 

5.4. Comparison to Clinical Data 

Comparable results were achieved in the laboratory as intraoperatively. The ICG peak 

from the clinical measurement is located closer to the peak wavelength of the phantoms 

as to pure ICG. This confirms that the ICG behaviour seems similar in the phantom and 

in the tissue. The ICG peak wavelength might give a hint of the concentration in the tis-

sue. Subtracting the reflection spectrum of the tissue without ICG from the measured 
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signal might bring further detection of weaker signals in depth. However, the excitation 

light used for the clinical measurement was stronger than what was used in this study.  

5.5. Reflection 

The fibre optical spectroscopy system used no filter for the excitation wavelength in the 

collecting line from the probe to the spectrometer. The excitation light of the laser will 

cause a reflection peak around 785 nm. 

The used calculation of the absolute fluorescence intensity for the spectroscopy meas-

urements is only a first order model where the different absorptions caused by the ICG 

concentrations were not taken in account. The calibration was done on a pure scattering 

phantom without ICG. A better calibration can be achieved by adding an absorber in the 

calibration phantom in which every ICG concentration acquires a calibration with a phan-

tom having the same absorption as the phantom with ICG. The caused reflection might 

be additionally coupled to the sample geometry. Still the model used in this work would 

be applicable for intraoperative measurements where the calibration curve would be 

recorded on tissue with no ICG. An alternative approach can be to subtract the back-

ground signal of similar tissue as at the investigated site. The background signal should 

be recorded on tissue with no ICG. 

5.6. Combined Setup with Spectroscopy and Imaging 

The distance and laser power was adjusted for the combined measurements with both 

systems. Increasing the distance also reduced the sensitivity for low fluorescence sig-

nals. Increasing the laser power also increased the reflection and background spectrum 

that might have covered a low ICG signal. The adjustment of the irradiation power and 

probe distance for intraoperative measurements has to be evaluated on the patient tis-

sue. Over all measurements was discovered that the reflected excitation signal affected 

the ICG signal up to 810 nm. A sharper cut off of the excitation would increase the visi-

bility of the ICG emission signal. 

The camera imaging system is less sensitive than the spectroscopy system, only with a 

higher laser power and/or increased integration time the fluorescence was visible. The 

angle of 30 degrees for the images was chosen as a limit when the probe started cover-

ing some of the emission collected by the camera positioned at 1 mm. The fluorescence 

images provided additional information about the fluorescence distribution in the sample. 

Different shapes of the fluorescence were observed between the phantom and pure 

ICG. The scattering caused by the phantom was visible due to the wide illumination 

around the laser spot. In the 6.45 μM pure ICG samples an emission cloud deep into the 

sample was visible. This might be an effect of the high penetration depth of the laser 

light due to a low absorption caused by ICG. Image processing would give more advice 

about the detected intensity and statistic distribution of the fluorescence emission. The 

quantification between the intensities of 64.5 μM and 645 μM or 6.45 μM and 12.1 μM 

would be possible. Increasing the integration time was needed to enhance the visibility 

of the fluorescence emissions. For some measurements an integration time of seconds 

would be helpful. Running the camera in the extended shutter mode externally triggered 

by the LabVIEW software enabled longer integration times. With a laser power of 

50 mW and integration time of 600 ms all concentrations were visible in the combined 

set-up with a probe distance of 5 mm. A 10 times higher irradiation as with 50 mW would 

enable imaging of all concentrations with a lower integration time. Therefore a minimal 

irradiation of 20 mW/cm2 is suggested to see all concentrations including the possibility 

to increase the integration time of the camera without the extended trigger mode. 
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5.7. Further Work 

Future phantoms similar to this work could be made with microspheres instead of in-

tralipid. The microspheres would have no restricted durability as discovered with in-

tralipid exposed to air. More complex phantoms mimicking breast tissue including re-

gions having different optical properties, haemoglobin and autofluorescence could be 

built as described by De Grand37. An adjustment of the ICG solvent equal to in the body 

could give an advice of the optimal concentration emitting the highest ICG signal. This 

would also give an advice about adjustment of the surgical injection concentration of 

ICG. The observed peak-shift of the ICG in the phantom towards higher wavelengths at 

higher concentrations should be further investigated. 

Subtracting the reflection spectrum of the nearby tissue or phantom without ICG from 

the measurement signal might bring further detection of weaker ICG signals. The used 

calibration measurements to remove the sample reflection from the signals could be 

enhanced by calibrating on a phantom with the same absorption properties as caused 

by the present ICG concentration in a sample. Additional background noise on the cam-

era images caused by a higher integration time could be reduced with image pro-

cessing. Image processing would also allow more accurate quantification of the fluores-

cence intensity on the images. If the peak-shift of the ICG emission is relied on the con-

centration, comparison with a suitable reference would allow predictions about the cur-

rent ICG concentration. 

To achieve higher detection depth an increase of the excitation power and the integra-

tion time with both systems is necessary. The irradiation should be reduced for spec-

troscopy measurements close to the tissue. The use of a wide field excitation light with a 

minimal irradiation of 20 mW/cm2 for the camera is suggested. The irradiation limit of 

50 mW/cm2 as found in literature should not be exceeded to keep photobleaching low. A 

spectroscope with higher photon counts would avoid saturation caused by reflection. An 

additional filter between laser and probe would reduce overlapping of the reflected exci-

tation peak and the ICG emission in the spectrum. A sharp cut off at 800 nm would in-

crease the detection of the ICG emission signal. Image processing on fluorescence im-

ages with less contrast could also enhance the visibility of the target structure. The 

mapping of the spectroscopy results on the image would be first step for a future in-

traoperative assisting instrument. 
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6. Conclusion 
This preliminary work showed the possibility to detect ICG emission in the NIR region in 

a combined setup with a fibre-optical based spectroscopy system and camera imaging 

system. Simultaneous measurements were possible with both systems in the presented 

setup positions. All performed measurements showed the detection threshold of each 

system and allowed suggestions for improving these for further setups and the transfer 

of both for intraoperative situations.  

An optical phantom mimicking breast tissue was developed. Scattering is dominant in 

breast tissue, therefore the use of an absorber was skipped and phantoms only contain-

ing a scatterer were prepared with an appropriate repeatability. Phantoms were pre-

pared with different ICG concentrations for the measurements. 

The developed set-up allowed parallel ICG fluorescence emission measurements on the 

same sample with both systems. Both systems measured the maximal fluorescence 

emission at the same ICG concentration in the phantom. The fibre optical spectroscopy 

system was more sensitive and only needed low excitation power and the camera imag-

ing system needed more emission power for high contrast pictures. Increasing the cam-

era integration time was necessary for visualising the ICG emission at lower excitation 

powers. Therefore a different wide-field excitation light would bring improved camera 

images. The effect of self-quenching at high fluorophore concentrations was observed 

with both systems and the optimal concentration of ICG in the phantom and for the pure 

ICG was determined. Investigating the photobleaching (fluorescence decay) behaviour 

in solid agar gel showed relatively slow photobleaching in the liquid samples. The com-

parison of the clinical data with the measurements on the phantom showed more simi-

larity as when compared to the pure ICG. The measurements showed a low detection 

depth for both systems. Improvements for future setups were investigated. 
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Appendix 

A. Materials and Methods 

Instrumentation 

 

 

Figure 31: The wavelength dependent transmission characteristics of the used 

filter for the camera. The red line indicates the location of the emission 

wavelenght at 785 nm. Green shows the emssion wavelenght of ICG at 830 nm 

(data provided by the manufacturer).  

Table 7: Irradiation in mW/cm2 on the sample as a function of different probe distances and 

excitation power. 

Laser power 2 mW 4 mW 8 mW 12 mW 30 mW 50 mW 

Probe distance       

0 mm 265 530 1061 1591 3978 6631 

1 mm 1,96 3,92 7,84 11,7 29,4 49,0 

3 mm 0,245 0,490 0,981 1,47 3,67 6,13 

5 mm 0,090 0,180 0,361 0,542 1,35 2,26 

7 mm 0,046 0,093 0,186 0,279 0,699 1,166 

9 mm 0,028 0,056 0,113 0,170 0,425 0,709 

 

Table 8: All prepared phantoms with different ICG concentrations for the measurments 

Phantom VPhantom ICG concentration Intralipid stock solution VICG solution 

#1 2000 μL 645 μM 1800 μL 200 μL (6.45 mM) 

#2 2000 μL 64.5 μM 1800 μL 200 μL (645 μM) 

#3 2000 μL 6.45 μM 1800 μL 200 μL (64.5 μM) 

#4 2000 μL 16.1 μM 1800 μL 200 μL (161 μM) 

#5 2000 μL 12.0 μM 1800 μL  200 μL (120 μM) 

#6 2000 μL 645 μM 1800 μL (1% agar) 200 μL (6.45 mM) 

#7 2000 μL 64.5 μM 1800 μL (1% agar) 200 μL (645 μM) 

#8 2000 μL 32.3 μM 1800 μL (1% agar) 200 μL (323 μM) 

#9 2000 μL 16.1 μM 1800 μL (1% agar) 200 μL (161 μM) 

#10 2000 μL 12.0 μM 1800 μL (1% agar) 200 μL (120 μM) 

#11 2000 μL 9.0 μM 1800 μL (1% agar) 200 μL (90 μM) 

#12 2000 μL 6.45 μM 1800 μL (1% agar) 200 μL (64.5 μM) 

#13 2000 μL 3.2 μM 1800 μL (1% agar) 200 μL (32.0 μM) 

#14 2000 μL 0.8 μM 1800 μL (1% agar) 200 μL (8.0 μM) 

 

760 780 800 820 840 860 880

0

20

40

60

80

100

wavelength l [nm]

tr
a

n
s
m

is
s
io

n
 [

%
]

Light Transmission Plot of FEL0800 Filter



Experimental set-up for near infrared fluorescence measurements during surgery 18.10.2013 47/54 

Optical Phantom 

Total Attenuation coefficient of purified water, DMSO and 1% agar were also determined 

with the collimated transmission spectroscopy system and show a decline of the intensi-

ty as a function of distance. 

 

 

Figure 32: Collimated transmission spectroscopy measurement of pure water at 

785 nm. The linear fit defines the total absorption of water with 0.0093 mm-1. 

 

 

Figure 33: Collimated transmission spectroscopy measurement of DMSO at 

785 nm. The linear fit defines the total absorption of DMSO with 0.0245 mm-1. 

 

 

Figure 34: Collimated transmission spectroscopy measurement of 1% agar in 

water at 785 nm. The linear fit defines the total absorption of 1% agar in water 

with 0.0245 mm-1. 
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Figure 35: Absorbance spectra of different ICG concentrations in pure solution. 

 

Experimental Setup 

 

Different ICG samples are visible in the side view of Figure 36, where the samples in the 

back row are phantoms with ICG concentrations 6.4 μM, 64.5 μM and 645 μM (from left 

to right). The samples in the front row have the same ICG concentrations as pure sam-

ples. 

 

 

Figure 36: Side view of the experimental set-up with fibre-optical probe, camera 

with filter and ICG samples. 
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Depth Measurement 

 

  

Figure 37: A tube containing pure ICG is covered by different levels of breast 

tissue phantom to simulate a lymph node deep in tissue.  

 

B. Results 

Spectroscopy Measurements 

 

 

Figure 38: Measured spectra of different ICG concentrations in the phantom 

with agar, probe distance to sample surface was 5 mm and excitation laser 

power was 4 mW. 

 

 

Figure 39: Measured spectra of different pure ICG concentrations without agar, 

probe distance to sample surface was 5 mm and excitation laser power was 

4 mW. 
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Figure 40: Measured spectra of diffrent ICG concentrations in pure solutions 

with agar, probe distance to sample surface was 1 mm and excitation laser 

power was 4 mW. 

 

 

Figure 41: Measured fluorescence intensities of different ICG concentrations in 

phantom as a function of probe distance. Used laser power was 4 mW. 

 

 

Figure 42: Measured fluorescence intensities of different ICG concentrations in 

pure solution as a function of probe distance. Used laser power was 4 mW. 
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Figure 43: Measuered fluorescene intensities of different ICG concentrations in 

phantom as a function of laser power. Probe was postitioned 5 mm above the 

sample surface. 

 

 

Figure 44: Measured fluorescene intensities of different ICG concentrations in 

pure solution as a function of laser power. Probe was postitioned 5 mm above 

the sample surface. 

 

 

Figure 45: Measured fluorescence intensity of 64.52 μM pure ICG and ICG in 

phantom at different probe angles with 5 mm distance to sample surface.  
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Figure 46: Measured photobleaching of selected ICG concentrations without 

agar at a probe distance of 5 mm and continuous laser power of 4 mW.  

 

NIR Camera Imaging 

 

    
(a) 30degrees (b) 45degrees (c) 60degrees (d) 75degrees 

Figure 47: Images of 64.52 μM ICG phantom when camera was adjusted in different angles at a 

distance of 10 cm. Probe was positioned at an 80 degrees angle in a distance of 1 mm to the sample 

surface. 
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Figure 48: Images of 64.52 μM ICG phantom with different camera integration times and different 

laser powers. Probe was positioned at 1 mm distance and the camera positioned in an angle of 

30 degrees and 10 cm distance to sample surface.  
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Gamma 

correction 
1 2 3 4 

4mW 

    
 (a) (b) (c) (d) 

Figure 49: Images of 64.52 μM ICG phantom while using different internal gamma corrections of the 

camera. The probe was positioned at 1 mm distance and the camera positioned in an angle of 

30 degrees and 10 cm distance to sample surface. 
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Figure 50: Recordings of different ICG concentrations, different laser powers and a camera 

integration time of 600 ms. The probe was positioned in 5 mm distance to sample surface and the 

camera was in an angle of 30 degrees and 10 cm distance to sample surface. 
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content 
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tissue 
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 (e) (f) (g) 

Figure 51: Images of the lymph node imitating tubes, filled with different pure ICG concentrations and 

covered with different tissue phantom thicknesses. A laser power of 50 mW was used and the probe 

was positioned vertically 1 mm above the tissue surface. 

 


