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7 Discussion and conclusion

Introduction to the discussion

In this thesis Doppler OCT and PS-OCT were implemented and further developed 
on state-of-the-art SS-OCT instrumentation in the 1050 nm wavelength range. Ex-
perimental SS-OCT setups were constructed in a laboratory environment, calibrat-
ed against system distortions and noise, and applied for imaging of  the posterior 
eye. This resulted in novel Doppler OCT methods for non-invasive in vivo angi-
ography of  the complete retinal and choroidal circulations down to the capillary 
level. In addition a novel PS-OCT setup was constructed for polarimetry of  in 
vivo fibrous retinal tissue structures free from system polarization distortions. The 
applicability and clinical relevance of  the developed functional OCT techniques 
were illustrated with proof-of-principle measurements in healthy individuals, and  
in patients suffering from AMD or glaucoma.

In this chapter several technical and clinical aspects of  the presented research 
are discussed and an outlook is given on potential future research. Although the 
discussion of  specific (detailed) topics was already included in the corresponding 
chapters, here topics are discussed in a broader perspective.
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7.1 Considerations on experimental clinical OCT instruments

The research on medical instrumentation is often mainly focused on the imple-
mentation of novel hardware components or configurations. However, this is only 
half the job. The other, equally important, half is the clever adaptation of instru-
mentation to accurately measure the physiological parameters of the sample under 
test. The interplay between chapters 3, 4 and 5 of this thesis nicely illustrates this. 
The OCT instrument described in chapter 3 formed the basis of all the OCT in-
struments used in this thesis. From a technical point of view this instrument was 
accurately calibrated and produced artifact free images of the retinal structures and 
blood flow. On the other hand, this instrument was not yet able to produce angio-
graphic images of the complete retinal and choroidal vasculature. In chapter 4 the 
results of a thorough literature search on the in vivo blood flow velocities within 
the posterior eye were therefore used to successfully modify the software of the 
OCT instrument for angiographic imaging via backstitched B-scans. In chapter 5 
the Doppler OCT angiography was even further refined by the minimization of eye 
motion artifacts with real-time eye tracking by auxiliary SLO hardware. The com-
bined technical achievements of all three chapters provided the angiogram quality 
that is needed for true non-invasive Doppler OCT angiography which is suited for 
clinical studies on vascular pathology.

In the work presented in this thesis the measured data was often optimized in 
post-processing to achieve the best results. Although computationally expensive 
and suffering from lengthy processing times the post-processing methods were 
able to bring the results close to the theoretical limits. This gave considerable in-
sight in the current hardware limits and provided a benchmark for further sys-
tem developments focused on real-time operation. In a clinical environment the 
real-time feedback of results is often desirable for smooth and flexible operation 
of the instrument by the (clinical) researcher. A first step towards this goal was 
achieved in chapter 6 with the implementation of custom made optical clocking 
hardware which replaced the software k-space mapping procedure described in 
chapter 3. In the future this can be complemented with optical triggering [1] to 
replace the complete software method of chapter 3 with hardware. Alternatively, 
the developed software post-processing methods can be accelerated for real-time 
performance by implementation on field programmable gate arrays (FPGAs) [2] or 
graphics processing units (GPUs) [3]. Especially the latter option drew the atten-
tion of the OCT community lately since it enables the real-time processing and 3D 
visualization of OCT data at multi-MHz A-scan rates [4,5]. GPU implementation 
might therefore be a good candidate for the real-time computation of the Doppler 
OCT angiography and PS-OCT post-processing methods presented in this thesis 
within a clinical setting.
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In summary, the development of the experimental clinical OCT instruments 
described in this thesis shows that it is not only important to achieve a good techni-
cal performance, but also to adapt the instrument to the sample under test and the 
clinical environment in which it is used.

7.2 Doppler OCT angiography

Chapters 3, 4 and 5 showed that angiography with phase-resolved Doppler OCT 
is a highly sensitive imaging modality for non-invasive visualization of the in vivo 
vasculature of the posterior eye. It was demonstrated that Doppler OCT angiog-
raphy provides clinically relevant information for the evaluation of RPE-choroid 
transplantation surgery (chapter 3) and for the detection of choroidal neovascu-
larizations in AMD (chapter 4). These findings are supported by other studies 
in which similar Doppler OCT angiography methods were found valuable for 
the detection and evaluation of diabetic retinopathy [6], AMD [7] and polypoidal 
choroidal vasculopathy [7]. Its non-invasive character, its capability to distinguish 
different vascular types in depth, and its high resolution that visualizes the micro-
vasculature makes Doppler OCT angiography a powerful tool for clinical investi-
gations on pathology. In comparison to traditional dye-based angiography tech-
niques Doppler OCT angiography in addition reduces the burden for the patient 
since no dye injections are necessary, thereby reducing the possibility of adverse ef-
fects. Doppler OCT angiography will therefore be more suitable for the screening 
of large populations and for frequent follow-up measurements during a detailed 
monitoring of disease progression.

It was shown in chapters 3, 4 and 5 that the combination of Doppler OCT 
angiography with SS-OCT in the 1050 nm wavelength range is suited to explore 
deeply located choroidal vasculature in detail, which in general is hard to do with 
dye-based techniques. Especially the visualization of choriocapillaris blood flow, as 
shown in chapter 5, forms an exciting new development with many potential clini-
cal implications. Several histological studies report that atrophy of the choriocapil-
laris is associated with RPE atrophy [8,9], that locations with reduced choroidal 
perfusion are more susceptible to form drusen (dry AMD) [10], and that changes 
in the choriocapillaris could be a cause of sub-retinal neovascularizations [9]. The 
ability to visualize the choriocapillaris with Doppler OCT angiography might pro-
vide similar information in vivo as shown by these studies ex vivo and could lead 
to an earlier and more accurate disease diagnosis compared to the current clinical 
techniques.

Considering the advantages of Doppler OCT angiography it is not unthink-
able that this technology will replace many dye-based angiography (FA and ICGA) 
procedures in the future. However, the detection of pathology with dye-based an-
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giography is often based on the visualization of fluid leakage (see also Fig. 4-11), in 
which the lack of proper blood flow might hinder Doppler OCT angiography in 
its performance. Nevertheless further development of Doppler OCT angiography 
techniques might also address this special condition. In a leakage the velocity of the 
blood is ultimately limited by the Brownian motion of the blood cells in its plasma. 
Although the random direction of particles that experience Brownian motion will 
make their in vivo detection with Doppler OCT angiography challenging, it might 
not be impossible to observe temporal signal changes when long detection time in-
tervals (chapters 4 and 5) and accurate eye tracking (chapter 5) are used. The idea 
that OCT can visualize in vivo Brownian motion of blood cells is further supported 
by studies that are already able to visualize and quantify particle diffusion with 
OCT. Promising results were shown for the measurement of Brownian motion in 
flow phantoms through analysis of temporal changes in the OCT intensity [11] and 
Doppler bandwidth distribution [12], and in vivo in the brain of anesthetized ani-
mals with dynamic light scattering OCT techniques [13,14]. In the future it might 
therefore be possible to extend Doppler OCT angiography with similar methods 
to visualize fluid leakage in the human retina in vivo. 

Angiography is only the beginning for a quantitative technique such as Dop-
pler OCT. Its exact physical modeling, as presented in chapter 2, makes Doppler 
OCT well suited for the determination of fluid flow velocities. However, in in vivo 
samples the unknown Doppler angle and possible phase wrapping in the phase-
resolved Doppler OCT signal pose potential problems for a correct velocity deter-
mination. A generic analysis was therefore proposed in chapter 4 to quantitatively 
assess the global amount of flow in whole tissue volumes regardless of these prob-
lems. Nevertheless, local flow velocities might be obtained when the Doppler angle 
is determined from the anatomical location of vessels in neighboring line B-scans 
[15], from enclosing circumpapillary B-scans [16], or from multiple simultaneous 
measurements with different incident angles [17,18]. These solutions however do 
not account for phase wrapping. As shown in chapter 4, phase wrapping is likely 
to occur for the high flow velocities in bigger vessels, especially when small vas-
culature is targeted with long inter-B-scan time intervals. A possible solution to 
this problem is the further development of the backstitched B-scan (chapter 4) to 
include multiple time intervals that are simultaneously or successively measured. 
The corresponding modeling of the phase wrapping effect into the Doppler OCT 
calculations might then enable quantitative flow measurements over a large veloc-
ity range. This potentially fulfills the requirements to simultaneously measure the 
local flow velocities for all the vascular types of the in vivo posterior eye.

It can be concluded from this thesis that Doppler OCT angiography provides 
an unprecedented angiographic imaging quality for the posterior eye, and has great 
possibilities for future improvements. Doppler OCT angiography has therefore 



151

7

D
iscussion and conclusion

the potential to outperform the current clinically used dye-based angiography tech-
niques and might replace them in the future.

7.3 Eye tracking

In order to obtain high quality clinical OCT data of the posterior eye artifacts due 
to eye motion need to be minimized or corrected. In chapter 5 this was achieved 
by combining a high-speed SLO instrument with the OCT setup to provide real-
time eye motion compensation. In the literature three methods are reported to 
minimize eye motion artifacts in OCT: real-time eye tracking [19,20], software cor-
rection of eye motion artifacts in post-processing [21,22], or extremely high-speed 
OCT that is relatively insensitive to eye motion [23]. Although it has been shown 
that all three solutions give satisfactory results in minimizing eye motion distor-
tions in recorded OCT data, only the real-time solution ensures the imaging of the 
same retinal location for a potentially unlimited duration. This can be of significant 
importance for in vivo functional OCT studies over long time periods like the mea-
surement of blood flow pulsatility during the cardiac cycle [24] or the observation 
of minute flow changes caused by Brownian motion [14]. Another noteworthy 
example is OCT optophysiology in which the retinal function is evaluated from 
changes in the OCT reflectivity on a time-scale of seconds after stimulation by a 
light flash [25]. In these studies it can be expected that real-time eye tracking will be 
vital in order to obtain accurate in vivo data.

In summary, real-time eye tracking significantly improves the quality of OCT 
imaging, and will open the door for the transfer of several experimental functional 
OCT methods from the laboratory into the clinic.

7.4 Polarization-sensitive OCT

A fiber-based PS-OCT system was constructed to perform polarimetry of fibrous 
structures within the in vivo retina as described in chapter 6, and was calibrat-
ed against system polarization distortions. The correction of polarization effects 
caused by the PS-OCT hardware significantly reduced the noise on the measured 
tissue polarization parameters. This encourages the fact that the correct tissue po-
larization parameters are measured despite of the complex polarization alterations 
that can be caused by single-mode fibers and small misalignments in bulk optical 
components. The presented correction method eases the single-mode fiber length 
restrictions against polarization mode dispersion that were used in previous PS-
OCT studies [26,27], and permits fiber lengths of several meters. This will simplify 
the future construction of clinical PS-OCT systems, especially when fiber-based 
sample interfaces, such as endoscopes, are used. In addition the correction method 
will make PS-OCT measurements more robust against polarization instabilities in 
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single-mode fibers that occur e.g. with changes in temperature [28,29] or through 
(small) mechanical bending and twisting [30].

Phase retardation is one of the main PS-OCT output parameters and accumu-
lates along depth in birefringent tissues. In order to evaluate the local polarization 
behavior, the birefringence (Δn in Eq. (2.19)) is often determined from the phase 
retardation by calculating the slope of the accumulating phase retardation along 
depth using a polynomial fit [31,32]. Although straightforward in its implementa-
tion this simple birefringence analysis can become less reliable when the thickness 
of a birefringent tissue layer becomes small. In addition birefringence variations in 
depth within the target tissue are neglected. These problems might be solved by 
modifying the Jones analysis that extracts the tissue parameters (section 6.4) to use 
the tissue directly above the location of interest as the reference polarization state 
instead of the retinal surface [33-35]. This modified analysis will obtain local val-
ues for the phase retardation from which the local birefringence can be calculated 
directly via Eq. (2.19). In theory this method therefore also works for thin tissue 
layers, provided that another tissue layer is located on top of it to act as a reference. 
Local polarization parameters will further make the interpretation of PS-OCT data 
more intuitive, since it enables the comparison of different tissue locations without 
having to take accumulative effects into account. It is expected that this will sig-
nificantly simplify the understanding of PS-OCT data for (clinical) researchers, and 
will lead to an increase in the use of PS-OCT for clinical studies.

One of the most promising clinical applications for PS-OCT in the posterior 
eye is the detection and monitoring of diseases that cause axonal damage in the 
RNFL, such as glaucoma and multiple sclerosis. The normal RNFL is strongly 
birefringent due to the high structural order of cytoskeletal proteins in the axons 
[36]. Axonal damage during the progression of aforementioned diseases reduces 
the structural order and consequently gives a lower birefringence. In glaucoma the 
detection of RNFL birefringence reduction in an early stage of the disease might 
potentially improve treatment and prevent (further) vision loss. To this day, scan-
ning laser polarimetry (SLP) is the only widely available clinical imaging technique 
to assess retinal phase retardation changes and was found suited for glaucoma 
screening [37]. Recently, it has been shown in an experimental glaucoma model 
that a reduction in the phase retardation as measured with SLP occurs earlier than 
RNFL thinning as measured with standard OCT, and varies stronger with disease 
progression [38]. In chapter 6 it was shown that PS-OCT provided similar phase 
retardation results in a healthy volunteer and a glaucoma patient compared to se-
quentially performed SLP measurements. Considering that PS-OCT is less suscep-
tible to the measurement of erroneous retardation patterns than SLP [39] and can 
provide local birefringence information as well as retinal layer thickness informa-
tion [31], PS-OCT is potentially more sensitive in the detection of early glaucoma 
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than SLP and standard OCT. PS-OCT might therefore give the possibility to diag-
nose glaucoma in an early stage with a minimal amount of axonal damage, which 
could lead to a more successful treatment of this disease.

It can be concluded from this thesis that a proper calibration makes PS-OCT 
measurements robust against distortions and noise induced by the system hard-
ware. The ability of depth-resolved imaging of (local) tissue polarization properties 
makes PS-OCT potentially more sensitive for the detection of pathology in the 
posterior eye than the current clinically used imaging techniques.

7.5 Thesis conclusion

OCT is a versatile optical imaging technique for non-invasive high resolution cross-
sectional imaging of the posterior eye. It was shown in this thesis that through ac-
curate setup construction and calibration state-of-the-art swept-source OCT can 
be used for non-invasive in vivo angiography and polarimetry of the retina, choroid 
and sclera. The proper correction of eye motion in real-time and accurate data post-
processing pushed these results towards a quality that is well suited to convincingly 
visualize pathology in patients. This prepared the functional OCT forms studied in 
this thesis, Doppler OCT and PS-OCT, for their future introduction into the clinic 
where hopefully comprehensive patient studies will solidify their importance.
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