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APPENDIX

| - OCT GEOMETRY AND SIGNAL

Consider a medium containing hard spheres of a single size, where the position of the i'th
particle is given by 6(r-r); measured from a given reference particle (see Figure 1 below).
These spheres can touch, but not overlap in space. This medium is imaged using an OCT
system with the reference arm length ('zero delay’ matched to the position of a reference
particle located at depth z, below the boundary. The scattered light is collected at the
lens in the detection arm, with R the distance between reference particle and lens.

tissue boundary Figure 1. OCT geometry. The optical path

2 length in the reference arm is matched to the

position of a reference particle in the sample

(‘zero delay’). The sample consists of identical
‘zero-delay’ randomly placed spheres with position r; with
____________ respect to the reference particle. The distance R
is between the reference particle and the detec-
tion lens in the sample arm.

reference particle

The (complex) scattered field from a volume containing N particles is given by
E, = Z’L E. For identical particles (equal size and refractive index), the scattering ef-
ficiency of the individual particles is the equal, but the amplitudes and phases of the
scattered fields depend on the individual particle positions. The total field at the detec-
tor is given by Ep = Eg + ZL E; were Eg is the field scattered from the reference mirror
(phase-matched to the reference particle).

The real part of the (Time-Domain) OCT signal as function of depth x(z) is obtained from
the detector current

iver(@)o(| Epl’) = Is(2) + In(2) + 2(Er 2| E)) (1a)
X(2) % (Ex 5" E) (1b)

where the brackets denote averaging over the detector response time. Is and I are
intensities from sample and refernce arm, respectively. Removing these DC-terms yields
x(z) as a cosine-modulated signal with zero-mean and non-zero variance that encodes the
sample reflectivity. The imaginary part y(z) is sine-modulated at the same frequency. In
OCT, conventionally the amplitude A(z) =\/Wy2(z) is plotted in a logarithmic grayscale

image. Both mean and variance of A(z) are non-zero.
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Figure 2 shows simulations of x(z), red curve, and A(z2), blue curve, from a sample
containing many identical, randomly placed reflectors (N>10, see IV). The number of
reflectors is too high to resolve their individual positions: the information about particle
density and scattering strength is encoded in the variance of x(z), and mean and variance
of A(2).
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_ 5] Figure 2. simulated OCT signal as function of
b depth of a sample containing many randomly
@ 0 placed reflectors. The red curve shows the real
'g -5 part x(z) of the complex OCT signal, cosine
101 modulated with zero mean and non-zero vari-
ance. The imaginary part y(z) is not shown. The
-15+— w blue curve shows the amplitude A(z).
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Il - TIME DOMAIN VS. SPECTRAL DOMAIN OCT

The analysis in | assumed detection of the OCT signal in the spatial domain (e.g. “Time-
domain OCT") rather than in the spatial frequency domain (Spectral domain OCT). The
analysis however, remains the same because the time-domain and spectral domain signal
are reversibly connected through a Fourier transformation. To illustrate, Figure 3A shows
a simulated 'raw spectrum’ corresponding to a single reflector, i.e. a cosine modulated in
source spectrum with the position of the reflector encoded in the modulation frequency
(a real signal). The result of the Fourier transform of this raw spectrum is complex. Panel
B shows the result if the real part of the complex FT is calculated the signal correspond-
ing to the red curve is obtained; if the amplitude of the complex FT is calculated the
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Figure 3. (A) Simulated raw spectrum in Spectral Domain OCT corresponding to a single reflector.
(B) The Fourier transform of this spectrum yields a complex signal with real part x(z), red curve and
amplitude A(z), blue curve.
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envelope (blue curve) is obtained. Note that in practice, the square of the amplitude is
often calculated directly from the Power Spectrum of the raw spectrum instead of via FT;

and log(A?) is converted to a grayscale image.

[l - OCT SPECKLE

The (complex) scattered field from a volume containing N particles is written as
E.=)", E. Both the amplitude and phase of E can be considered as random variables
with no dependency on each other. Therefore, the statistics of the scattered field and
according to Eq. 1B, x(z) follow that of a random phasor sum as is commonly found in
speckle phenomena.’ Indeed, the random amplitudes and phases of the different scat-
tering elements within a detection volume give rise to the static speckle pattern found
in OCT images. For a large number of scatterers x(z) and y(z) follow a normal distribution
(by the Central Limit theorem) with zero mean and non-zero variance. The amplitude
A(z)=\/7<2m is Rayleigh distributed (Eq. 2A) with mean (A) and variance 0,2 deter-
2

mined by the variance of the underlying real and imaginary components o,” = 6,° = g,,
(Eg. 2B):

pla) = & &% @A)

A=So.k di=(2- g) o2, (2B)

This also yields the familiar result that contrast in OCT, when defined as the ratio of the
standard deviation over the amplitude of the OCT signal is J4/17-1 =~ 0.52.%*

Note that when the OCT envelope is calculated as the power spectrum of a signal
acquired in the spatial frequency domain, the distribution of this signal p(P) follows an
exponential distribution, and the contrast is unity (see II).

IV - THE REAL PART OF THE OCT SIGNAL X(Z)

The information about particle density and particle scattering strength is encoded in
the variance of x(2), see section |, and via Supplementary Eqg. 2B also in the mean and
variance of the OCT amplitude A(2). In order to express (A) and o2 in terms of sample
scattering properties, we first derive an expression for x(z) that can be used to calculate

0,2 around the position of the reference particle:

07= (X(2) - (x(2))* = (*(2) 3)
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The last equality holds because for discrete random media, the mean of x(z) is zero. We
assume N identical particles in the probe volume, where the scattered field in the far field

of the n'th particle can be written as™:

f6,¢) oor
kR

Es,n = Ei (4)

Where Ej, is the input field which we assume identical for each particle under the 1% Born
approximation; f(,j) is the scattering amplitude of the particles (in general a complex
number), ¢, is the phase of the scattered field which depends on the position of the
particle, k is the wavenumber k=2r/A where A is the wavelength; and R is the distance
to point of evaluation. Since the distances between the particles is much smaller than
the distance from the reference particle to the lens (See section | and Figure 1) we take
identical R for all particles.

In the following, we express the phase of the scattered field with respect to the refer-
ence particle. The phase difference between fields scattered from 2 arbitrary particles
can be written as Ap= q-r where q is the wavevector ko, — kin, |q| = 2ksin¥20 with 6 the
scattering angle (angle of observation); and r is the vector connecting both particles.
Consequently, for the n’th particle we write ¢,= q'r, and the computed value of x is
assigned to z, (the position of the reference particle).

Since the reference particle is matched to the reference arm, q'r, also equals the
phase difference between the scattered field and the reference arm field. This allows
us to express the relative contribution of the field scattered from n’th particle trough
the complex coherence function (q-r,). For an example of the real part of the complex
coherence function see Figure 3B.

Finally, the scattered field contribution needs to be evaluated over the solid angle
corresponding to the detection numerical aperture Qua(i.e. of the lens in the sample
arm). Combining terms, we expand Eq. 1b as:

o fe
ek {1,517 &7 02 do) K

Only particles within the coherence volume V. contribute to the signal. The axial dimen-

sion of this cylindrical volume is in the order of the coherence length, the lateral radius

in the order of the probe beam waist when evaluated at the focus position. Sugita et al.’

derived the following expression to which we adhere:

4wy’ 2In(2)Lc
6

Where Lc is the coherence length and wg the 1/e intensity waist of the illuminating beam.

Ve (6)

We use this to make a further simplification of Eq. 5 by assuming that only particles within
V¢ contribute with equal weight to the OCT signal. Therefore we can omit the complex

coherence function if we sum only over these N particles:
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.. fO
x(zo)xRe {IQNA 221 e?” % dQ} v

where N = pVc and p is the average particle density (constant for the homogeneous

medium assumed here).

V — MEAN SQUARED REAL OCT SIGNAL (X*(2))

Starting with Eq. 7 for the real part of the OCT signal we write the mean square of the

real OCT signal as:

£0,0) o o
(x(zb)z)ocRe{JQNA(ZL e k(zR(f) evq'ne_’q'erQ} @

This equation can be further simplified by using the definition of the differential scatter-
ing cross section of the (identical) particles, 0...{60,¢) = f16,¢)?/k? which can be taken out of
the ensemble average.’rther, the integration over solid angle can be written in spherical

coordinates, yielding:
(X(z:)’)<Re {Jg" o Oscal09) (31, 3 &7 77T smedeckp} ©)

For spherical particles as considered here, the differential scattering cross section does

not depend on the azimuthal angle ¢, and the integral over ¢ simply yields a factor 2rm.
The double sum within chevrons {...) accounts for all phase differences between the

particles contributing to the signal and is known from statistical physics as the structure

factor.® More precisely:

S(q) — 1N <Z:\i1 jl\i]ef@ﬂ'e—ia'?j) ('IO)

Using N = pVc from IV where V¢ is the coherence volume and p is the average particle
density and q is the scattering vector with magnitude 2ksin’20 (see IV). Consequently, the
structure factor may be written as function of 8 for convenience. Thus, and since both the
differential cross section and structure factor are real numbers:

(X(2e)%) = 0X(ze)ox pVe % 21T [, Occat (0)S(6)5inBAB (11)
The equality holds based on Eq. 3.
The structure factor quantifies the effect of organization of scatters in the sample on

the scattering pattern (hence its name). For discrete random media, it is closely related

to the pair-correlation g(Ar) function through a Fourier transform relationship:

S(q)=1+p[ glAneTdAF 12)

Where the pair-correlation function is interpreted the distribution of particle separations

Ar. Note that both the pair-correlation function and structure factor are functions of
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particle density p. Eq. 11 demonstrates that the variance of the real OCT signal o7 and
therefore by Eq. 2B also the mean (A) and variance oz of the OCT amplitude signal
encode the scattering strength of the particles (differential cross section term) and the

particle density and organization (structure factor term).

VI — INTERPRETATION AS OPTICAL COEFFICIENT

To facilitate interpretation of Eq. 11, we first note the definitions” of the (total) scattering
cross section (units [m?]) of a single spherical particle (Eq. 13) and scattering coefficient
(units [m™"]) of a medium containing such particles (Eq. 14):

Ogear = 211 Ion Oscat(0)sinBdO (13)
Hs = PO0scat (1 4)

Comparing Egs 11 and 13, we find that the integral is weighted with the dimensionless
structure factor to account for organization in the sample. Moreover, integral boundaries
are limited to the detection NA, which leads to the following cross section and coefficient

'in the backscatter direction, within the detection NA':

Oona =271 [, Occar (6)S(6)sinOO (15)

Hp,na = POb,NA (16)

Thus, at a given location in the sample, the variance of the real part of the OCT signal
0.’ and the variance of the envelope signal are proportional to p,, \,; the mean amplitude

(A) is proportional to yJu, -

VI - OCT AMPLITUDE VS. DEPTH.

The numerical aperture in Eq. 15 could theoretically be expanded to collect all scattered
light. In that case, the expressions for the scattering cross section and scattering coef-
ficient of the discrete random medium become:

oscat,medium = 2” .I-g oscat,panic)e(e) S(e)s’nede (1 7)
,us,msdium = PZH J'O” oscat,padicle(e)s(e)Sinede (1 8)

With subscripts ‘medium’ and ‘particle’ added for emphasis but omitted henceforth.

In section | to section V it was assumed that the reference arm is matched to a
reference particle at arbitrary depth z,, and that under the 1* Born approximation, all
particles within the coherence volume V¢ around z, experience the same input field. The

amplitude of this illuminating field however decreases in amplitude with increasing z,
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because of losses due to light scattering and absorption (the latter is neglected in the
analysis here). Likewise, part of the light scattered from V¢ is scattered on the way back
to the sample boundary; it is assumed that this light escapes the detection NA and does
not contribute. In other words, only single scattered light is considered, for which the
attenuation of intensity can be described by the Lambert-Beer law, with the p, of Eq. 18
as exponential decay constant. Additional depth-dependent weighting terms exist, such
as the confocal point spread function (the illuminating field will be weaker if the reference
particle is chosen outside the focal region) and, specifically for Spectral Domain OCT,
the sensitivity-rolloff in depth. For a thorough discussion of these factors we refer to our
earlier work [7] and references therein.

In a Time-Domain system, the moving reference arm would vary the probe depth z,
and the coherence volume around it to build up an A-line. In this case, the subscript ‘b’
may be dropped and the OCT A-line, defined as (A(z)) and variance 0,(z) are written as:

(A@)m = \/aTD(Z)gHb,NAVC exp(—2us2) (19
042 = arpf2) (2 —g ) by uaVe expl-211.2) (20)

Were depth zis measured from the sample boundary. Here p is given by Eq. 18, and pipna
by the analysis in section IV. The factor 2 in accounts for scattering losses to and from the
coherence volume. The term arp(z) accounts for scaling factors such as power-to-current
efficiency of the detector, but also depth dependent losses, most notably the confocal
point spread function — either using a static focus or dynamic focusing. Importantly, orp(z)
only contains parameters related to the OCT system (not the sample) and can thus in
principle be calibrated to allow for absolute measurements of pa.

In a Spectral-Domain system the zero-delay position is usually not located within the
sample but at some position outside. This does not change our analysis since it will only
lead to a fixed phase difference between zero delay and the reference particle. Particles
will contribute to the signal as long as the distance between zero-delay and the reference
particle is within the instantaneous coherence length of the system, which is determined
by the spectral resolution. We therefore only slightly modify Egs. 19 and 20:

(A@)m = \/aso(Z)gpb,NAVc exp(—2py(z—20)) (21)
2 T
0a(2)ro = am(2) (2 = ) HpnaVe exp(=2ps (z—20)) 22)

Were depth z is measured from zero-delay; and z0 is the distance between zero-delay
and the sample boundary. The term asp(z) accounts for scaling factors such as power-to-
current efficiency of the detector, but also depth dependent losses, most notably the

confocal point spread function and sensitivity roll-off with depth inherent to SD-OCT sys-
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tems. Again, asp(z) only contains parameters related to the OCT system (not the sample)

and can thus in principle be calibrated to allow for absolute measurements of ppya.

VIl - SCALING OF OPTICAL PROPERTIES WITH VOLUME
FRACTION

Figure 4 shows the volume fraction-dependent and volume fraction-independent
calculations for pigna s, Hena/ts anisotropy as a function of optical size (D-k). For the
latter calculations the structure factor is set to unity. Thus, the f,-independent pg na/ps and
anisotropy curves do not change with volume fraction. For the f, -dependent calculation
all shown plots change with volume fraction since the structure factor, which serves as a

1000

Ea dependent scattering (Mie & PY)
£ o.o1 volume fraction
E —
~ 1E-3 — 01
£ — 02

03
independent scattering (Mie)
volume fraction
- = 0.01

1E-4

Ll PEEERTITL

anisotropy (g)

Ll
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o
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=
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Figure 4. Calculated backscattering coefficient (g na) (@nd scattering coefficient (ps), pena/ps and
anisotropy as a function of optical particle diameter (D. ko, ko=21/Agyaccuum) for volume fractions of
0.01, 0.1, 0.2 and 0.3 for a center wavelength A= 1300 and bandwidth of AN = 100 nm. The solid
lines are depict the concentration-dependent calculation using Eq.11 and Eq. 12. The dotted lines
show the concentration-independent calculations, these are the MIE solutions. For these calcula-
tions the structure factor S(6) in Eq. 11 and 12 from chapter 2 of this thesis is set to unity.
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weighting factor on the angular scattering pattern (phase function) is a function of f, (see
also VIII).

VIII - PHASE FUNCTION CHANGE WITH CONCENTRATION/
VOLUME FRACTION

Our analysis accounts for the phase differences between the fields scattered by the indi-
vidual particles in the sample. This analysis gives rise to a structure factor (see section V
and Eq. 10) that directly influences the angular light scattering (compare Egs. 13 and 15).

Applied to the low-NA backscattering geometry as described in our experiments
(NA=0.02; Bna ~ 1°), for increasing volume fraction the NA-integrated part of the back-

10 10
1 1
0.1 0.1
= G
o001 & 0.0
0.001 0.001
0.0001 - 0.0001 -
B ES 4
0 20 40 60 80 100 120 140 160 180 0 20 40 60983 100 120 140 160 180
6 (degrees) (degrees)
£,=0.2
10 10
1 1
0.1 0.1
Zo.01 Zoo1
0.001 0.001
0.0001 - 0.0001 -
1E-5 1E-5

0 20 40 60 80 100 120 140 160 180
O (degrees)

0 20 40 60 80 100 120 140 160 180
6 (degrees)

Figure 5. The phase function [4] (scattered intensity normalized on solid angle) is calculated for
volume fractions of 0.01, 0.1, 0.2 and 0.3. using Mie theory (D=0.91 pm; Ao= 1300 nm; ng.. = 1.425;
Nmed = 1.324) without (blue curves) and including the structure factor (red curves) as calculated from
the Percus Yevick approximation. Note that our experiments did not exceed volume fractions of
0.06.
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scattered intensity increases approximately linearly with volume fraction, whereas the
total scattered fraction decreases with volume fraction [7].

The effect of the structure factor on angular scattering is illustrated below (D=0.91
pum; Ao= 1300 nm; nuor = 1.425; Npeq = 1.324). We calculate the phase function, which
by definition is normalized on the full solid angle. Blue curves show the phase function

without inclusion of a structure factor calculated as:

~ 046
2 [} 0,(6)sin6dib)

pM[e(G) (23)
Where o4(0) is the differential scattering cross section for a single particle obtained with
Mie theory. Red curves show the phase function when the structure factor is included:

0(6)S(6)

Prie=d8) = 5 1T 5 (6)sinbce)

(24)
Where S(6) is the Percus-Yevick structure factor appropriate for Discrete Random Me-
dia.®® All blue curves are identical. For the red curves (including the structure factor), with
increasing volume fraction the amplitude of the phase function in the forward direction
decreases, the amplitude in the backward direction increases, and the overall shape
of the phase function becomes broader. This corresponds to a decrease of scattering
anisotropy g (the average cosine of the scattering angle) as is also observed in section
VII, Figure 4.

LIST OF FREQUENTLY USED SYMBOLS

Hoct OCT attenuation coefficient

s Backscattering coefficient

HB.NA Backscattering coefficient within the detection numerical aperture
Hs Scattering coefficient

g Anisotropy factor

P(6) Phase function
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Summary

SUMMARY

Optical coherence tomography (OCT) allows 3D imaging of biological tissue with near-
infrared light and a resolution around 5-15 ym and an imaging depth of about 2 mm. The
light backscattered by the tissue is collected by an interferometer and converted into a
cross-sectional image. In addition to morphological images, it is possible to quantify scat-
tering parameters, quantitative OCT, from the OCT image using an appropriate model
for the OCT signal. These scattering parameters serve as a potential additional source
of information on microscopic tissue structure and organization that are not directly vis-
ible in the OCT images. Microscopic changes in tissue structure and organization are
often an indication of disease. Non-invasive measurement of these changes can be a
valuable clinical tool. For this reason, a large number of studies investigate the clinical
application of quantitative OCT, with promising results. However, the extracted quantita-
tive parameters strongly depend on the applied methodology, and are sensitive to the
selected input parameters. In order to establish the clinical value of quantitative OCT, the
extracted parameters should be reliable and robust. Furthermore, the sensitivity of these
parameters to clinically relevant changes in tissue should be determined. For this reason,
a standardized and validated model describing the OCT signal, and analysis method
are crucial. In addition, a theoretical foundation is required that relates the quantitative
parameters to microscopic tissue properties of clinical interest. The aim of this thesis
is to derive and validate a model for the OCT signal and provide a robust method to
extract quantitative parameters (amplitude, attenuation coefficient and speckle distribu-
tion) from OCT data and to relate these parameters to sample properties (structure,
organization and flow).

Chapter 1 discusses the context and aim of this thesis and gives a brief introduction in
OCT, tissue scattering and quantitative OCT. The first part of this thesis (chapter 2 and 3)
provides the theoretical framework in which a model describing the OCT signal for discrete
random media (DRM) is derived and validated. DRM are randomly positioned identical
spherical particles for which calculations of the scattering properties are straightforward,
allowing accurate analysis of the influence of sample and system properties on the OCT
signal. Chapter 4 is a literature review on investigations towards clinical application of the
OCT attenuation coefficient. In chapter 5 and 6 the findings from the first two chapters
are applied in two in vivo pilot studies on the applicability of quantitative OCT during
surgery. Both studies are examples of clinical cases in which non-invasive intra-operative
imaging could be a valuable tool for the surgical practice. Finally, chapter 7 gives an
overview of the most important findings in of the studies presented in chapters 2 to 6,
followed by a discussion of the limitations and challenges concluding with suggestions

for future research. Below a brief summary of chapter 2-6 is given.
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In chapter 2 we present a theoretical description of the OCT amplitude and speckle
distribution for mono-disperse DRM, in which the OCT amplitude and speckle (expressed
in the variance of the OCT amplitude) are linked to particle size and organization of
the sample. Speckle, amplitude fluctuations between voxels in OCT images, contains
information about sub-resolution structural properties of the sample. Statistical analysis
of the speckle could therefore have an added value for the characterization of biologi-
cal tissues. However, there is no comprehensive theoretical framework that relates OCT
derived statistics to structural tissue properties. In Chapter 2 we start with the size and
organization of the scattering particles, from which we derive analytical expressions for
the average OCT amplitude, amplitude variance, backscattering coefficient (within the
detection numerical aperture) and the scattering coefficient. In this derivation, we assume
fully developed speckle and single scattered light. We show that the OCT amplitude
variance (speckle) is sensitive to sub-resolution changes in size and concentration of the
scattering particles. We validate the theoretical results using experimental OCT data
from controlled samples of microscopic silica spheres in water and show that the experi-
mentally determined and theoretically calculated scattering parameters correspond to
each other.

In chapter 3 we describe a comprehensive model for the OCT signal that takes into
account system parameters (confocal point spread function and depth-dependent sen-
sitivity decrease). In order to obtain reliable scattering parameters from OCT data for
highly scattering tissues, consideration of the effects of multiple scattering and the non-
linear relationship between the scattering coefficient and the scattering concentration
(concentration-dependent scattering) is required; both effects are quantitatively included
in this chapter. We verify our model with experimental OCT data from controlled samples
of microscopic silica spheres in water with a wide range of scattering properties (ie scat-
tering coefficients between 1 - 30 mm™ and scattering anisotropy between 0.4-0.9).
These scattering properties are calculated using the Mie-theory in combination with
the Percus-Yevick structure factor to take account of concentration-dependent scatter-
ing. Multiple scattering is taken into account by the extended- Huyges-Fresnel model
for OCT in combination with a priori knowledge of sample properties. We show good
correspondence between the theoretical values predicted by our model and the experi-
mentally determined values of backscatter coefficient and attenuation coefficient. We
conclude that this model allows us to accurately model the backscatter coefficient and
attenuation coefficient in the concentration-dependent and multiple scattering regime
for mono-disperse DRM.

The attenuation coefficient is the most accessible and investigated OCT related scatter
parameter to characterize tissue and distinguish between healthy and diseased tissue.
Chapter 4 is a literature study on the use of the OCT attenuation coefficient (uocr) in

(pre-) clinical studies. Models and methods to extract pocr from OCT data as well as
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Summary

the pocr values obtained in various clinically relevant tissue samples are summarized.
The overview of the reported values of pocr suggests that although most pathologies
show a change in pocr, the difference between normal and diseased tissue is not always
significant. While in some studies relative pocr values provide added contrast, other
studies combine pocr with other OCT-derived parameters to obtain significant difference
healthy and diseased tissue. Furthermore, a wide spread in pocr values is obtained, which
can be understood as a result of the use of different systems, methodologies and sample
preparation. The overview of the results of these studies suggests that most pathologies
show a change in pocr, however not always significant. While in some studies relative
Hocr values provide added contrast, other studies combine pocr with other OCT-derived
parameters to obtain significant difference healthy and diseased tissue. Furthermore,
a wide spread in pocr values between studies is observed, which can be understood
as a result of the use of different systems, methodologies and sample preparation. It is
concluded that for future research consensus on an appropriate model describing the
OCT signal and a methodology to apply such model is needed.

Chapter 5 is a pilot study on the use of OCT during the neurosurgical resection of
glioma. High resolution detection of cancerous tissue during glioma resection can pro-
vide a more precise resection by the surgeon and improve patient outcome. Based on
result on ex vivo brain tissue, the use of quantitative OCT is suggested as a visual aid
for the surgeon during glioma resection to distinguish glioma from normal brain tissue
by intraoperative imaging. This pilot study investigates the applicability of OCT imaging
during the neurosurgical resection of glioma in combination with automated quantitative
analysis. For this purpose, 3D OCT datasets were collected in vivo in five patients during
the standard surgical procedure. OCT data was collected before the resection (cortical)
and after partial resection of the tumor (subcortical) from both glioma and normal brain
tissue. These areas were selected by the neurosurgeon by means of visual inspection of
the brain tissue, as well as pre-operative MRI images. Next, pocr and speckle contrast
values from the OCT data were quantified using an automated and validated algorithm.
From the results we conclude that the proposed method for quantitative in vivo OCT
of the cortical brain tissue is feasible during glioma resection. The applicability for sub-
cortical areas was limited due to surgical limitations and the current dimensions of the
OCT probe, which has led to a low quality of the OCT data. Although the found pocr
values are close to the previously reported ex vivo study, further research is needed to
determine the potency of pocr to distinguish glioma from normal brain tissue. To this
end, OCT images and gold standard histology should be matched as close as possible
in future studies.

In chapter 6 we investigate the application of OCT as an intraoperative imaging
technique for the detection of blood flow during esophageal cancer surgery with gastric

tube reconstruction. Change in perfusion of the gastric tube tissue can lead to isch-
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emia, resulting in high morbidity and mortality. Anastomotic leakage (incidence 5-20%)
is one of the most serious complications after esophageal resection with gastric tube
reconstruction. Optical imaging techniques can provide minimally invasive and real-time
visualization that can be used in intraoperative environments. By implementing an opti-
cal technique for detection of blood flow during surgery, perfusion can be imaged and
quantified, then, if necessary, the perfusion can be improved by surgical intervention or
administration of medication. The feasibility of visualization of the in vivo microcirculation
of the gastric tissue during operations of patients with esophageal cancer by means of
detection of blood flow based on the speckle contrast from M-mode OCT images is
demonstrated. The percentage of pixels with a speckle contrast value indicative of flow
was quantified as an objective parameter to assess presence of blood flow at 4 sites on
the reconstructed gastric tube. This chapter demonstrates that OCT can be used for
direct imaging of blood flow during surgery and could therefore help improve surgical
outcomes for patients.

Finally, in chapter 7 main findings, limitations and challenges of the research presented

in this thesis are discussed, followed by suggestions for future research.
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Samenvatting

SAMENVATTING

Optische coherentietomografie (OCT) is een beeldvormingstechniek die het mogelijk
maakt om door middel van licht 3D-beelden van biologische weefsels te maken met
een resolutie van rond de 5-15 pm en een dieptebereik van ongeveer 2 mm. Het
terugverstrooide licht wordt opgevangen door een interferometer en omgezet in een
dwarsdoorsnede van het weefsel, waarin weefselstructuren en morphologie zichtbaar
zijn. Naast het maken van beelden is het mogelijk om verstrooiingsparameters uit de
OCT-beelden te kwantificeren door gebruik te maken van een geschikt model voor het
OCT-signaal. Deze verstrooiingsparametersn dienen als een potentiéle aanvullende
bron van informatie over microscopische weefseleigenschappen die niet direct zichtbaar
zijn in de OCT-beelden. Microscopische veranderingen in weefseleigenschappen, zoals
(sub-) cellulaire veranderingen in structuur en organisatie, zijn vaak een indicatie voor
het ontwikkelen van ziekte en daarom interressant. Het niet-invasief meten van deze
(sub-)cellulaire veranderingen kan in sommige klinishe situaties zeer waardevol zijn.
De veelbelovende resultaten van een groot aantal studies vormen de motivatie voor
het voortzetten van dit onderzoek. Om de klinische waarde van de gekwantificeerde
verstrooiingsparameters te bepalen, moeten deze parameters allereerst betrouwbaar
en robuust zijn. Echter is de bepaling van deze verstrooiingsparameters sterk afhan-
kelijk van het toegepaste model voor het OCT-signaal en de, op het moment, vaak op
menselijk input berustende analysemethode. Hierom zijn een gestandaardiseerd en ge-
valideerd model voor het OCT-signaal en analysemethode cruciaal. Bovendien is er een
theoretische onderbouwing nodig die de verstrooiingsparameters relateert aan klinisch
relevante microscopische weefseleigenschappen. Het hoofddoel van dit proefschrift is
het afleiden en valideren van een model voor het OCT-signaal en een robuuste methode
om kwantitatieve verstrooiingsparameters (terugverstrooiingscoéfficiént, attenuatie
coéfficiént en speckledistributie) uit OCT-data te bepalen en te relatere aan sample-
eigenschappen (structuur, organisatie en doorbloeding).

Hoofdstuk 1 is een introductie in de OCT-techniek, verstrooing en kwantitative
OCT. Daarnaast wordt de context rond de hoofdvraag van dit proefschrift geschetst en
worden de onderzoeksthema'’s per hoofdstuk kort besproken. Het eerste deel van dit
proefschrift (hoofdstuk 2 en 3) vormt het theoretische kader waarin een model voor het
OCT-signaal voor discrete random media (DRM) wordt afgeleid en gevalideerd. DRM zijn
willekeurig gepositioneerde identieke bolvormige deeltjes waarvoor berekeningen van
de verstrooiingseigenschappen eenvoudig zijn. Hierdoor is een nauwkeurige analyse van
de invloed van sample-eigenschappen en systeemeigenschappen op het OCT-signaal
mogelijk.

In hoofdstuk 2 presenteren we een theoretische beschrijving van de OCT-amplitude

en speckle distributie voor monodisperse DRM, waarin OCT-amplitude en speckle
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(uitgedrukt in de variantie van de OCT-amplitude) worden gelinkt aan deeltjesgrootte
en organisatie van de sample. Speckle, oftewel amplitudeschommelingen tussen de
voxels in OCT-beelden, bevat namelijk informatie over sub-resolutie weefseleigenschap-
pen. Statistische analyse van de speckle zou daarom een toegevoegde waarde kunnen
hebben voor karakterisatie van biologische weefsels. Er is echter nog geen uitgebreid
theoretisch kader dat OCT-speckle-statisticken relateert aan sample-eigenschappen. In
dit hoofdstuk beginnen we onze afleiding van het OCT-signaal bij de grootte en concen-
tratie van de verstrooiende deeltjes, waaruit we analytische uitdrukkingen afleiden voor
het OCT-amplitudegemiddelde, amplitudevariantie, terugverstrooiingscoéfficiént en de
verstrooiingscoéfficiént. We gaan bij deze afleiding uit van volledig ontwikkelde speckle
en enkelvoudig verstrooid licht. We laten zien dat de OCT-amplitudevariantie (speckle)
gevoelig is voor subresolutie veranderingen in grootte en concentratie van de verstrooi-
ende deeltjes. We valideren de theoretische resultaten met behulp experimentele OCT-
data van gecontroleerde samples van microscopische silicabollen in water en laten zien
dat de experimenteel bepaalde en theoretisch berekende verstrooiingsparameters goed
overeenkomen met elkaar.

In hoofdstuk 3 beschrijven we een uitgebreid model voor het OCT-signaal waarin
rekening wordt gehouden met systeemparameters (confocaalfunctie en diepteathan-
kelijke gevoeligheidsafname). Om betrouwbare verstrooiingsparameters te verkrijgen
uit OCT-data voor sterk verstrooiende weefsels is een nauwkeurige afweging van de
effecten van meervoudige verstrooiing en concentratie-athankelijke verstrooiing vereist;
beide effecten worden kwantitatief meegenomen in de berekening van de verstrooiing-
seigenschappen van onze samples. We verifiéren ons model met experimentele OCT-
data van gecontroleerde samples van microscopische silicabollen in water met een groot
bereik van verstrooiingseigenschappen (nl. verstrooiingscoéfficiénten tussen 1 - 30 mm’'
en verstrooiingsanisotropie tussen 0,4-0,9). Deze verstrooiingseigenschappen worden
berekend met behulp van de Mie-theorie in combinatie met de Percus-Yevick-structu-
urfactor om rekening te houden met concentratieathankelijke verstrooiing. De meer-
voudige verstrooiing wordt berekend door gebruik te maken van het extended-Huygens
Fresnel (EHF) model in combinatie met a priori kennis van de sample-eigenschappen.
We tonen een uitstekende overeenkomst aan tussen de door ons model voorspelde
theoretische waarden en de experimenteel bepaalde waarden van terugverstrooiing-
scoéfficiént en attenuatiecoéfficiént. We concluderen dat dit model ons in staat stelt om
de terugverstrooiingscoéfficiént en attenuatiecoéfficiént nauwkeurig te modelleren in
het concentratie-athankelijke en meervoudige verstrooiingsregime voor monodisperse
DRM.

Hoofdstuk 4 is een literatuurstudie naar het gebruik van de OCT-attenuatiecoéfficiént
(Hoct) in (pre-) klinische onderzoeken. De attenuatiecoéfficiént is de meest toegankelijke

en onderzochte OCT-gerelateerde verstrooiingsparameter om weefsel te karakteriseren
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en onderscheid te maken tussen gezond en ziek weefsel. In dit hoofdstuk wordt een
overzicht gegeven van de in literatuur beschreven modellen en methoden om pocr uit de
OCT-data te kwantificeren. Daarnaast wordt er een overzicht gegeven van de verkregen
HocT waarden van verschillende klinisch relevante weefsels. De in de literatuur beschreven
resultaten laten dat er een verandereing in pocr waargenomen wordt bij pathalogisch
weefsel ten opzichte van gezond weefste. Echter is deze verandereing niet altijd sig-
nificant en is er een grote spreiding in pocr waarden. De spreiding in pocr waarden kan
worden begrepen als het resultaat van het gebruik van verschillende OCT-systemen,
modellen en samplevoorbereiding. Uit dit hoofdstuk komt naar voren dat toekomstig
onderzoek grotendeels zal profiteren van consensus over een geschikt model voor het
OCT-signaal, standaardisatie van data-analyse en samplevoorbereiding, en het gebruik
van kalibratiesamples.

In hoofdstuk 5 en 6 worden de bevindingen van de eerste twee hoofdstukken toege-
past in twee in vivo pilotstudies naar de toepasbaarheid van kwantitatieve OCT tijdens
operaties. Beide onderzoeken zijn voorbeelden van klinische casussen waarin niet-
invasieve intra-operatieve beeldvorming een zeer waardevol hulpmiddel zou kunnen zijn
in de chirurgische praktijk. In hoofdstuk 5 onderzoeken we het gebruik van OCT tijdens
de neurochirurgisch resectie van glioma in een pilotstudie. Hogeresolutie detectie van
kankerweefsel tijdens gliomaresectie kan zorgen voor een preciezere resectie door de
chirurg. In de literatuur wordt kwantitatieve OCT voorgesteld als een visueel hulpmiddel
voor de chirurg tijdens gliomaresectie om door middel van intra-operatieve beeldvorm-
ing glioma van normaal hersenweefsel te onderscheiden. De pilotstudie in hoofdstuk
5 onderzoekt de toepasbaarheid van OCT-beeldvorming tijdens de neurochirurgisch
resectie van glioma in combinatie met geautomatiseerde kwantitatieve analyse. Hier-
voor zijn in vivo 3D OCT-data verzameld tijdens de standaard chirurgische procedure
van gliomaresectie in vijf patiénten. OCT-data is verzameld véér de resectie (corticaal)
en na gedeeltelijke resectie van de tumor (subcorticaal); in beide gevallen van zowel
gliomaweefsel als van normaal hersenweefsel. Deze gebieden zijn geselecteerd door
de neurochirurg d.m.v. visuele inspectie van het hersenweefsel, evenals pre-operatieve
MRI-afbeeldingen. Vervolgens zijn pocr en speckle contrast waarden uit de OCT-data
gekwantificeerd met behulp van een geautomatiseerd en gevalideerd algoritme. Uit de
resultaten van deze pilotstudie concluderen we dat de voorgestelde methode voor kwan-
titatieve in vivo OCT van het corticaal hersenweefsel tijdens de gliomaresectie haalbaar
is. De toepasbaarheid voor subcorticale gebieden is gelimiteerd vanwege chirurgische
beperkingen en de huidige afmetingen van de OCT-probe, wat heeft geleid tot een lage
kwaliteit van de OCT-data. Hoewel de gevonden piocr waarden dicht bij de eerder gerap-
porteerde ex vivo studie liggen, is verder onderzoek nodig om het de onderscheidend
potentie van pocr tussen glioom en normaal hersenweefsel te bepalen. Hiervoor is een

zo goed mogelijk match tussen OCT-beelden en goudenstandaard histologie cruciaal.
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In hoofdstuk 6 onderzoeken we het gebruik van OCT als een intra-operatieve beeld-
vormingstechniek voor detectie van doorbloeding tijdens slokdarmkankeroperaties met
maagbuisreconstructie. Verandering in perfusie van het maagbuisweefsel kan leiden tot
ischemie, met een hoge morbiditeit en mortaliteit tot gevolg. Anastomotische lekkage
(incidentie 5-20%) is een van de ernstigste complicaties na slokdarmresectie met maag-
buisreconstructie. Optische beeldvormingstechnieken kunnen voorzien in minimaal
invasieve en real-time visualisatie die gebruikt kan worden in intra-operatieve omgev-
ingen. Door het implementeren van een optische techniek voor detectie van doorbloe-
ding tijdens chirurgie kan perfusie worden afgebeeld en gekwantificeerd. Vervolgens
kan, indien nodig, de perfusie worden verbeterd door een chirurgische ingreep of door
toediening van medicatie. De haalbaarheid van visualisatie van de in vivo microcirculatie
van het maagweefsel tijdens operaties van patiénten met slokdarmkanker door middel
van detectie van doorbloeding op basis van het speckle contrast uit M-mode OCT-
beelden wordt gedemonstreerd. Het percentage pixels met een speckle contrast waarde
dat indicatief is voor stroming werd gekwantificeerd als een objectieve parameter om de
doorbloeding op vier plaatsen op de gereconstrueerde maagbuis te beoordelen. In dit
hoofdstuk wordt aangetoond dat OCT kan worden gebruikt voor directe beeldvorming
van de bloedstroom tijdens chirurgie en daarom zou kunnen helpen bij het verbeteren
van chirurgische uitkomsten voor patiénten.

Tot slot geeft hoofdstuk 7 een overzicht van de belangrijkste bevindingen uit dit

proefschrift en worden er suggesties gedaan voor toekomstig onderzoek.
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whiskey avondjes (Writer's tears). We hadden natuurlijk ook tegenslagen, eigenlijk vooral
één: dispersie compensatie. Maar bovenal was jouw bijna oneindige kennis over opti-
sche systemen altijd zeer waardevol.

Beste Martin Brandt, bedankt voor het meedenken en meewerken aan de automatise-
ring van de OCT analyses. Ik ben trots op onze samenwerking waarmee we de EYR prijs
van SURF hebben binnen gesleept. The collaboration and connection that followed with
SURF and eScience Center were inspiring and fun. Cheers Jan!

Beste Carla, ontzettend bedankt voor je enthousiaste behulpzaamheid en het regel-
werk om onze promoties daadwerkelijk tot stand te laten komen.

| am grateful for my experiences during the Recess college activities. Special thanks to
everyone that made it possible and everyone | connected with.

Beste paranimfen, Leah, Arnie. Ontzettend fijn dat jullie mijn paranimfen willen zijn.
Ik kan me geen beter paranimf-duo voorstellen. In mijn venndiagram van wetenschap-
pelijke en maatschappelijke discussies, muziek en bier, staan jullie in het overlappende
deel. Dank jullie well Arnie, van café Lekker Belangrijk tot hier, ik denk dat ik er weinig
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aan toe hoef te voegen. Thanks! Dear Leah, thank you for being you, and such an
amazing colleague and friend. | am truly grateful and enjoyed all the projects we tackled
together with your mad Matlab skills, scientific insight and support.

Studiemaatjes: Arthur, Esther, Vincent en Freek. Bedankt voor de leuke filmavonden
en frustratie-deel-biertjes. Rens, dank je voor je support en al je ongezouten adviezen.

Lieve lieve vrienden... al kan ik onmogelijk iedereen hier noemen, ik bof met zulke fijne
mensen om me heen! Lutsers, Marlice, Angelique, Inge, Hester, Raul, Wesley, Rob en
Paul, ontzettend veel dank voor de liefde, gezelligheid, feestjes en oneindige support.
James, thank you for the cover and lay-out design, it's spot on!

Lieve Sander, bedankt voor je positiviteit en aanmoediging. Ik ben blij dat ik de laatste
fase van het tot stand komen van dit boekje met je heb kunnen delen. Op naar het

volgende avontuur!!
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