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CHAPTER 3







Optical properties of neonatal skin measured in vivo as a function
of age and skin pigmentation




Knowledge of the optical properties of neonatal skin is invaluable when developing
new,orimprovingexistingopticaltechniquesforuseattheneonatalintensivecare.In
this Chapter, we present in vivo measurements of the absorption μa and reduced
scattering coefficient μs’ of neonatal skin between 450 and 600 nm and assess the
influenceofageandskinpigmentationontheopticalproperties.
Theopticalpropertiesweremeasuredusingaspatiallyresolved,steadystatediffuse
reflectance spectroscopy setup, combined with a modified spatially resolved diffusion
model.Themethodwasvalidatedonphantomswithknownvaluesfortheabsorption
andreducedscatteringcoefficient.Valuesofμaandμs’wereobtainedfromtheskinat
fourdifferentbodylocations(forehead,sternum,handandfoot) of60neonateswith
varyinggestationalage,postnatalageandskinpigmentation.
We found that μa ranged from 0.021.25 mm1 and μs’ was in the range of 12.8
mm1(5th–95thpercentileofthepatientpopulation),independentofbodylocation.In
contrast to previous studies, no to very weak correlation was observed between the
opticalpropertiesandgestationalmaturity,butastrongdependencyoftheabsorption
coefficientonpostnatalagewasfoundfordarkskinnedpatients.












Thisworkhasbeenpublishedin:N.Bosschaart,R.Mentink,J.H.Kok,T.G.vanLeeuwen,M.C.G.Aalders,
“Optical properties of neonatal skin measured in vivo as a function of age and skin pigmentation”,
JournalofBiomedicalOptics16(9),097003(2011)

CHAPTER 3


3.1

Introduction


Lighttissue interactions in the visible wavelength range are the basis of many
experimentalandroutinelyuseddiagnosticandtherapeuticproceduresattheneonatal
intensive care – e.g. in transcutaneous bilirubinometry [1], pulse oximetry [2] and
phototherapy during jaundice [3]. Knowledge of the optical properties of the tissue is
essential when predicting or modeling lighttissue interactions, which in turn is
invaluable for the development and improvement of these procedures. Although the
majorityofopticaltechniquesattheneonatalintensivecaredependontheinteraction
of light with skin, very little information can be found in literature about the optical
properties(e.g.absorptionandscatteringcoefficients)ofneonatalskin.
EarlierresearchontheopticalpropertiesofneonatalskinwasperformedbySaidiet
al,whomeasuredtheabsorptioncoefficientandthereducedscatteringcoefficientasa
function of age with an integrating sphere setup [4,5]. They found that the reduced
scattering coefficient increases with age, due to maturation of the skin. These
measurements were performed in vitro on excised nonpigmented skin. However,
optical properties measured in vitro may differ substantially from those measured in
vivo due to the unavoidable sample preparation procedures [6]. Moreover, it is
expectedthattheabsorptioncoefficientdependsonskinpigmentation,whichwasnot
investigated. We expect that optical properties of neonatal skin, assessed by in vivo
measurements as a function of age and skin pigmentation, can assist many optical
devices such as transcutaneous bilirubinometers in improving their performance. The
readingsofcurrentbilirubinometerscommonlyhaveaspreadof±40μmol/Laroundthe
bilirubin concentration (ranging from 0 – 400 μmol/L) that is measured by the gold
standardforbilirubinmeasurements,totalserumbilirubinanalysis[1].Thisinaccuracy
maybepartlycausedbyvariationsintheoftenunknownprobedvolumeinsidetheskin.
Knowledgeoftheopticalpropertiescanbeusedasinputto,forexample,MonteCarlo
simulations of photon distributions inside the skin. These simulations can provide
insightintotheprobedtissuevolume,whichinturncanleadtoamoreoptimaldesign
foropticaldiagnosticprobes,methodsofanalysisandcomparisonbetweendevices.
Steadystate,spatiallyresolveddiffusereflectancespectroscopyhasproventobea
reliable technique for measuring the optical properties of tissue and tissue simulating
phantoms in the near infrared [7,8] and visible [8,9] wavelength range. When using
shortsourcedetectordistances,theinvestigatedtissuevolumeissmall[9]andcanbe
confined to, for instance, the skin. Therefore, in this study we used a steady state,
spatially resolved diffuse reflectance spectroscopy setup and a semiempirical 3D
diffusionmodel,modifiedforourdetectiongeometry,tomeasuretheabsorptionand
reducedscatteringcoefficientofneonatalskinfrom450–600nm.
The optical properties were measured on the skin of 60 preterm neonates with
varying gestational maturity, postnatal age and skin pigmentation. All measurements
wereperformedonfourbodylocations(forehead,sternum,handandfoot),whichare
common measurement sites for either transcutaneous bilirubinometry, or pulse
oximetry. The method was validated on phantoms with known values for the
absorptionandreducedscatteringcoefficient.
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Figure 3.1 a) Illustration of the measurement setup.
b)Schematicillustrationofthedataanalysis.





3.2

Methods


3.2.1 Experimentalsetup
Thediffusereflectancespectroscopysetup(similartothatofDoornbosetal[7]and
Nicholsetal[8])isshowninFigure3.1a.Tissueilluminationanddetectionofreemitted
lightareperformedbyamultifiberprobe.Theprobeconsistsof5fibers(400μmcore
diameter,length~2m)whicharecastinlineinanaluminumsensingheadwithacore
tocoredistanceof600μm.Thefirstfiberactsastheilluminationfiberandguidesthe
whitelightfromatungstenhalogensource(AvaLightHAL,Avantes,USA)tothetissue.
Theotherfourfibersdetectthereemittedlight(sourcedetectordistancesofr1=0.6
mm, r2 = 1.2 mm, r3 = 1.8 mm, r4 = 2.4 mm) and guide it to an imaging spectrograph
(Olympus ISS, Olympus, USA). A 16bit 128 x 1024 pixel CCD camera (DH50118F01,
AndorTechnology,USA)cooledto0 Cdetectsthefourspectraoriginatingatdifferent
distances from the illumination fiber, with a wavelength resolution of 9 nm over the
detection range of 400 to 820 nm. The image tracks illuminated by the fibers are
averagedforeachfibertoobtainfouraveragedspectra.Thetotalexposuretimeforthe
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invivomeasurementsrangedbetween15and35ms.Inordertominimizesystemnoise
andtocorrectfortemporalvariation,eachmeasurementinthisChapterconsistsofthe
averageofthreesubsequentmeasurementswithanintervalof1s.

3.2.2 Setupcalibration
The diffuse reflectance measurements require three types of calibration: 1)
wavelengthcalibration ofthespectrograph, 2)calibrationtocorrectforthecollection
efficiencyofthesetupandthespectralemissionofthesourceand3)correctionforthe
(smallamountof)ambientlightandsystemnoise.
The wavelength calibration of the spectrograph is performed by measuring the
emissionofa543nmanda633nmHeNelaser,andtheemissionofafluorescentlamp.
An additional calibration is done prior to each patient/phantom measurement by
measuring the spectrum of a fluorescent light tube. The collection efficiency of the
setup and the spectral emission of the source are calibrated using the method
described in detail by Doornbos et al [7], which comprises measuring the collected
intensityforeachdetectionfiberattheentranceofanintegratingsphere,illuminated
bytheilluminationfiberoftheprobe.Thiscalibrationresultsinacalibrationspectrum
for each fiber distance rj, indicated by I0(rj) (all wavelength dependent parameters in
thisChapterwillbedenotedbyaboldfacedcharacter).
Tocorrectforthecollectionofambientlightandsystemnoise,adarkmeasurement
wastakenpriortoeachpatient/phantommeasurementwithashieldedprobe.Thedark
measurementresultsinadarkspectrumforeachfiberdistance,indicatedbyIdark(rj).

3.2.3 Dataanalysis
To extract the absorption and reduced scattering coefficient from the acquired
spectra, we use the steady state diffusion approximation to the photon transport
equationdescribedbyFarrelletal[10].This diffusionmodeldescribesthe3Dphoton
distribution inside a medium for photons injected by a point source, by modeling an
isotropic source at a depth z0 inside the tissue and a virtual source at a distance of
2zb+z0 above the medium. The remittance Rtheor at the tissue surface as a function of
sourcedetectordistancer,andtheopticalpropertiesofthetissueisgivenby[10]:


1 ª z0 §
1 · eff r1 z0 + 2zb §
1 · eff r2 º
(3.1)
R theor r =
+
« ¨  eff + ¸ e
»
¨  eff + ¸ e
4 ¬« r12 ©
r1 ¹
r2 ¹
r22
©
¼» 

where μeff = [3μa(μa + μs’)]½, r1 = (z02 + r2)½, r2 = [(z0 + 2zb)2 + r2]½, z0 = (μa + μs’)1, and
zb=2/3A(μa+μs’)1.Notethatallparameters,exceptr,arewavelengthdependent.The
valueoftheempiricalparameterAinthedefinitionofzbwassettoA=1,sincethisgave
the most reliable results (i.e. smallest residuals) when fitting our model to the data.
Fittingthediffusionmodeltothespatiallymeasuredreflectanceofthefourdetection
fibersalltogether,usingRmeas(rj)=Rtheor(rj)yieldsasinglesetoftheparametersμaand
μs’.TheproportionalityfactorisadaptedfromDoornbosetal[7]andcontainsfactors
like the numerical aperture and the efficiency of coupling light into the sample. The
value of  was found by fitting the diffusion model to the reflectance of a phantoms
withknownμaandμs’(Section3.2.4).
- 28 -



optical properties of neonatal skin


Ourmethodofanalysis(schematicallydepictedinFigure3.1b)canbeexplainedin
the following steps, in which we adapted steps 1 to 4 from Doornbos et al: 1)
calculation of the measured reflectance for each fiber distance: Rmeas(rj) = [Imeas(rj) –
Imeas,dark(rj)]/[I0(rj)–I0,dark(rj)],2)fittingthediffusionmodeltoRmeas(rj),usinganonlinear
leastsquareLevenbergMarquardtalgorithm,whichresultsinafirstapproximationfor
the wavelength dependent absorption and reduced scattering coefficient μa,1st and
μs’1st,3)fittingthefunctionμs’=ab(wherebisthescatterpowerandbothaandbare
free running fit parameters) to the obtained μs’1st using a nonlinear leastsquare
LevenbergMarquardt algorithm, which results in a second approximation for the
reduced scattering coefficient μs’2nd, 4) refitting the diffusion model to  Rmeas(rj) with
μs’2ndasafixedparameter,whichresultsinasecondapproximationfortheabsorption
coefficient μa,2nd, 5) correction of  μs’2nd for an initial underestimation using the
empirically determined relation μs’3rd = 2.1*(μs’2nd  0.24) (see Section 3.3.1). The
obtained values for μa,2nd and μs’3rd are regarded as the bulk optical properties of the
tissueinthemeasurementvolume,fromnowonindicatedbyμaandμs’.
Thediffusionmodelisvalidforsemiinfinite,homogeneousmediawherescattering
dominates absorption (μa/μs’  , commonly with  << 1) and a sourcedetector
separation that ensures a diffuse photon distribution (r > /(μa+μs’), commonly r is at
leastonemeanfreepath,1/(μa+μs’),hence=1).Notethatforourprobegeometry,the
value of  depends entirely on the lowest value of (μa+μs’) that can be accurately
measured,sincethe(minimal)sourcedetectorseparationrisfixed.Todeterminethe
validityandaccuracyofthemodelforourmeasurementgeometryandneonatalskin,
we performed measurements on phantoms with optical properties in the range of
neonatal skin and found the limiting values for  and  (Section 3.3.1). In contrast to
Doornbos et al, who could only reliably measure the optical coefficients for
wavelengthslargerthan600nm,wefoundthatr>/(μa+μs’)isingeneralonlyvalidfor
wavelengthsshorterthan600nm.Thiscanbeexplainedbyadifferenceinprobedesign
(i.e.shortersourcedetectorseparations)andtherelativelylowvalueofμs’forneonatal
skin. Therefore, we only determined the optical properties in the 450600 nm
wavelengthregionofthesignal.Thehomogeneityofneonatalskinwasinvestigatedby
opticalcoherencetomography(OCT)measurements(Section3.4.3).

3.2.4 Phantomvalidationstudy
The method of analysis described above was validated with measurements on 14
phantomswithknownvaluesforμaandμs’.Theopticalpropertiesofthephantoms(μa=
0–2.7mm1,μs’=0.3–3.7mm1)werechosentobeinthesamerangeastheexpected
values of μa and μs’ of neonatal skin. The phantoms consisted of two series: series 1,
withafixedconcentrationof1.5%Intralipid(Intralipid®20%,FreseniusKabi,Germany)
and varying concentrations of  a nonscattering, absorbing magenta dye (0.1252%,
Ecoline#337,RoyalTalens,TheNetherlands),andseries2,withafixedconcentrationof
0.25% magenta dye and varying concentrations of Intralipid (0.252%). The reduced
scattering coefficient of the phantoms was estimated using the predictions of Van
Staverenetal[11]forμs’ofIntralipid.Theabsorptioncoefficientofthedyeonlywas
determined in a separate transmission measurement by a spectrograph (USB4000,
Ocean Optics, USA). During the measurements, the probe was in contact with the
phantoms to minimize reflections from the phantom surface. From these phantom
- 29 -



CHAPTER 3


measurements,wedeterminedtheaccuracyofourdeterminationofμaandμs’andthe
validity limits of our analysis, i.e. the limiting values of  and  (i.e. μa/μs’  and r >
/(μa+μs’))forwhichthediffusionmodelcanbeappliedinthismeasurementgeometry.
To verify that comparison with the predicted μs’ of Van Staveren is justified for
these phantoms, we also measured the μs’ of National Institute of Standards and
Technology (NIST)certified spheres with a diameter of 409 nm, suspended in water
(0.48 volume%, μs’ = 23 mm1, Thermo Scientific USA). The measured μs’ of this
phantomwascomparedtothetheoreticalμs’,obtainedfromMietheory.
Formeasurementsoftheopticalpropertiesofneonatalskin,itisimportantthatthe
measurementvolumeisconfinedtotheskinonly.Therefore,knowledgeoftheprobing
depth is required. To investigate the probing depth of the system, the probe was
submersedatvaryingdistances(0–5mm,instepsof100μm)fromthelowerbottomof
aphantomwithμaandμs’similartoneonatalskin(1.5%Intralipid,0.5%dye:μaupto
0.35mm1,μs’=2–2.6mm1).Thelowerbottomoftheliquidphantomconsistedofa
stationary solid layer of diffusively scattering white rubber. The measurements were
repeatedwithadiffusivelyscatteringblackrubberlayeratthelowerbottom.

3.5.5 Patientstudy
60NeonatesoftheneonatalintensivecareunitintheAcademicMedicalCenterof
Amsterdamwereenrolledinthisstudy.Approvalofthemedicalethicalcommitteeand
informed consent from the patient’s legally authorized representative were obtained.
Thepatientgroupvariedingestationalage(i.e.pregnancyduration):29.4±3.3weeks
(mean ± sd, normal distribution), postnatal age: 11 (628) days (median (25th – 75th
percentile), nonnormal distribution) and skin type. The skin type of the patients was
classifiedintothreecategories,basedonobservationandethnicityofthepatientand
the parents: type 1 (Caucasian or ‘white’: 43 patients), type 2 (Mediterranean or
‘intermediate’:12patients)andtype3(Negroidor‘dark’:5patients).Themajorityof
thepatientsweresubjectedtomorethanonemeasurementduringtheiradmissionat
thehospital,withatimelapseofonedaytoseveralweeksbetweenmeasurementsand
a median of 3 measurements per patient. An overview of the patient population and
thenumberofmeasurementsislistedinTable3.1A.
Theopticalpropertiesweredeterminedatfourlocationsontheskin:theglabellaof
theforehead,thelowerendofthesternum,theplantarsideofthefootandthedorsal
side of the hand. The presence of visible large blood vessels in the measured volume
was avoided. Due to medical reasons (e.g. presence of a ventilator, pulse oximeter
and/or intravenous line), not all skin areas were accessible at all times, resulting in a
different number of measurements between locations (Table 3.1A). To minimize
reflections from the probetissue interface, the probe surface was covered with
lubricatinggel(EurobandPedicat,Pollak,France).Attentionwaspaidtokeepaconstant
probepressureontheskinduringthemeasurements.
AgenerallinearmultivariateanalysismodelinSPSSforWindows(version16.0,SPSS
Inc.) was used to assess the influence of measurement location and skin type on the
opticalcoefficientsatthreewavelengths(475,525and575nm),whereweassumeda
normaldistributionofthedata.Toavoidtheinfluenceofdependentmeasurementsin
the multivariate analysis, one measurement event per patient (including all four
locations)wasrandomlyselectedfromourdataset.
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To investigate the anatomy and homogeneity of neonatal skin compared to adult
skin, Optical Coherence Tomography (OCT) Bscans were made with a 1310 nm OCT
system(HSL2000,Santec,Japan)atthefourinvestigatedskinareasofseveralpatients
andadults.

Table 3.1 Overview of the patient population and number of measurements per skin type and
measurementlocation

A.

type1
Location

B.

allmeasurements

type2

type3

all

type1

#measurements

forehead
sternum
hand
foot

137
135
137
136

47
41
47
49



33
29
30
33

measurementswithin
validitylimits
type2

type3

all

#measurements
217
205
214
218

132
133
134
136

45
39
41
48

#patients

10
9
11
32

187
181
186
216

#patients

forehead
sternum
hand
foot

43
43
42
42

12
12
12
12

5
5
5
5

60
60
59
59

42
43
42
42

12
12
12
12

4
4
5
5

58
59
59
59

total#patients

43

12

5

60

43

12

5

60

gestationalage(wks)
mean(±sd)

29.9
(±3.7)

29.2
(±1.8)

27.4
(±2.3)

29.4
(±3.3)

29.9
(±3.7)

29.2
(±1.8)

27.5
(±2.3)

29.4
(±3.3)

postnatalage(days)
median(p25p75)

11
(635)

6
(413)

18
(934)

11
(628)

11
(635)

6
(413)

18
(1032)

11
(628)





3.3

Resultsphantomvalidationstudy


3.3.1 Validityandaccuracy
Figure 3.2a and 3.2b show the measured μs’2nd and μa versus the expected values
(from Van Staveren and transmission spectroscopy, respectively) for all phantoms of
series1and2.Differenceismadebetweenphantomsforwhichthevaliditylimits(i.e.
μa/μs’andr>/(μa+μs’))arevalidforallwavelengths(blacklines)andphantomsfor
whichthevaliditylimitsarenotvalidforatleastonewavelengthbetween450600nm
(redlines).Theobtainedvaluesforandwillbedescribedbelow.
From Figure 3.2b, we can conclude that μa is predicted with 15% accuracy by our
measurements up to a value of 1.7 mm1. Since the corresponding expected μs’ = 2.3
mm1 for this value of μa, we conclude that the limiting ratio between μa and μs’ for
whichthediffusionmodelcanbeappliedinthismeasurementgeometry,is=¾.This
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value of  is considerably higher than the commonly used value  = 1/10 in other
diffusionmodelbasedstudies[7,8].Forthephantomswhereμa/μs’¾isnotvalid,μais
underestimatedbyourmeasurement.




Figure3.2Phantomvalidationstudy.Forallphantomsinseries1&2:a.)measuredμs’2nd vs.expected
μs’, andb.)measuredμavs.expectedμa.Differenceismadebetweenphantomsforwhichμa/μs’
and r > /(μa+μs’) are valid (black lines) and not valid (red lines). For all phantoms in series 1 for
whichμa/μs’isvalid:c.)measuredμs’aftercorrectionandexpectedvaluevs.wavelengthandd.)
measuredandexpectedμavs.wavelength.



Figure3.2ashowsaconsistentunderestimationofμs’2nd,whichcanbedescribedby
the linear relation (μs’2nd = 0.47μs’expected + 0.24) for the range of μs’values within the
validitylimits.Exactlythesamelinearrelationwasfoundbetweenthemeasuredμs’2nd
ofthe409nmNISTcertifiedspheresandtheexpectedμs’fromMietheory(nograph),
indicating that the underestimation is consistent and not caused by incorrect
comparison to the prediction of Van Staveren. We therefore corrected all measured
μs’2nd (phantom and tissue measurements) for this underestimation, using the linear
relationμs’=μs’3rd=2.1*(μs’2nd0.24).
Figure3.2cand3.2dshowthemeasuredμs’aftercorrectionandthemeasuredμa
versuswavelengthforthephantomsofseries1forwhichthevaliditylimitsarevalid.
SincetheIntralipidconcentrationisfixedforthephantomsofseries1,μs’isexpectedto
beequalforallphantoms.Aftercorrection,themeasuredμs’agreewithin10%withthe
predictionofVanStaverenandamaximumvariationof10%canbeobservedbetween
the measured μs’ of all phantoms. As expected from Figure 3.2b, the measured μa in
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Figure3.2dagreewithinthereportedaccuracywiththeexpectedμafromtransmission
spectroscopy.
Weobtainedthevalueoffromthephantomseries2withfixedμaandvaryingμs’.
Fortheseseries,theμaandμs’werepredictedcorrectlyforthephantomswith(μa+μs’)>
0.8 mm1. For the phantom with (μa+μs’)< 0.8 mm1, μa was overestimated by our
measurement. Since the minimal sourcedetector separation is 0.6 mm in our
measurementgeometry,weconcludethat=½inthevaliditylimitr>/(μa+μs’).
Summarizing, our method is valid when measuring on semiinfinite homogeneous
mediawithvaluesofμaandμs’thatmeetthevaliditylimitsμa/μs’¾and(μa+μs’)>0.8
mm1.Ourphantomstudyshowsthattheselimitsholdforthisspecificprobegeometry
andmethodofanalysis.Whenmeasuringonneonatalskin,thevalidityoftheselimits
needs to be investigated for every wavelength within the measured spectral range.
Since we need to apply the empirically determined correction on the initial value of
μs’2nd,ourmethodofanalysisbasedonthediffusionmodelissemiempirical.



Figure 3.3 Measured values of a.)
μs’andb.)μaasafunctionofprobe
bottom
distance
for
the
1.5%Intralipid0.5%dye phantom
andtheblackbottomlayer.Results
areshownforthewavelengths475,
500,525,550and575nm.





3.3.2 Probingdepth
Figure3.3aandbshowthedependencyofthemeasuredcoefficientsontheprobe
bottom distance for the phantom with the black bottom layer. For probebottom
distances < 1mm, the measured coefficients are inconsistent, due to presence of the
blackbottomlayerinthemeasurementvolume.Forprobebottomdistances 1mm,
themeasuredμaandμs’areconsistentandagreewiththeexpectedvalueswithinthe
reportedaccuracy.Alsoforthephantomwiththewhitebottomlayer,themeasuredμa
and μs’ are consistent for distances  1 mm. We therefore conclude that the probing
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depth of the system is 1 mm for homogeneous media with optical properties
comparable to the 1.5%Intralipid0.5%dye phantom (i.e. μs’  2.3 mm1 and μa  0.4
mm1).



th

Figure 3.4 Median values and 5 ,
th
th
th
25 ,75 and95 percentilesforthe
measured μa/μs’ and (μa+μs’) vs.
wavelength for the patient
measurements at the foot, after
selection of the data between 450
600 nm by the validity limits (i.e.
1
μa/μs’  ¾ and (μa+μs’)> 0.8 mm ,
Table3.1B).






3.4

Resultspatientstudy


3.4.1 Dependencyonlocationandage
Thevalidityofthediffusionmodel(μa/μs’¾and(μa+μs’)>0.8mm1)waschecked
for all patient measurements in the wavelength range of 450600 nm, resulting in a
reductionofthenumberofmeasurementsandpatients(Table3.1B).Figure3.4shows
the5thto95thpercentilesoftheselectedpatientmeasurementsfromTable3.1Binthe
wavelength range of 450800 nm.  The validity of the limit (μa+μs’)> 0.8 mm1 is in
generalnotvalidforthelongerwavelengths,henceourchoicetoonlyshowtheoptical
propertiesfrom450to600nm.Withinthewavelengthrangeof450600nm,allpatient
measurements fall well within the validity limits of our analysis. The μs’ and μa for all
patients and measurements in Table 3.1B are shown in Figure 3.5 for each location,
regardless of skin type. The optical coefficients from this patient population were not
normally distributed for all wavelengths; therefore we present μs’ and μa with the
median,and5th,25th,75thand95thpercentile.Themedianvalueforthescatterpowerb
inμs’was0.82(forehead),0.87(sternum),1.06(hand)and1.34(foot).Themultivariate
analysisprovednosignificantdifferences(p>0.05)intheopticalcoefficientsbetween
locationsforeachpatient.
Thedependenciesofμs’andμaat=600nmongestationalmaturity(gestational+
postnatal age) are shown for the sternum in Figure 3.6 for all patients and
measurements in Table 3.1B, regardless of skin type. After random selection of one
measurementeventperpatient,notoverylittlecorrelationcanbeobservedbetween
μs’ and gestational maturity (Spearman r2 = 0.14, p < 0.05) and μa and gestational
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maturity(Spearmanr2=0.12,p<0.05).Thesameholdsforthecorrelationbetweenμs’
and gestational maturity at the other locations (Spearman r2 of 0.22 (forehead), 0.11
(hand) and 0.29 (foot), p < 0.05) and the correlation between μa and gestational
maturity(Spearmanr2of0.06(forehead),0.01(hand)and0.10(foot),p<0.05).Similar
resultswereobtainedatotherwavelengths.





th

th

th

Figure3.5Fora.)forehead,b.)sternum,c.)handandd.)foot:medianvaluesand5 ,25 ,75 and
th
95 percentilesforthemeasuredμs’andμavs.wavelengthforallpatientmeasurementswithinthe
validitylimits(Table3.1B).




3.4.2 Dependencyonskintype
Themedianvaluesofμavs.wavelengthareshowninFigure3.7foreachskintypeatthe
sternum(Figure3.7a)andthefoot(Figure3.7b).Resultsfortheforeheadandthehand
(no graph) were similar to those of the sternum. When only regarding the
measurements that fall within the validity limits (solid lines, Table 3.1B), the
multivariate analysis proved no significant (p > 0.05) influence of skin type on the
measuredopticalproperties,neitherforμs’norforμa.Thelatteriscausedbyexclusion
of the highest μa values because of the the μa/μs’  ¾ validity limit, which is most
abundantforpatientswithskintype3(Table3.1).Forthesternum,alargerdifference
inμacanbeobservedbetweenthethreeskintypes,ifweanalyzethemedianvaluesof
μaforallmeasurementsinTable3.1A(dottedlines,noeliminationofmeasurements).
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Figure 3.6 Measured values at  =
600 nm of a.) μs’ and b.) μa, versus
gestational maturity (gestational +
postnatalage)atthesternum,forall
patient measurements within the
validitylimits(Table3.1B).





Thisdifferencecannotbeobservedatthefoot,whichislikelytobeduetothelackof
melanin at this measurement site (plantar side of the foot). The results presented by
thedottedlinesinFigure3.7needtobeinterpretedwithcaution,becauseourmodelof
analysisisnotvalidforthesemeasurements.Thepresentedvaluesforμaarelikelyto
be larger, considering the underestimation of μa for values beyond the μa/μs’  ¾
validitylimit(Figure3.2b).Hence,theseresultsshouldbeinterpretedqualitatively(e.g.
relativevalues,trends)ratherthanquantitatively.






Figure 3.7 Median values of μa vs. wavelength at a.) the sternum (upper graphs) and b.) the foot
(lower graphs) for all measurements (dashed lines, Table 3.1A) and measurements within the
validity limits (solid lines, Table 3.1B). Difference is made between skin types (type 1: Caucasian,
type2:Mediterranean,type3:Negroid).
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Thedependencyofμaat=600nmonpostnatalageisshowninFigure3.8atthe
sternum for each skin type. Also for these results, difference is made between the
measurementswherethevaliditylimitsarevalid(closedsymbols,Table3.1B),andnot
valid(opensymbols).A(qualitative)analysisofallmeasurementsperskintype,yieldsa
high correlation between the μa at 600 nm for skin type 3 and the postnatal age
(Spearmanr2=0.77,p<0.05).Thiscanbeascribedtothestimulationoftheproduction
ofmelaninafterbirth[12].Theproductionofmelaninforpatientswithskintype2and
1islower,resultinginlessornocorrelationwithpostnatalage(Spearmanr2=0.18and
0.07,respectively,p<0.05).Similartrendsinμavs.postnatalagewereobservedforthe
foreheadandhand.Theμaofthefootforpatientswithskintype3didnotdependas
much on age (Spearman r2 =0.43, p < 0.05) as for the other locations, due the lower
melanin production at the measurement site (plantar side of the foot). Similar results
wereobtainedatotherwavelengths.






Figure 3.8 Measured values for μa at  = 600 nm vs. postnatal

age at the sternum, for all patient measurements within the

validitylimits(filledsymbols,Table3.1B)andoutsidethevalidity

limits (open symbols). Difference is made between skin types
(type1:Caucasian,type2:Mediterranean,type3:Negroid).




3.4.3 OCTimagesofneonatalskin
Figure3.9aandbshowtypicalOCTscansat1310nmoftheskinatthefootofa
patient (skin type 1, gestational age: 25 weeks, postnatal age: 56 days) and an adult
(skin type 1, age: 25 years). No distinct layers can be observed in the skin of the
neonate, which seems to extend beyond the imaging depth of approximately 1 mm.
The skin of the adult shows more optical contrast between the individual skin layers
andstructures.Imagesatthesternum,foreheadandhandgavesimilarresults,aswell
asimagesforotherpatientsandadults(resultsnotshown).
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Figure3.9OCTscans(1310nm)oftheskinattheplantarsideofthefootofaneonate(skintype
1,gestationalage:25weeks,postnatalage:56days)andanadult(skintype1,age:25years).




3.5

Discussion


InthisChapter,wepresentedmeasurementsoftheopticalpropertiesofneonatalskin
andassessedtheinfluenceofageandskintypeonalargegroupofpatients.Thisnew
knowledge on neonatal skin optical properties can aid to the development of optical
techniquesinneonatology.Forinstance,themeasuredvaluesofμaandμs’canbeused
as input to Monte Carlo simulations of photon distributions inside the skin, which
provideinsightine.g.optimaldesignforopticaldiagnosticprobes.

3.5.1 Modelvaliditygeneral
Weusedaspatiallyresolved,steadystatediffusereflectancespectroscopysetupanda
steadystatediffusionmodeltoobtaintheabsorptionandreducedscatteringcoefficient
oftheskin.Ourmethodofanalysiswasvalidatedinaphantomstudy(Section3.3.1),by
measuringμs’andμaofphantomswithknownopticalpropertiesintherangeofthose
ofneonatalskin.Wewereabletomeasureμawithanaccuracyof15%andμs’withan
accuracyof10%,providedthatthemeasurementswerewithinthevaliditylimitsofthe
diffusion model (μa/μs’  ¾ and (μa+μs’)> 0.8 mm1). Other studies that analyze the
spatially diffuse tissue reflectance with a diffusion model, typically allow more
constrained validity limits [7,8], thereby eliminating more measurements. Reasons for
thisdifferencemaybethechoiceforlargeruncertaintymarginsinthelimitsofvalidity
andotherstudydesign,suchasmeasurementgeometryandmethodofanalysis.If,for
instance, we do not apply the scatter power fit on the first outcome of the diffusion
modelfittothemeasuredreflectanceandmerelylookatμa,1standμs,1st’(Section3.2.3),
thevalueofwillbeconsiderablylower.
This use of spectral constraints in diffusion model based analysis was investigated
before by Kim et al [13] for sourcedetector separations similar to ours, and was
thoughtto bethecauseofextendedvaliditylimits,comparabletothelimitsfound in
thisstudy.Measuringopticalpropertiesatsmallsourcedetectorseparations(<1mm)
is usually associated with nondiffuse photon distributions and requires adjustments
with respect to common diffusion model based studies, either in measurement
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geometry[14]and/ormethodofanalysis[14,15].Inthisstudy,thediffusionmodelof
Farrel et al was modified to a semiempirical model by correcting for the initial
underestimationofthemeasuredμs’2nd(Figure3.2a).Thiscorrectioncontributestothe
validity of our analysis, as shown in our phantom study. We speculate that the initial
underestimation of μs’2nd may be caused by the back reflection of photons into the
medium at the aluminum probe surface, which is not accounted for in the boundary
conditions of the diffusion model [10]. This may result in a more diffuse photon
distribution for the relatively short sourcedetector separations in our setup.
Fortunately, the underestimation is consistent and does therefore not affect our
determinationofμs’,sincethemeasuredμs’agreesverywellwiththeexpectedvalue
forbothIntralipid(Figure3.2c)andpolystyrenespheresaftercorrection.

3.5.2 Modelvaliditypatients
Byusingthediffusionmodeltoanalyzetheopticalpropertiesofneonatalskinfrom
the patient measurements, we implicitly assume that the probed volume consists of
skin only, and is semiinfinite and homogeneous. It is known from literature that
(preterm) neonatal skin exhibits no to little distinct variations between individual skin
layers [16] and is therefore expected to be optically more homogeneous than adult
human skin [17]. This difference in homogeneity between neonatal and adult skin is
clearlyreflectedintheOCTimagesofFigure3.9aandb.Thethicknessofneonatalskin
is not well reported in literature, but is expected to range between 0.65 and 1.5 mm
[16,18]. Since the transition of the dermis into the subcutaneous tissue could not be
observedinanyoftheOCTimagesofneonatalskin,weconcludethateithernooptical
contrast exists between the dermis and the subcutaneous tissue (i.e. the optical
coefficients are similar), or the skin thickness is larger than the imaging depth of the
OCTsystem(approximately1mm).Therefore,weconcludethatwemeasuretheoptical
properties of skin only, since the probing depth of our system was assessed to be ~1
mmforaphantomcomparabletoneonatalskin(Section3.3.2).BasedonsimilarOCT
imagesforotherlocationsandpatients(Section3.4.3),weexpectthatourassumptions
onhomogeneityandsemiinfinityarejustifiedforallreportedpatientmeasurements.
Tofurtherverifytheseassumptions,theopticalpropertieswouldneedtobemeasured
at different depths in the tissue, which requires a small measurement volume from
which the exact location inside the skin can be controlled. A potentially suited
technique for this purpose is lowcoherence spectroscopy (LCS) [19,20], although its
performance in vivo has not yet been tested.  LCS has the additional possibility of
measuringthenonreducedscatteringcoefficientμs,insteadofthereducedscattering
coefficientμs’thatisinfluencedbythescatteringanisotropygoftheskin(μs’=μs(1g))
[20].

3.5.3 Opticalpropertiesofneonatalskin
The optical properties of the skin of 60 patients were measured at the forehead,
sternum, hand and foot. Comparison of the optical properties between the four
measurementlocationsresultedinnosignificantdifferences.Thespreadoftheoptical
properties is narrow for every location (Figure 3.5), ranging maximally 1.5 mm1
betweenthe5thand95thpercentileofallmeasurements.However,thisspreadmaybe
skewed,sincetheselectionofpatientmeasurementsbasedonthevaliditylimitsresults
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in a reduction of measurements (Table 3.1). As a consequence, the lowest μs’ values
andthehighestμa valuesareneglectedinourpresentationoftheopticalpropertiesof
neonatalskin(Figures3.5and3.6).Figure3.7showsthatthepresentedmedianvalues
for μa of patients with skin type 3 should therefore be interpreted with caution,
because μa changes considerably if the validity limits are neglected. Again, we would
like to emphasize that the optical properties outside the validity limits should receive
qualitative,ratherthanquantitativeinterpretation.Forpatientswithskintype1and2,
verylittlemeasurementsarelostandthepresentedvaluesofμacanbetrusted.
In line with the results of Saidi [4], the measured absorption coefficient spectra
seemtocontainmainlythecontributionofoxygenizedanddeoxygenizedhemoglobin,
bilirubinandmelanin.Laboratoryanalysisofsampledbloodforaselectionofpatients
yieldedtotalhemoglobinlevelsintherangeof5to13mmol/Landtotalserumbilirubin
levelsintherangeof40to400μmol/L.Theconcentrationofhemoglobinandbilirubin
in the investigated tissue volume is affected by vessel density and bilirubin
extravasation, and is therefore expected to be lower than in whole blood. The
magnitude of the measured μa agrees well with the results of Saidi, who reported a
rangeofapproximately0.2to1.3mm1between450and600nm.Moredifferencesare
found when comparing the measured values of μs’ between this study and Saidi et al
[4,5]. The reported average values of μs’ by Saidi between 450 and 600 nm are
considerably higher (~24 mm1 [4]) than the median values of μs’ presented in this
study (Figure 3.5) and the spread of the data of Saidi is larger (standard deviation of
~3.6mm1at450nm).Anotherremarkabledifferenceexistsinthedependencyofμs’on
gestational maturity. Whereas we found no to weak correlation between μs’ and
gestational maturity (Figure 3.6a), Saidi et al found much stronger correlation, which
theyascribedtoanincreaseofcollagenfiberdensityintheskinduringmaturation[5].
Althoughsmalldifferencesexistbetweentheinvestigatedpatientpopulationsandskin
areas(abdomeninthestudyofSaidi)andnotalloftheseresultswerepublishedinpeer
reviewedjournals[4],itismostlikelythattheobserveddifferencesinμs’arecausedby
unavoidable sample preparation procedures [6] for the in vitro tissue study of Saidi.
However,it is expectedthatμs’willincreaseatacertainageoutsidethe investigated
age range in this study, since μs’ is considerably higher for adult skin (3 – 9 mm1,
measuredinvitrobetween450–600nm)[21].
Themeasuredvaluesofμaforneonatalskinarecomparabletoadultskin(0.2–1
mm1between450–600nm)[21].Theabsorptioncoefficientat600nmdidnotdepend
ongestationalmaturity,butdiddependonpostnatalageforpatientswithskintype2
and3(Figure3.8).Thiscanbeascribedtothestimulatedproductionofmelaninafter
birth[12].ItisnotexpectedthatthesuggestedlinearrelationinFigure3.8willholdfor
allages,becausetheincreaseofμawillleveloffatacertainage,whichisapproximately
six months for neonates with a dark skin type [12]. Since melanin is located in the
epidermallayeroftheskin,theskinwillbeanopticallylayeredmediumforpigmented
skin areas in neonates with high postnatal age. The homogeneity shown in the OCT
scans of Figure 3.9 will therefore be lost. The reader should keep this in mind when
usingthepresentedopticalproperties,aswellastheunderestimationofμaforpatients
withadarkskintype.Anincreaseofabsorptionduetotanningoftheskinhasalsobeen
describedforneonates(gestationalage 35.5weeks)withskintype1,receivingphoto
therapy[22].Althoughthemajorityofourpatientpopulationwithskintype1received
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photo therapy during the measurement period, no increase of μa at 600 nm was
observedforthesepatients(Figure3.6b).



3.6

Conclusion


We measured in vivo the absorption and reduced scattering coefficients of neonatal
skin for a large group of patients with varying gestational age, postnatal age and skin
pigmentation. The optical properties did not differ significantly between different
locationsonthebody(forehead,sternum,handandfoot).Notoveryweakcorrelation
was observed between the optical properties and gestational maturity, but a strong
dependencyoftheabsorptioncoefficientonpostnatalageexistedforpatientswithskin
type3(Negroid),whichcanbeascribedtotheproductionofmelaninafterbirth.
Knowledgeoftheopticalpropertiesofneonatalskinisinvaluablewhendeveloping
new,orimprovingexistingopticaldiagnosticandtherapeuticproceduresthatareused
at the neonatal intensive care. We therefore hope that the results presented in this
Chapter can contribute to the future development and improvement of these
techniques.
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