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CHAPTER 1







General introduction to the thesis




In this introductory Chapter, we describe the shortcomings of the available optical
spectroscopictechniquesforthemedicalapplicationofnoninvasivemeasurementsof
bilirubin and hemoglobin concentrations in blood. We emphasize the need for a
spectroscopic technique that can both quantitatively and locally measure absorption
coefficients in tissue. Since such a technique is not readily available, we propose the
development of a new spectroscopic technique called lowcoherence spectroscopy
(LCS). Furthermore, we introduce the problem of noninvasive bilirubinometry in
neonates,whichwillbetheprimaryapplicationforthedevelopmentofLCS.



















CHAPTER 1



1.1

Tissuespectroscopy


Lighttissue interactions are the basis of many experimental and routinely used
diagnosticproceduresinmedicine.Oneofthemostextensivelyexaminedinteractions
of light with tissue involves the absorption of light, since this can provide valuable
information on the presence of chromophores (i.e. light absorbing molecules such as
bilirubin,hemoglobinandmelanin),whichcanberelatedtothephysiologicalcondition
ofthetissueandtheoverallconditionofthebody.Examplesoflightabsorptionbased
techniques that are frequently used in the practice of medical diagnostics are pulse
oximetry[1],transcutaneousbilirubinometry[2]andnearinfraredbrainmonitoring[3].
The existence of these noninvasive techniques substantially reduces the need for
alternative, often invasive and time consuming diagnostic procedures and provides a
uniqueinsightintootherwiseunknownbodyprocesses.
Although numerous techniques based on light tissue interactions are available for
solvingmedicaldiagnosticproblems,forsomeproblemstheexistingtechniquesarenot
appropriate. One of these problems is the noninvasive measurement of bilirubin and
hemoglobin concentrations in blood, for which the alternative is invasive blood
sampling. This section explains the reasons for the shortcomings of existing optical
techniquesforthispurpose.

1.1.1 Quantitativespectroscopy
 Forthemeasurementofbilirubinandhemoglobinconcentrations,quantificationof
tissueabsorptionisneeded,sincetheamountoftissueabsorptionisdirectlyrelatedto
chromophore concentrations. To quantify absorption, the absorption coefficient is
used, for which a detailed definition can be found in Section 1.3. In tissue, the
absorptioncoefficientiswavelengthdependent,ashasbeenillustratedfortheskinin
Figure1.1.
 Wavelength dependent absorption coefficients are generally determined using
opticalspectroscopy,whichmeasuresthewavelengthresolvedchangesintheintensity
of light that is reflected by, or transmitted through the tissue. Since the absorption
coefficient describes the amount of absorption along a certain photon path (Section
1.3),knowledgeofthephotonpathisrequiredtoderivethisopticalpropertyfromthe
measuredspectrum.
 The determination of photon paths is one of the main challenges in tissue
spectroscopy, since it is difficult to predict the amount of tissue scattering that
influencesboththelengthanddirectionofthesepaths.Mostspectroscopictechniques
solvethisproblembymakingmodelbasedassumptionsonthephotonpathlength[4
6]. Unfortunately, this introduces an inevitable error in the determination of the
absorptioncoefficient,sincemodelandrealityrarelyagreecompletely.
 Incontrasttomakingassumptionsonthephotonpath,measuringthephotonpath
gives a more exact determination of the absorption coefficient. Several spectroscopic
techniques(i.e.time,andphaseresolvedspectroscopy[7,8])havebeendevelopedfor
measuringphotonpaths,butingeneralthesetechniquesrequirerelativelylongphoton
paths (several mm to cm), which hampers the possibility to measure the absorption
coefficientwithinasmallorthintissuevolumesuchasthemicrocirculationintheskin
forthepurposeofnoninvasivebloodanalysis.Althoughlowcoherenceinterferometry
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techniquesexistformeasuringshortphotonpathlengths(<1mm),theapplicationof
these techniques is mostly in imaging (i.e. OCT: optical coherence tomography [9]) or
otherareas[10,11],anddoesnot,oronlymarginallyinvestigatethepossibilityforthe
quantitativeandwavelengthresolvedmeasurementofabsorptioncoefficients.




Figure 1.1 Absorption coefficient
spectraofthemostimportantskin
chromophores in the visible wave
length range [14], for biologically
occurring skin concentrations of
hemoglobin (5 g/L, 85% oxygen
saturation), bilirubin (70 μmol/L)
andmelanin(0.4%).





1.1.2 Localizedspectroscopy
 Most tissues are optically inhomogeneous media, since they consist of numerous
structures with distinct optical properties. As Figure 1.2a schematically illustrates for
the case of a ‘conventional’ spectroscopic measurement on the skin, the light that
probes the tissue passes many different tissue structures and layers before it is
detected. As a consequence, the optical properties that are derived from the
measurement will be (path length weighted) averaged over the probed volume,
neglectingthedifferencesinopticalpropertiesbetweenthedifferentstructures.
 Forsomediagnosticapplications,thespatialaveragingofopticalpropertiesinduces
an uncertainty in the parameter of interest. This is the case for the determination of
bilirubinandhemoglobinconcentrationsin blood,sincetheskincellssurroundingthe
blood vessels in the probing volume (with lower, or absent chromophore
concentrations) induce an underestimation of the true concentration. Therefore,
besidesmeasuringphotonpaths,itisalsodesiredtocontrolthephotonpathlengthin
ordertoconfinetheprobedvolumetothetissuestructureofinterestsuchasablood
vessel(Figure1.2b).
 Unfortunately, the existing spectroscopic techniques that have the ability to
measure the photon path length, lack the ability to precisely control it, due to the
random process of tissue scattering [7,8]. However, the previously mentioned low
coherenceinterferometrybasedtechniquesdohavetheabilitytopreciselycontrolthe
photon path lengths of the detected light. Hence, we will investigate the use of low
coherenceinterferometryforspectroscopicpurposes.
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1.2

Figure 1.2 Schematic illustration of the skin volume that is probed by a.)
‘conventional’ spectroscopic techniques, which probe a variety of tissue
structures (cell layers, blood vessels etc.); b.) the technique suggested in
Section1.2.1(LCS),whichhastheabilitytoconfinetheprobedvolumetoa
structureofinterest,e.g.abloodvessel.

Thisthesis


1.2.1 Lowcoherencespectroscopy(LCS)
 The objective of this thesis is to develop a method to noninvasively measure
bilirubinandhemoglobinconcentrationsinblood.Therefore,aspectroscopictechnique
isneededthat1)quantifiestheabsorptioncoefficientand2)measuresitlocallywithin
a blood vessel in the skin, without the influence of surrounding tissue (Figure 1.2b).
Since no existing spectroscopic technique meets with these requirements, a new
spectroscopic technique will need to be designed and developed. As mentioned in
Section 1.1, lowcoherence interferometry offers both precise control over, and
knowledgeofthephotonpath.Therefore,wewillinvestigatethepossibilitytodolow
coherence interferometry based spectroscopy, which we will call lowcoherence
spectroscopy (LCS). This thesis will describe the essential first steps in the design,
developmentandvalidationofthisnewtechnique.

1.2.2 Noninvasivebilirubinometry
 Within the frame of noninvasive bilirubin and hemoglobin concentration
measurements in blood, we specifically focus on noninvasive bilirubin measurements
(bilirubinometry)inneonateswhoareadmittedtotheneonatalintensivecare.Duetoa
relatively small total blood volume, required measurement frequency and often
presenceofotherclinicalcomplications,thesepatientshavethehighestneedforanon
invasivealternativetoinvasivebloodsampling.
 Although devices based on optical spectroscopy for measuring bilirubin levels in
neonates exist for over 30 years, the clinical utility of the technique is limited to a
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screeningmethodforhyperbilirubinemia,ratherthanareplacementforinvasiveblood
sampling.Themainreasonforthelimitedclinicalvalueofthesedevicesisthefactthat
cutaneous bilirubin concentration measurements by spectroscopy (within a volume
consistingofbothintravascularandextravascularspace,seeFigure1.2a)arecompared
tothegoldstandardoftotal serumbilirubinconcentration measurements byinvasive
blood sampling (within a volume of whole blood, i.e. the intravascular space). Since
thesearetwodifferentconcentrations,thecurrentspectroscopicdevicescannotequal
theperformancesofinvasivebloodsampling.
If we can use LCS for the measurement of bilirubin concentrations within a single
blood vessel (Figure 1.2b), a one to one comparison with total serum bilirubin
concentrationmeasurementswillbeachieved.Therefore,weexpectthattheuseofLCS
cansignificantlyimprovetheclinicalvalueofnoninvasivebilirubinometryandleadto
lesspainandcomplicationsforpretermneonates.

1.2.3 Outlineofthethesis
This general introduction to the thesis explained the current shortcomings of
available optical spectroscopic techniques for the noninvasive measurement of
bilirubinandhemoglobinconcentrations in blood.Intheremainingpart ofthethesis,
wewilldescribethedevelopmentofanewspectroscopictechnique(LCS)thatmayaid
insolvingthisproblem.Sinceweprimarilyaimonusingthistechniquefornoninvasive
bilirubinometry in neonates, the current status of noninvasive bilirubinometry, its
limitationsandopportunitiesaredescribedinChapter2.
When designing a new optical technique for measurements on neonatal skin,
knowledge of the optical properties of neonatal skin is required. Therefore, we
measuredthebulkopticalpropertiesofneonatalskininalargepatientpopulation,as
will be described in Chapter 3. A detailed definition of the optical properties of
importanceforthisthesiswillbegiveninthenextsection(Section1.3).
Chapters4to7describethedevelopmentofLCS.First,thepossibilityofusingLCS
forthequantitativemeasurementofabsorptioncoefficientspectraintissuesimulating
media will be demonstrated in Chapter 4. Since LCS measures the total attenuation
coefficient spectrum, which is the sum of the absorption and scattering coefficient
spectra (Section 1.3), knowledge of the contribution of scattering to the LCS signal is
important for accurate absorption measurements. Therefore, scattering contributions
totheLCSsignalwillbeinvestigatedinChapter5.InChapter6,theexactcontrolover
the size and depth of the measurement volume in LCS will be demonstrated and the
first in vivo results with this technique will be shown. To further enhance the clinical
valueofthetechnique, Chapter7addressespossibilities forenhancingthespeedand
sensitivity of LCS by introducing a new method for spectroscopic detection. Finally,
Chapter8reflectsonthecurrentstatusofLCSfortranscutaneousbilirubinometryand
describesthenecessarystepsforfurtherdevelopmentofthetechnique.



1.3

Definitionofopticalproperties


Whenlightinteractswithtissue,itwillbeattenuatedbybothscatteringandabsorption
processes [12]. Light absorption occurs when photon energy is transferred to light
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absorbingmolecules,i.e.chromophores.Theamountofabsorptionisquantifiedbythe
absorptioncoefficientμainunitsofreciprocaldistance(m1).Notethatallwavelength
dependent parameters in this thesis will be denoted by a boldfaced character. The
reciprocal of the μa describes the average path length that a photon can travel in a
medium before it is absorbed. For a medium with only one type of independently
absorbingparticles,theμaisdefinedbythecrosssectionoftheparticler2(units:m2)
andtheabsorptionefficiencyQa(dimensionless)[12]:

2
(1.1)
 a = Na  r  Q a

inwhichNadenotesthenumberofabsorbingparticlesperunitsofvolume(m3).Figure
1.1showstheabsorptioncoefficientspectraofthemostimportantskinchromophores
inthevisiblewavelengthrange.Whenmorethanonetypeofchromophoreispresent
inamedium,thetotal,orbulkabsorptioncoefficientofthemediumisthesumofall
the individual chromophore contributions per unit of concentration: μa,skin = i (ciμa,i),
with ci the relative contribution of chromophore i, assuming independent absorption
events.
Light scattering by tissue occurs when photons encounter structures or particles
with a higher or lower refractive index than the surrounding medium, such as cell
membranes, collagen fibers and mitochondria. In this thesis, only elastic scattering
processes are considered, which involve a change in the direction of photon
propagation without any loss of photon energy. Similar to the absorption coefficient,
tissuescatteringisquantifiedbythescatteringcoefficientμs,fromwhichthereciprocal
describes the average path length that a photon can travel in a medium before it is
scattered. Fora medium with only one typeof independently scattering particles it is
definedas[12]:

2
 s =Ns  r  Q s
(1.2)

in which Ns is the number of scattering particles per units of volume and Qs is the
scattering efficiency of the particle. Similar to the absorption coefficient, the total, or
bulkscatteringcoefficientofthemediumisthesumofthe(independent)contributions
of all scattering particle types. In tissue, the bulk scattering coefficient has a power
dependencyonwavelength,sinceshorterwavelengthshaveahigherprobabilitytobe
scattered[12]:

 s v a   b
(1.3)

inwhichaisascalingfactorandbdenotesaparameterdefinedasthescatterpower.
Both absorption and scattering processes contribute to the total attenuation of light
alongacertainpath.Hence,theattenuationcoefficientμtisdefinedasthesumofμa
andμs[12]:

t = a  s
(1.4)
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The probability of a photon to be scattered under a certain angle is described by the
scatteringphasefunctionp()[12]:

4

(1.5)
p
 d = 2 sin  p   d = 1

0
0

in which d  = d d denotes integration over the solid angle, and  the angle in the
planeofincidence.
When the scattering angle  =  (or 180 ), light is scattered back in the direction of
incidence.Inthatcase,wecandefinethebackscatteringcoefficientμb:

(1.6)
b =  s  p  = 

NotethattheformaldefinitionofμbbyVanderHulstincludesanadditionalfactor4
[12]. For the LCS measurements described in Chapter 5, we define the μb,NA as the μb
integrated over detection numerical aperture (NA) of the system ( from –NA to ).
Hence,theμb,NA isameasurefortheamountoflightthatisdetectedafterbeingback
scatteredbythesample,withadependenceonthepropertiesofboththesystemand
themedium.
AnotherparameterthatisimportantinLCS,isthegrouprefractiveindex.Thegroup
refractiveindexngdependsonallwavelengthswithinthespectralbandwidththatis
regarded,andisdefinedas:

wn
ng = n + 
(1.7)
w

inwhichnisthewavelengthdependent,orphaserefractiveindexofthemedium.
Scattering is isotropic when p() is independent on , otherwise it is anisotropic.
Thelatterisoftenthecasefortissue,whichiswhywedefinethescatteringanisotropy
gastheaverageofthecosineofthescatteringangle[13]:

(1.8)
g = cos 

Hence,g=1describesthecaseofpurelyforwardscattering,g=1thecaseofpurely
backwardscattering,andg=0thecaseofisotropicscattering.
Whenphotonsarescatteredmanytimesbeforetheyaredetected,e.g.fordiffuse
photondistributions,thescatteringanisotropyaffectstheamountofphotonsthatare
captured within the detection NA of the system. As a consequence, the ‘effective’
attenuation of light by scattering is lower than predicted by μs in forward scattering
media such as tissue (0 < g < 1). Therefore, the reduced scattering coefficient μs’ is
definedas[13]:

 s , =  s 1 g
(1.9)

Similarly,theeffectiveattenuationcoefficientμeffbecomes[13]:

 eff = 3   a  a   s ,
(1.10)

³

³
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Equations 1.3 and 1.8 to 1.10 are particularly important for the measurements
describedinChapter3;equations1.3to1.8 areofimportanceforthemeasurements
describedinChapters4to7.
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