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2.1 Techniques for flow quantification

2

The determination of blood flow and monitoring of retinal vasculature carry much
information about the health of tissue. Optical technologies often offer sensitivity to motion
and therefore flow which brought strong attention to it in research of life science. This led to
the development of several techniques and approaches. In the following subsections
techniques are described which play an important role in the investigation of flow in
ophthalmology, so far, as well as techniques which are competing with OCT based approaches.

2.1.1 Fluorescence angiography
Since its invention in 1961 [1] fluorescein angiography (FA) has become the gold standard for
the diagnosis of retinal microcirculatory diseases [2-4]. Later indocyanine green (ICG)
angiography [5, 6] has extended the set of tools to investigate changes in ocular blood flow. In
these techniques exogenous fluorophores are introduced into the blood stream and can be
excited by light as they travel through the retinal vessels. The distribution of the fluorescent
signal then resembles the vascular network and makes it possible to find abnormalities and
leakage. Quantitative information can be extracted in video angiographic applications when
repeated measurements of the fluorescent signals are recorded, and the motion of fluorescent
dyes can be determined. This can for example be realized with dilution curves and passage
times [7-10]. Because exogenous fluorophores must be injected into the circulatory system it
is invasive and therefore its applicability for repeated measurements or as a screening tool is
very limited. Furthermore, parameters are derived which are still difficult to use for
interpretation of flow in individual vessels. The latter might be addressed by the following
technique.

2.1.2 Fluorescence particle tracking
If not a continuous stream of fluorophores is injected into the blood circulation system, but
individual cells are labeled and could be tracked, flow velocities could be accessed more
directly. This idea was used in the approach of Saeedi et al. [11]: A low percentage of
erythrocytes in the circulatory system were labelled with ICG. Videos of angiographs were
recorded at 24.6 frames/s. Due to the sparse occurrence of ICG-labelled erythrocytes in the
retinal vessels, individual cells can be tracked and by analysis of their motion between frames
velocities can be derived. Arteries and veins can be distinguished according to the directionality
of the motion of the erythrocytes, whether they were moving towards or away from the ONH
[11].

2.1.3 Intrinsic contrast
To overcome the limitations which come with the invasive nature of techniques using
exogenous fluorophores, other technologies have been developed which use the intrinsic
contrast of erythrocytes to other cell types. Among those are the retinal function imager (RFI)
[12, 13], adaptive optics (AO) laser scanning ophthalmoscopes (SLO) [14] and AO-flood
imaging [15]. Like the techniques using fluorescent labels, these technologies as well record en
face images and analyze lateral motion (with respect to the illumination) from dynamic changes
between repeated frames.
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2.1.4 Laser Doppler and laser speckle flowmetry
In the methods described above the strategy to extract quantitative flow information was to
track individual cells, conglomerates of blood cells or blood as a continuum and to derive the
flow parameters form the tracked motion. In a different category, statistical properties are
employed when the tissue is illuminated with coherent light. Laser Doppler flowmetry (LDF)
and laser speckle contrast analysis (LASCA) belong to this category. In LDF the scattered light
from tissue is recorded with a photodetector over time [16]. When light is collected from a
location with static tissue as well as blood vessels, the detector current shows a modulation on
top of a DC offset (heterodyne signal). The DC offset belongs to the static part of tissue while
the modulation is caused by interference of the light scattered by the moving and static cells.
In frequency domain the modulation is then expressed by a spectrum of modulation
frequencies which are interpreted as Doppler frequencies [16].
In a similar approach the contrast between intensity measurements is analyzed in LASCA
[17]. When light is scattered from a rough surface (with respect to wavelength) or from
multiple scatterers within the collection volume of the recording device, a highly fluctuating
pattern is measured (speckle) [18]. The speckle pattern is essentially generated by constructive
and destructive interference of the individual wave fronts of each scattering center. For fully
developed speckle the measured intensity distribution is exponential [19]:
P( I ) 
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(2.1)

With 𝜎𝐸 the standard deviation of the of the real and imaginary field components of the
corresponding electrical field. The speckle contrast is defined as the standard deviation of
intensity over the mean of intensity measurements: 𝐶 = 𝜎𝐼 /𝜇𝐼 [18]. The theoretical
expectation value for the speckle contrast can be derived with Eq. (2.1) and results 𝐸(𝐶) = 1.
In experimental realizations, E(C) needs to be evaluated over multiple speckles. If light is
collected from moving particles and the motion is significant in comparison to the resolution
of the imaging system during the time interval of the pixel dwell time of the photodetector or
recording camera, the image becomes blurred in those pixels [18]. Through the analysis of the
reduction of 𝐶 the transversal motion can be evaluated.
The techniques of LDF and LASCA are closely related to flow quantification in OCT.
The similarity motivated the development of analyses such a Doppler OCT and speckle
decorrelation which are included in a brief discussion below and compared more quantitatively
in Chapter 4 and Chapter 5. An additional technique should be mentioned at this point which
can be considered to be in between the LDF/LASCA techniques and OCT: Laser Doppler
holography (LDH)[20]. In LDH the backscattered light from the retina interferes with light
from a reference arm and the interference is captured with a high-speed camera. Motion
analysis can be performed through a filtering of the power spectral density. A distinction of
retinal and choroidal vessels has been demonstrated.[21]
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2.2 Approaches for OCT flow quantification
Most methods of extracting quantitative flow information from OCT data (not considering
vessel density maps [22]) have in common that they address in the first place the derivation of
flow velocities and only as secondary step the conversion to flow rates. Indeed, the accurate
and precise determination of motion of particles within tissue is usually the most challenging
step. Therefore, velocimetry is also in the focus of this section and throughout this thesis.

2

2.2.1 Principle of OCT
The main advantage of OCT in comparison to fundus photography or scanning laser
ophthalmoscopy is the depth resolution. This is realized using short coherence lengths. OCT
is in general divided in time domain (TD) OCT and Fourier domain (FD) OCT. After the
introduction of both techniques a major advantage for the signal-to-noise ratio was recognized
for FD-OCT [23-25] making it the primary approach for OCT based medical imaging
applications [26]. For that reason, the description here is also limited to the realizations of FDOCT. OCT is based on interferometry with partially coherent light [27]. Its basic principle can
be understood considering a Michelson interferometer. Fig. 2.1 shows a simplified example of
a setup with the most essential part of the interference signal. A more detailed description of
the recorded signal follows subsequently.

Fig. 2.1. Simplified schematic drawing of a Michelson interferometer (left) as base for OCT
measurements. Light from a partially coherent light source is split in reference and sample arm and
recombined after reflection. The interference signal is recorded with a photodetector or
spectrometer, depending on the technical realization. The essential term of the interference signal
(right) is an oscillation of the intensity as a function of wavevector k depending on the difference
of reference and sample arm length which results in a peak at 𝑧𝑅 − 𝑧𝑆 in the Fourier transform.

For the description of the recorded signal the scattering sample is modelled by a system of
multiple partially reflective lavers at the positions 𝑧𝑆,𝑛 (𝑛 = 1,2, …). The light intensity at the
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detector is then [28, 29]:
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with 𝑆(𝑘) the spectral envelope of the light source, 𝑅𝑆,𝑛 and 𝑅𝑅 the reflectivity of the
individual sample reflections and reference mirror, respectively and k the wavenumber. In the
measurement the light intensity is converted into electrical current IC(k) = ID(k)ρD(k), with
ρD(k) the responsivity of the detector. For simplicity only ID is used for further discussions.
Eq. (2.2) expresses three components of the OCT-signal: the first line are DC-terms which
represent the incoherently summed power from reference and sample arm and are
independent of the axial position of the sample. The second line show the cross-correlation
terms which are desired and usually isolated for further processing. This term is also shown in
Fig. 2.1 for a single reflecting surface as sample. The third line describes the autocorrelation
terms which arise from interference of the scattered light between reflectors in the sample.
How pronounced the autocorrelation terms are in comparison to the cross-correlation terms
can usually be adjusted through the amount of light reflected by the reference arm in
comparison to the light coming from the sample arm. To convert the k-dependent signal into
a depth-dependent signal, a Fourier transform is employed [28, 29]:
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with 𝛾(𝑧) the Fourier transform of 𝑆(𝑘), 𝛿(𝑧) the Dirac delta function and  the
convolution operation. It can be seen in line two and three of Eq. (2.3) that due to the real
valued functions in Eq. (2.2) the cross-correlation and autocorrelation terms have “mirror”images symmetrically to 𝑧 = 0.
The most common technical realizations can furthermore be divided into two categories:
Spectrometer based OCT, also called spectral domain (SD) OCT and swept source (SS) OCT
also called optical frequency domain imaging (OFDI) [30]. Fig. 2.2 illustrates examples for
both systems together with measurement signals and their Fourier transform as they can be
expected from Eq. (2.2) and (2.3). Fig. 2.2a illustrates the principle of SD-OCT as a fiberbased system. A light source is emitting a broad spectrum which is coupled into an optical
fiber. The power is split at a fiber coupler (FC) into reference and sample arm. In the reference
arm the light is reflected by a mirror and coupled back into the same fiber with opposite
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2

propagation direction. In the sample arm the light is scattered by the sample and the part
which lies with its propagation direction within the acceptance angle of the collimator is back
into the fiber. Both fields interfere at FC and a part is send to a spectrometer where the spectral
components are resolved and recorded. Fig. 2.2b shows the principle of a SS-OCT system. To
record one depth profile, a narrow emission line sweeps over a broad spectrum [30]. The kdependent detector-signal is acquired as a function of time. In the most common realization
the interference is recorded by balanced detection which largely suppresses the DC-term and
relative intensity noise (power fluctuations of the source) [31, 32]. Fig. 2.2c shows a simulated
signal given by Eq. (2.2) for three reflectors as it would be recorded by a spectrometer-based
system. Fig. 2.2d shows the same signal as in 2.2c but the DC-term is suppressed. Fig. 2.2e
shows the Fourier transform of 2.2c with the individual terms (DC, AC, CC) indicated. The
final signal is the sum of all three of them.

Fig. 2.2. Fiber based setup principles of FD-OCT and measured signals. (a) In SD-OCT a light
source emits a broad spectrum which is used in a Michelson interferometer. The fiber coupler (FC)
acts as beam splitter. The recombined signal is recorded with a spectrometer. (b) In OFDI a
narrowband laser sweeps over a broad spectrum. The setup is a hybrid of Mach-Zehnder and
Michelson interferometer where light is separated at FC1 into sample and reference arm. The signal
is recorded through balanced detection after recombination at FC2 (50/50 coupler). (c) Simulated
signal for SD-OCT, the interference signal is a modulation on top of the incoherent background
(DC). (d) Simulated signal for OFDI where the DC peak is largely suppressed by balanced detection.
(e) Fourier transform of the OCT-signal with the terms for DC, autocorrelation (AC) and crosscorrelation (CC) indicated.
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OCT system characterization
Certain properties of a system are often reported to benchmark its performance. The lateral
resolution is determined by the lateral dimension of the point spread function of the device.
If the illumination and detection mode are assumed to be Gaussian (common for single mode
fibers [33]) it can be quantified by the beam diameter, e.g., where the intensity profile drops to
1/e2 of its maximum [26].
The axial resolution is determined by the bandwidth of the OCT system. Often it is also
reported as coherence length. Under the assumption of a Gaussian spectral envelope, common
formulations are [29, 34, 35]:

lc , FWHM 
lc , exp( 2) 

2 ln 2 0 2
,
 
2 ln 2 0 2
,



(2.4)
(2.5)

with ∆𝜆 the full-width-half-maximum (FWHM) of the spectrum.
Two factors which limit the imaging depth are the sensitivity “fall-off” (also called “rolloff”) and the sampling density in the spectral domain. The fall-off is determined by the
resolution of the spectrometer in SD-OCT or the instantaneous linewidth of the source in SSOCT. The maximum of the sensitivity exists at zS = zR and it decays when |zR - zS| increases. If
a Gaussian shape of the swept-source lineshape / spectrometer resolution is assumed with
𝛿𝑘𝑟 the FWHM in wavenumbers, the measured interference peaks in depth-domain decay
with [29]
 z 2 kr 2 
I D ( z )  exp  
.
 4 ln(2) 

(2.6)

The imaging depth due to the digitization is given by the Nyquist-Shannon frequency. If the
difference between two adjacent, digitized wavenumbers is 𝛿𝑘𝑠 , the maximum imaging depth
is [29]
 zmax  


.
2   ks

(2.7)

From single depth-profiles to volumetric scans
So far, only the acquisition of single depth-profiles (A-scans) was discussed. The most
common implementation in OCT to acquire whole imaging volumes is to combine the
interferometric technique with raster-scanning. The depth profiles were introduced in Eq. (2.3)
as complex E-fields as a function of z. If multiple A-scans are recorded next to each other
while the focus is displaced along one direction (x), a cross-section is recorded (B-scan). The
B-scan forms a plane. If additionally, multiple B-scans are recorded and after the acquisition
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of each B-scan the focus is displaced in a second direction (y), a volumetric scan is acquired
(C-scan)

2.2.2 Doppler OCT

2

As it can be recognized in Eq. (2.2) the interference in an OCT measurement is sensitive to
the axial position of scatterers in the detection volume of the device. Therefore, it is also
sensitive to changes of the axial position of particles. This fact can be used to detect blood
flow as motion of blood particles in tissue and was established under the name Doppler OCT
[36-38] (DOCT). A schematic illustration is shown in Fig. 2.3. The axial motion of the
scattering particles leads to a change in the recorded interferogram which results in a phase
shift in the Fourier transformed depth-domain. To derive the phase shift, for simplicity only
the cross-correlations term of Eq. (2.2) is considered for an individual reflector. The Fourier
transform of the detector signal can be written as

I D (k )  RR RS S (k ) cos  2k  z 

(2.8)

with ∆𝑧 = 𝑧𝑅 − 𝑧𝑆 . This formulation is only defined for positive wavenumbers. Without loss
of generality for every 𝑆(𝑘) a central wavenumber 𝑘0 (as center of mass) can be calculated.
Therefore, the spectral envelope can also be considered as a function with its center at 𝑘 = 0
which was shifted by 𝑘0 :

I D (k )  RR RS S (k  k0 ) cos  2k z 

(2.9)

In the Fourier transform the coordinate transform 𝑘 ′ = 𝑘 − 𝑘0 can be applied
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In the last step the Fourier shift theorem was applied to derive the complex phase factor
2𝑘0 ∆𝑧. If now two measurements are compared between which the axial position of the
reflector changes by the distance 𝛿𝑧, the phase factor changes by 2𝑘0 𝛿𝑧. With 𝜏 the time
interval between the measurements, 𝜉 the angle between flow direction and light propagation,
𝑣 flow velocity, 𝑛 the refractive index of the medium and 𝜆0 the vacuum central wavelength,
the phase difference can be expressed as
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2 nv cos 

0

(2.11)

which is well known from literature [36-40].

2

Fig. 2.3. Illustration of the origin of the phase shift in Doppler OCT. When a particle (e.g.,
erythrocyte) changes its axial position with respect to the incoming beam of the OCT device, the
frequency of the interference changes. The change of the frequency in the k-domain results in a
phase shift in the depth-domain (Fourier transform).

With the phase difference given by Eq. (2.11), the direction (parallel/antiparallel) and
magnitude of the axial flow velocity can be determined. The dynamic range of the velocity
measurements plays an important role as it dictates how parameters of the system and
measurement design (e.g., 𝜏 [41, 42]) have to be adjusted to the expected flow velocities. The
minimal detectable velocity is given by the noise level of the measurement. For this, the most
fundamental sources are shot noise and re-visitation error. Shot noise originates from the
discretization of light as photons and is related to the signal-to-noise ratio (SNR). It has been
shown by Park et al. [43] that for good SNRs (|𝑛| ≪ |𝐸|, with |n| the root mean square of the
noise and |E| the electrical field amplitude) the distribution of phase differences φ for shot
noise limited measurements is Gaussian and has the standard deviation

   1/ 2  SNR .

(2.12)

It should be pointed out that φ is used for all phase differences (due to noise and other sources
such as axial motion) while θ is only used for the average phase difference due to axial motion.
In the definition used here, the re-visitation error summarizes all sources which can lead to
inaccuracies when the same A-scan is recorded, repeatedly. One source are scanners
themselves as they have only a finite accuracy to guide the light of the OCT device towards
the sample. Another source, especially for in vivo applications can be motion by the sample
itself. The re-visitation error is theoretically more complicated to describe. Axial motion shows
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2

a similar effect on the OCT signal as axial flow and successful implementations have been
described to compensate axial motion [44-48]. In contrast to axial motion, lateral motion has
a non-deterministic effect and induces phase decorrelation [43, 49] and can therefore not be
compensated but only quantified. The resulting phase difference distributions are in general
not-Gaussian [49] but can be approximated as such to a certain extend [50]. This is described
more in detail in Chapter 4.
The phase difference of Eq. (2.11) is an angle in the complex plane and as such affected
by phase wrapping if it exceeds the boundaries ±𝜋. Although phase unwrapping algorithms
have been reported [51-54] they still bear challenges and partially require the acquisition
protocol to be designed for them. Thus, in the most basic version of DOCT the wrapping
boundaries still limit the maximum detectable velocities:

v max  

0
4n cos 

(2.13)

Fig. 2.4 shows qualitatively the effect of noise and the wrapping boundaries for DOCT
measurements. A distribution of phase differences given by noise in bulk tissue can be seen
(grey) with 𝜎𝑛 the standard deviation of the phase noise. The distributions of the DOCT
measurements have as a minimum the same widths but can be further broadened (see Chapter
4). The distributions for three velocities are illustrated. 𝜃1 belongs to a small positive velocity.
Its distribution partially overlaps with the distribution for noise in bulk tissue which poses
challenges to distinguish phase difference measurements of flow from noise. 𝜃2 belongs to a
significant negative velocity which can clearly be separated from noise but is not too fast to be
affected by phase wrapping. This velocity could clearly be determined from DOCT
measurements. 𝜃3 belongs to a large positive velocity for which the distribution is partially
beyond 𝜋 and is folded back to negative phase differences at 𝜃3 ′. Those could falsely be
interpreted as negative velocities.

Fig. 2.4. Schematic illustration of DOCT phase distributions. The center of the distributions is given
by the phase difference in Eq. (2.11). Three cases are shown: a small positive velocity (𝜃1 ), a
significant negative velocity (𝜃2 ) which can clearly be distinguished from noise and is not affected
by phase wrapping and large positive velocity (𝜃3 ) for which phase differences are partially
wrapped. The distribution with the grey area illustrates noise in bulk tissue with 𝜎𝑛 the standard
deviation due to noise. Image from [55], distributed under the terms of the Creative Commons CC
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BY license.

2.2.3 Resolving the angular ambiguity of DOCT
In sub-section 2.2.2 it was described that DOCT measurements deliver the axial velocity
component (the component parallel or anti-parallel to the propagation direction of the light).
In order to evaluate total blood flow, the absolute value of the velocity is needed and not just
one component. This problem can be solved if additionally to the axial velocity the incident
angle 𝜖 between the flow direction and the propagation direction of the light can be measured.
Therefore, several approaches have been established to determine ε. A short summary of those
approaches is subject of this sub-section.

En face plane DOCT & vessel segmentation
OCT can measure three-dimensional volumes and therefore be used to analyze the flow
through different planes in the volume. Two applications are illustrated in Fig. 2.5. In 2.5a an
orthogonal plane to the illumination direction is chosen and the axial velocities in this plane
are integrated [56, 57]. While the axial velocity component decreases when 𝜀 increases (𝑣𝑧 =
𝑣 ∙ cos 𝜀), the area of the blood vessel crossing the en face plane increases inversely to 𝑣𝑧 . The
integration over the axial flow velocity in the en face plane cancels both effects and delivers the
total blood flow through the blood vessel cross section.
Another way to use volumetric data to compensate the angular orientation of vessels is
through segmentation. One example for this was demonstrated in circular scans around the
optic nerve head [58]. Fig. 2.5b illustrates the principle. B-scans are crossing vessels and are
recorded close enough to each other that the individual vessel can be approximated as straight
between the B-scans. From ∆𝑏 the distance between B-scan, ∆ℎ and ∆𝑦 the axial and lateral
distance where the vessels cross the B-scans, respectively, the angle 𝜀 can be calculated.

Fig. 2.5. Illustrations for en face DOCT and vessel segmentations. a) DOCT measurements are
extracted for an en face plane from a tomogram. The area of the cross section of a blood vessel with
the plane increases when the angle 𝜉 increases. This effect is used to compensate the angular
dependence of the axial velocity. b) Segmentation of a blood vessel when it crosses two consecutive
B-scans. The positions where the vessel crosses the B-scans can be used to calculate the angle of it
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to the illumination direction and to convert the axial velocity component to flow speed.
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2
Afterwards 𝜀 can be used to retrieve the flow speed from the axial velocity component. If
additionally the area of the vessel is segmented, also the flow rate can be computed [58].

Multiple beam illumination
As DOCT can measure the velocity component of moving particles along one projection
direction (the direction of light propagation), all three velocity components can be resolved if
three different measurements with linearly independent projection directions are done[59-64].
This principle is illustrated in Fig. 2.6. When the projection of the velocity on each direction
⃗⃗𝑒𝑗 (j=1,2,3) is measured, an equation system can be formulated [59]:

v  e1  vx e1, x  v y e1, y  vz e1, z
v  e2  vx e2, x  v y e2, y  vz e2, z

(2.15)

v  e3  vx e3, x  v y e3, y  vz e3, z
The individual components 𝑒𝑗,𝑥 , 𝑒𝑗,𝑦 , 𝑒𝑗,𝑧 in Eq. (2.15) can be calibrated in a separate
measurement. The equation can be solved and all velocity components can be determined.

Fig. 2.6. DOCT with multiple illumination directions. With one illumination direction only one
velocity component can be measured but with three linearly independent directions all three velocity
components can be reconstructed.

Fourier filtering in full field OCT
An approach which is closely related to the multiple beam illumination was established in
swept-source full-field OCT (SS-FF-OCT) [65]. In FF-OCT, instead of raster-scanning a
single point across a sample, the whole sample is illuminated by a wide field. In the same way,
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interference with the reference arm is created with the full field of the backscattered light. The
single detector from raster-scanning OCT devices is replaced by a two-dimensional camera.
Swept-source operation is achieved through a slowly sweeping source and for each
wavenumber one frame is acquired [65]. Even though the sweep frequency is low in
comparison to other OCT swept-sources, a high effective A-scan rate is achieved through the
massive parallelization of the full-filed acquisition.
From the perspective of Fourier optics [66] any illumination of a sample can be
decomposed into a spectrum of k-vectors. This is schematically shown in Fig. 2.7. Fig. 2.7a
shows an example of the decomposition of the E-filed of a focal spot in O into a spectrum of
k-vectors in B. The smaller the spot should become, the broader the spectrum needs to be in
k-space. For any light field E(x,y) in one focal plane of the lens (O) the field in the other focal
plane (B) can be described as [66]

2
E (k x , k y )   E ( x, y) exp  i
 f

 xk

x


 yk y  dxdy .


(2.16)

Eq. (2.16) represents a two-dimensional Fourier transform. In SS-FF-OCT E(x,y,z) is
measured and thus 𝐸̃ (𝑘𝑥 , 𝑘𝑦 , 𝑧) can be computed through Eq. (2.16). The axial component
can be calculated as 𝑘𝑧 = √𝑘02 − 𝑘𝑥2 − 𝑘𝑦2 . Fig. 2.7b shows how different illumination
directions can then be filtered digitally. Once 𝐸̃ (𝑘𝑥 , 𝑘𝑦 , 𝑧) was computed filter masks can be
applied which only leave the desired direction. This way, DOCT measurements for different
directions can be created in post-processing and the individual velocity components can be
retrieved [67, 68].

Fig. 2.7 Illustration of the decomposition of a light field in Fourier optics. a) The focusing of a
collimated beam is used as example for a decomposition into a spectrum of k-vectors. A narrow
spot in the object plane (O) must be created by a broad spectrum of spatial frequencies (𝑘𝑥 , 𝑘𝑦 ) in
the back-focal plane (B) because a lens acts as a Fourier transformer. f is the focal length of the
lens. b) When the backscattered electric field of is acquired in SS-FF-OCT, the representation of it
as k-vectors can be computed through the Fourier transform and various k-directions can be filtered
through numerical apertures in (𝑘𝑥 , 𝑘𝑦 )-space. Here, four different apertures are shown.
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2.2.4 Flow quantification through decorrelation

2

It has been mentioned in the discussion of the effects of noise to DOCT measurements in
subsection 2.2.2 that lateral motion can broaden the width of the distribution of phase
differences in DOCT. This aspect can be used to extend the axial velocity measurement by a
lateral component. Most vessels far away from the optic nerve head in the human retina are
almost perpendicularly oriented [69] to any incoming light as it is used in OCT measurements.
Therefore the lateral velocity component plays a more significant role for the flow speed.
As lateral blood flow results in a particle exchange in the measured volume it is intuitive
that it should lead to fluctuations in the complex E-field even if no axial motion takes place.
In general, this can be described as a decorrelation of the measured E-field. Several approaches
have been implemented analyzing phase, amplitude and complex decorrelation and are briefly
introduced in the following subsection and further evaluated more in detail in the Chapter 4
and Chapter 5.

Phase decorrelation & Doppler frequency analysis

Fig. 2.8. Principle of frequency spectrum analysis in jSTdOCT. a) The evolution of the complex
backscattered E-field is recorded from moving scatterers with a quasi-stationary beam as a function
of time. b) The Fourier transform of this time trace delivers the frequency spectrum of the recorded
M-scan. The mean of the frequency spectrum is linked to the phase difference θ in DOCT and the
standard deviation is given by both axial and lateral motion.

Phase differences and frequencies are closely related for the complex E-field in OCT. Phase
∗
differences can calculated from consecutive measurements e.g. as arg{𝐸𝑗 𝐸𝑗−1
} with j the index
of the measurement and * the complex conjugation. The broadening of the phase difference
distribution has been investigated for pure lateral motion by Vakoc et al. [49]. In joint Spectral
and Time domain OCT (jSTdOCT) [70] a frequency spectrum is derived from a quasistationary beam recording a time trace (M-scan) of a sample while particles move through the
beam. A Fourier transform of this time trace delivers the frequency spectrum. The broadening
of the frequency bandwidth due to transversal flow has been shown by Ren et al. [71] and Piao
et al. [72]. A combined bandwidth broadening for axial and transversal flow and its dependency
on the illumination and detection beam (in particular Gaussian and Bessel beams) was
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investigated by Bouwens et al. [50, 73]. Gaussian functions have been fitted to the frequency
spectra and for a Gaussian illumination and detection the mean 𝜇 and standard deviation 𝜎 of
the frequencies could be expressed as [71, 72, 74]



nk0 vz



(2.17)

,

n2 k02 w02 2
1
(2.18)
vT  2 2 vz2 .
4 2 f 2
 lc
Once 𝜇 and 𝜎 are determined from the measurement, the axial (vz) and transversal (𝑣𝑇 )
velocity components can be calculated and with that the flow speed.

2 

Amplitude and complex speckle decorrelation
In the analysis of decorrelation of amplitude / intensity speckle and complex speckle, a
common approach is to calculate the average overlap integral of two consecutive
measurements [51, 75-81]:
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(2.19)

with 𝜏 the time interval between measurement j-1 and j, D the diffusion constant of Brownian
motion, 𝑤0,𝑥 , 𝑤0,𝑦 and 𝑤0,𝑧 the resolution in x,y and z, respectively. The resolutions in x and
y are determined by the beam diameters and are equal for circular-symmetric beams. The
resolution in z is determined by the coherence length. 𝐹𝐺1 and 𝐹𝐺2 are functions which depend
on the gradient of the velocity profile [75] where 𝐹𝐺1 has a significantly lower impact than the
other terms. 𝑀𝑚 and 𝑀𝑠 are fractions of the detection volume, how much the moving and the
static particles contribute to the measurement. The first line of Eq. (2.19) contains the average
Doppler shift which is known from Eq. (2.11) and a diffusion term which includes the effect
of Brownian motion. The second line contains the decorrelation due to the average motion
along x,y and z. The third and fourth line contains the decorrelation due to gradients of a flow
profile.
Eq. (2.19) is also the first order autocorrelation 𝑔(1) [75-82]. A common procedure for
implementations is to record M-scans to compute the autocorrelation function of those scans
[76-82]. Then Eq. (2.19) or approximations of it can be fitted to the autocorrelation function
of the measurement. A second option is often applied in intensity speckle decorrelation. For
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intensity data the Siegert relationship can be used to relate the second order 𝑔(2) and first
order autocorrelation [75]
2

(2.20)

g (2)  1  g (1) .
For measurements g(2) can be calculated as [75]

2

g (2) 

I j I j 1
Ij

I j 1

.

(2.21)

This and the equivalent formulation for amplitude (|𝐸| = √𝐼) decorrelation is used in other
algorithms such as split-spectrum amplitude decorrelation angiography (SSADA)[83, 84] and
variable interscan time analysis (VISTA) [85].
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