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7.1  Introduction

A complex network of blood vessels within the 
retina and the choroid ensures the perfusion of 
the photoreceptors, ganglion cells, retinal nerve 
fiber bundles and other retinal tissues essential 
for the visual system. Because various retinal dis-
eases originate from pathologic changes in the 
local hemodynamics, localized blood flow mea-
surements could potentially serve as a disease 
biomarker.

Fluorescence angiography is the standard 
clinical tool for qualitatively visualizing the 
structure of the blood vessel network in the back 
of the eye. Early detection of perfusion-related 

diseases, monitoring disease progression, and 
evaluating the effectiveness of therapeutic inter-
vention, however, could potentially be improved 
by robust methods for quantifying blood flow 
dynamics. Studies have shown the overall clini-
cal potential of quantitative flow measurements 
in retinal diseases like AMD [1], glaucoma [1–4], 
diabetic retinopathy [5, 6] and others. 
Consequently, a number of different techniques 
have been developed for this purpose and the 
individual strengths and weaknesses of the vari-
ous approaches have been discussed comprehen-
sively in previously published review articles [1, 
2, 7]. Despite progress, it remains difficult to reli-
ably quantify blood velocities within individual 
blood vessels using these existing techniques. In 
addition, some methods report rather complex 
hemodynamic parameters, which are not easily 
interpreted and often dependent on the specific 
measurement method employed. Measurement 
uncertainty and variation have even led to contra-
dicting study results in the published literature 
for the same disease and under otherwise similar 
conditions [7]. To date, no gold standard has been 
established for quantitative ophthalmic blood 
flow- and velocimetry.

Recently, OCTA became commercially avail-
able as a tool for qualitative, non-invasive, 3D 
visualization of the blood vessel network of the 
posterior eye. In research studies as well as in 
the daily clinical routine, OCTA is on the way to 
becoming an accepted imaging modality for the 
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diagnosis of retinal vascular disorders including 
neovascularization [8, 9] and retinal vein occlu-
sion [10]. Current clinical implementations of 
OCTA provide an almost binary discrimination 
between static tissue and blood vessels with suf-
ficient flow, and a very limited ability for flow 
velocity quantification. This makes OCTA espe-
cially applicable in clinical scenarios when ves-
sel perfusion drops out completely or when 
pathologic vasculature is growing into otherwise 
avascular regions of the retina. Statistical analy-
sis of the OCTA signal mainly focuses on 
numerically evaluating the qualitative vascular 
signal and local features in the microvasculature 
geometry as well as the area of extended isch-
emic regions [11, 12] and avascular zones. 
Although these analyses are sometimes termed 
‘quantitative OCTA’ in the literature, they are 
not based on actual quantitative OCT velocime-
try measurements of blood flow. Instead the out-
come of different established OCTA signal 
reconstruction algorithms is used in the analysis. 
As the visibility and detectability of blood flow 
can be highly dependent on the sensitivity of the 
specific OCTA algorithm [13, 14], these mea-
surements are again not easily comparable 
between different devices. In order to arrive at a 
consistent uniform metric for quantitative blood 
flow measurement in the future, a robust, easy to 
use, and reliable tool for clinical flow quantifica-
tion in the eye is in demand. OCT velocimetry 
holds the potential to meet these requirements 
using non-invasive measurements. The principle 
of OCT-based flow velocity measurements is 
straightforward; an incident OCT beam is scat-
tered from moving erythrocytes within retinal 
vessels (Fig.  7.1) and by carefully controlling 
the spatial and temporal sampling of repeated 
measurements the underlying blood velocity can 
be derived from the modulation of the back-scat-
tered signal.

This chapter describes the current status of 
quantitative OCT-based velocimetry methods for 
blood flow quantification. It builds upon the 
description of OCT and OCTA signal processing 
in Chaps. 3 and 6, respectively. In the first part of 
this chapter, the motivation and potential for 
OCT-based retinal flow measurements in clinical 

research and practice is discussed. The subse-
quent part of the chapter summarizes different 
methods for flow quantification. These methods 
are organized by the component of the scattered 
signal that is analyzed: phase-based methods, 
amplitude-based methods, and complex-signal 
based methods that simultaneously use both 
phase and amplitude.

7.2  Clinical Potential for OCT- 
Based Retinal Blood Flow 
Measurements

Measurements of retinal blood flow have been 
employed in ophthalmic clinical research over 
the last several decades in order to characterize 
hemodynamic regulation in healthy eyes and to 
assess its implications in eyes with retinal condi-
tions [16]. A diverse toolkit of pioneering techni-
cal approaches has been used in these studies 
[7], including scanning laser Doppler flowmetry 
[17, 18] and tracing dye concentration dynamics 
over time with fluorescence angiography [19]. 
However, despite this tremendous investigative 
effort, no truly quantitative measurement of 
physical blood velocity or flow rate has yet made 
a successful and permanent transition into 
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Fig. 7.1 Schematic drawing of an OCT measurement on 
a blood vessel. The Doppler angle α is defined between 
the incoming OCT light beam and the direction of the 
flow velocity V. The incident light wave Ψi is partially 
reflected by the moving red blood cells into the scattered 
light wave Ψs. The blood cell velocity is derived by exam-
ining the modulation of the scattered light wave from 
repeated measurements in time. The figure is adopted 
from Braaf [15]
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 clinical practice. Instead, only qualitative hemo-
dynamic features are routinely assessed [20].

To some extent, the hesitation towards clinical 
acceptance can be explained by limited usability 
of some modalities, which inevitably diminishes 
measurement precision and accuracy in the busy 
clinic. Additionally, some quantification tech-
niques yield rather complex or only relative met-
rics that are mere proxies for the desired physical 
observables velocity (distance per time) and vol-
umetric flow rate (volume per time). The inter-
pretation of current measurements and the direct 
comparison between different methods is there-
fore difficult, especially considering the com-
plexity of physiologic hemodynamics in the eye. 
Blood flow is auto-regulated in combination with 
several other factors such as blood pressure and 
tissue oxygenation, while it also varies depend-
ing on retinal location and over time. Therefore, 
disentangling the influence of all involved factors 
requires reliable, comparable, and localized flow 
measurements. Due to this complexity and the 
lack of accurate measurement tools many of 
these factors have not been systematically 
assessed in clinical research studies so far. 
Consequently, this has led to a significant portion 
of conflicting study results about the influence of 
hemodynamics on pathologies such as diabetic 
retinopathy [16] and glaucoma [2, 4].

Since its commercial introduction into clinical 
ophthalmology in 2014, OCTA imaging has had 
an impressive impact on research and daily clini-
cal disease management (cf. Chap. 6). This is cer-
tainly due to its capability to noninvasively reveal 
the three dimensional (3D) volumetric structure 
of the retinal vascular network, while the mea-
surement itself is relatively easily accessible, 
fast, and robust. However, to some extent the suc-
cess of OCTA may also seem surprising as the 
interpretation of its resulting signal is not without 
problems. These issues include the impact of 
artefacts and also the qualitative signal character-
istics of this technology. Without exception, 
every current commercially available implemen-
tation of clinical OCTA aims at reliably discrimi-
nating locations of motion from static tissue 
within the OCT volume scan. However, the 
OCTA signal offers essentially no resolution with 

respect to blood velocity. Therefore, current 
OCTA imaging is almost blind to subtle changes 
in blood flow that occur either entirely above or 
below the sensitivity threshold of the angio-
graphic signal. This becomes quite obvious for 
instance, when considering the almost vanishing 
impact of the cardiac cycle on extended OCTA 
volumes. Several periods of diastole and systole 
are encoded into the sequentially acquired OCTA 
scans, but typically these variations cannot be 
differentiated in the resulting angiographic sig-
nal. The specific sensitivity threshold for the 
quasi-binary signal reconstruction task (i.e. 
dynamic vs. static), however, depends on the 
angiographic signal reconstruction algorithm 
employed and differs amongst the commercially 
available devices. Thus, regions of rather slow 
motion may be detected in one, while remaining 
unnoticed in another method, depending on their 
individual sensitivities to motion [21]. 
Nevertheless, there is increasing scientific and 
clinical interest in deriving statistical parameters, 
like vessel density and geometric features of cap-
illary networks, from such qualitative OCTA 
datasets and relating these metrics to retinal 
pathologies. Due to the mentioned differences in 
the available devices and OCTA signal recon-
struction techniques, such analyses will have to 
be cautiously interpreted in order to not produce 
apparently conflicting study results. Otherwise 
such results may, at least to some extent, under-
mine the emerging clinical acceptance and trust 
in this new imaging modality in the future.

In light of these apparent current limitations, 
supplementing qualitative OCTA imaging with 
additional quantitative OCT-based measurements 
in order to directly and reliably determine blood 
flow velocity and flow rate in absolute physical 
units seems a logical next step. Although it is 
unlikely that currently available clinical OCT 
hardware is capable of providing quantitative 
velocity measurements with the same field of 
view as qualitative OCTA implementations, 
localized quantification of blood velocity in a 
robust and easy-to-use OCT-based measurement 
has the potential to further support the interpreta-
tion of OCTA data. Such measurements could 
offer the potential to improve inter-device 
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 reproducibility, overall sensitivity, and the 
dynamic range of the OCTA signal. For true 
velocity measurements, the accuracy and preci-
sion of different devices could be directly 
assessed using independent validation techniques 
in vivo that may be more invasive or technically 
challenging, but can serve as an accepted gold-
standard for initial validation [22, 23]. Given the 
additional ability of OCTA to accurately deter-
mine vascular geometry in 3D and therefore also 
the localized cross-section of individual vessels, 
the direct conversion of measured velocity to 
volumetric flow rate is readily available in this 
technique.

Although it is difficult to confidently predict 
the future importance of quantitative blood flow 
measurements in clinical ophthalmology, flow is 
generally considered to be an important variable 
in the characterization of the eye in health as well 
as at the onset and progression of disease:

Healthy eyes—Due to the 3D spatial resolu-
tion of OCT, flow measurements could, in prin-
ciple, be ascribed to individual and distinct retinal 
capillary plexuses. Such networks have been 
defined histologically and can also be identified 
and discriminated in OCTA data. Even in healthy 
eyes, however, a large variability of blood veloc-
ity and flow measurements in the retina has been 
reported. This is partly due to the different tech-
nical methods that have been used for deriving 
the measurements, but also to contributions from 
confounding factors such as intra-ocular pres-
sure, blood pressure, and the amount of oxygen 
supply. This variance makes a meaningful char-
acterization of hemodynamics challenging and 
suggests that robust velocity measurements will 
require new instrumentation and possibly meth-
ods for controlling for extraneous physiological 
variation.

Glaucoma—Although a reduction of retinal 
blood flow in glaucoma patients has been 
observed, the precise role of vascular distur-
bances as a cause or result of the disease remains 
controversial [3, 4]. However, as intraocular pres-
sure (IOP) is currently the only treatable risk fac-
tor in glaucoma, the potential for interventions in 
blood flow as an additional therapeutic option in 
the future is certainly compelling. Additionally, 

in some scenarios vascular irregularities may pre-
cede structural changes in the eye and could be 
used as a marker for early diagnosis and progres-
sion monitoring. These hypotheses are especially 
plausible in progressing cases of primary open 
angle glaucoma, where intra-ocular pressure has 
already been lowered therapeutically, or in nor-
mal tension glaucoma. Here, the disease state 
may be progressing despite having IOP in the 
normal range of 12–22 mmHg, which currently 
leaves no further viable options for therapeutic 
intervention.

Diabetic retinopathy (DR)—Earlier studies 
reported both increased as well as decreased reti-
nal blood flow in early DR [5]. Since the clinical 
admission of OCTA devices, ischemic regions 
have been quantified and characterized based on 
their resulting OCTA signal [12]. As discussed 
above, the introduction of OCT-based quantita-
tive physical flow measurements will ultimately 
help improve the device independent reproduc-
ibility of the derived parameters for ischemia. 
Additionally, the improved sensitivity and greater 
dynamic range holds the potential to reliably 
detect even subtle changes at the onset of the reti-
nal disease.

Age related macular degeneration 
(AMD)—The observation of flow alterations in 
dye-based fluorescence angiography, especially 
in the choriocapillaris and choroid, has been 
associated with AMD [1]. As the choriocapillaris 
provides metabolic support for the retinal pig-
ment epithelium (RPE), such alterations in blood 
supply could explain some of the observed patho-
logic manifestations of AMD such as drusen in 
its nonexudative form, as well as the develop-
ment of choroidal neovascularization (CNV) in 
exudative AMD. Both the choriocapillaris and 
the choroid are located below the highly reflec-
tive RPE. Therefore, using OCT it will be more 
challenging to collect sufficient signal strength 
for reliably reconstructing blood velocity from 
below an intact RPE compared to the vascular 
networks located in the inner retina.

Provided that accurate and precise flow mea-
surements can be achieved with OCT, we anticipate 
that this new capability has the potential to become 
a very useful tool that can characterize retinal hemo-
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dynamics and derive associated biomarkers for 
various diseases. Along that path, this new clinical 
technique could help to resolve apparent conflicting 
results that emerged in previous studies using other 
measurement approaches. Additional potential lies 
in combining quantitative flow measurements with 
oximetry data in order to build a comprehensive and 
coherent understanding of the hemodynamic regu-
latory system in the future.

7.3  Measuring Blood Flow 
with OCT

7.3.1  Phase-Based Methods

In this section, we discuss OCT flow quantifica-
tion methods that are based on the detection of 
signal phase or frequency changes that occur 
between successive OCT measurements on mov-
ing scattering particles. These methods are pub-
lished in the literature under a variety of names 
including ‘Doppler OCT’, ‘phase-resolved OCT’ 
and ‘joint spectral and time domain OCT’.

7.3.1.1  Theory
In OCT, frequency changes from axial scattering 
particle motion, parallel or antiparallel to the 
propagation direction of the illumination light, 
are observed within the interference term of the 
detector signal. Under the simplifying assump-
tion of a single scattering particle, reflecting light 
at the axial position zS in the OCT interferometer 
sample arm and a fixed interferometer reference 
arm length zR, the resulting interference signal at 
the detector will show the dependency:
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Hence, the oscillatory intensity signal Idet(k) is a 
function of the wavenumber k with modulation 
frequency ωs. Axial motion of a scattering particle 
will change zS and therefore ωs in repeated acquisi-
tions, accordingly. This change in the modulation 
frequency due to axial motion can be observed in 
and extracted from the OCT signal [24].

Standard practice in Fourier-domain OCT 
(FD-OCT) processing is the transformation of 
the k-dependent intensity signal into a depth 
dependent (zS-dependent) complex signal via 
Fourier transformation. The (small) change in the 
axial position of moving scattering particles 
changes ωs in Eq. (1) and manifests in a phase 
change in the transformed complex signal from 
sequential measurements [25]:
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with n as the refractive index of the medium, τ 
as the time difference between repeated mea-
surements, V as the scattering particle velocity, 
λ0 as the central wavelength of the OCT light 
source and Doppler angle α as the angle between 
the light propagation and the flow velocity 
directions as illustrated in Fig. 7.1. The Doppler 
frequency shift associated with the particle 
motion can be calculated from the phase change 
∆φ of Eq. (2) as:
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Equations (2) and (3) indicate that the Doppler 
frequency shift is proportional to the projected 
axial component of the velocity vz along the inci-
dent beam direction, vz = V cos α.Consequently, 
only when the Doppler angle α is known, the 
actual flow velocity V be calculated [26].

The improvement in acquisition speed intro-
duced by FD-OCT enabled the in vivo volumetric 
measurement of axial velocities in the retina [27–
30]. The OCT phase change ∆φ measured from 
within individual blood vessels as shown in 
Fig.  7.2a visualizes both the direction and the 
magnitude of the axial velocity component of 
blood flow that is either parallel or antiparallel to 
the incident OCT beam. In addition the dynamics 
of the cardiac cycle in arteries and veins can be 
observed (Fig. 7.2b).

The dynamic range of this measurement is 
defined as the ratio of the maximum and  minimum 
detectable signal. In Doppler OCT the maximum 
signal is given by the velocity at which the phase 
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difference is still uniquely identified. The phase 
is cyclic and restricted to the range [−π, +π) 
radian. Flow velocities that correspond to larger 
phase differences outside this range are wrapped 
back into the original interval and cannot be 
uniquely identified anymore. Although phase 
unwrapping algorithms can be used to extend the 
velocity range, in practice these methods are 
often difficult to implement in a sufficiently 
robust way [31, 32]. Without phase unwrapping, 
the maximum detectable velocity is associated to 
a phase difference of ±π and given by:
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The minimum detectable signal is determined 
by the noise level of the measurement. The over-
all phase noise has two main contributions: shot 
noise and positioning error. Shot noise is deter-
mined by the optical power in the interferometer 
reference arm [33]. Regarding positioning error, 
in order to measure the phase shift or Doppler 
frequency each sample position has to be mea-
sured at least twice. A beam displacement 
between these two sequential scans causes a vari-
ation in the ensemble of illuminated scatterers. 
This rigid bulk sample displacement, for instance 
caused by whole sample motion or inaccurate 
beam positioning, can in general be decomposed 

into an axial and a lateral component. Bulk dis-
placement can be compensated in post- processing 
to some extent only and any remaining position-
ing error Δx, relative to the beam spot diameter, 
leads to an additional contribution to the overall 
phase noise [28, 33, 34]. Blood flow perpendicu-
lar to the beam direction can also be seen as a 
localized lateral displacement of the measured 
sample and therefore contributes to or even domi-
nates this noise term for significant lateral flow. 
The two phase noise contributions are statisti-
cally independent and their combined impact on 
the overall standard deviation σn of the phase 
shift statistics can be expressed as [33, 34]:

 
s s sn SNR x= +2 2
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where σSNR describes the shot noise contribution 
and σΔx describes the positioning error contribu-
tion to the phase noise respectively.

A schematic illustration of possible Doppler 
phase shift measurements for different (axial) 
flow velocities is shown in Fig.  7.3. The signal 
from static tissue forms the background noise 
floor from which flow signals are differentiated, 
and is denoted here as the gray phase noise prob-
ability density function p with standard deviation 
σn. For flow signals, p gets phase shifted propor-
tional to the mean axial flow velocity parallel to 

a b

Fig. 7.2 (a) Single frame from a movie showing the 
repeated acquisition of structural (top) and bi-directional 
axial blood flow (bottom) B-scans in the retina. Delineated 
regions in the flow image indicate: a—artery, v—vein, 
c—capillary, d—choroidal vessel. (b) Integrated flow sig-

nal over time for an artery and a vein. The dynamics of the 
cardiac cycle are visible as a temporal pulsation. Reprinted 
from White et  al. [28], with permission of The Optical 
Society (OSA)
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the incident OCT beam (Eq. 2) and its width is 
further broadened by the lateral flow component 
perpendicular to the beam. Three possible flow 
signals are indicated in Fig. 7.3 by distributions 
centered on an average phase shift (θj) (j = 1, 2, 
3). A weak flow signal (θ1 in green) can overlap 
significantly with the static tissue background 
noise. In this case the flow signal cannot be easily 
distinguished from the background. On the other 
hand, a significantly strong flow (θ2 in red) can be 
completely differentiated from the background 
noise. As long as this probability density function 
is still within the [−π, +π) range, the velocity can 
be correctly quantified. If the velocity is too high 
(θ3 in blue) the distribution can shift partially or 
fully outside the [−π, +π) range. In this case, 
exceeding phase shift values are wrapped 
across  the periodic interval boundaries and 
appear on the opposite side of the range (θ3

′). 
This makes the flow quantification prone to 
errors, since the flow velocities can appear higher 
or lower or even change in directionality.

7.3.1.2  Application to Retinal Imaging
As shown in Eq. (2), the unambiguous recon-
struction of the velocity of moving scattering 
particles requires additional knowledge of the 
direction of their motion as given by the Doppler 
angle α. In the following paragraphs, four quan-

titative Doppler flow methods are presented that 
calculate the true flow velocity from the axial 
velocity component by either estimating α, or 
by an α-independent Doppler signal acquisition 
and analysis. Afterwards, an alternative Doppler 
method is discussed that includes a more 
detailed analysis of the Doppler frequency dis-
tribution to separately determine the axial and 
lateral velocity components. This method might 
be especially interesting for blood vessels at 
close to perpendicular orientation to the OCT 
incident light—a typical scenario in retinal 
applications—since it is able to measure the lat-
eral flow component.

Circumpapillary Scan
As OCT is a volumetric imaging modality, under 
certain conditions it is possible to reconstruct 
blood vessel orientations (corresponding to the 
Doppler angle α) in three spatial dimensions 
directly from the OCT dataset. This can be done 
most reliably for large vessels with a significant 
axial flow component, such that the Doppler sig-
nal is clearly above the level of the residual phase 
noise. These conditions are most reliably met 
within the peripapillary region where the central 
retinal artery and vein are located. Wang et  al. 
[35] demonstrated a measurement based on mul-
tiple circular scans of the circumpapillary region 

Fig. 7.3 Schematic illustration of the probability density 
functions for Doppler phase shifts measured for static tis-
sue (gray) and for three different (axial) flow velocities 
within the phase range [−π, +π). The static tissue back-
ground noise has a probability density function p with 

standard deviation σn. Flow measurements sampled from 
distribution θ1 (green) cannot be easily distinguished from 
noise, θ2 (red) can be measured at its true value, while θ3 
(blue) is affected by phase wrapping and therefore prone 
to errors
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at two different radii (Fig. 7.4a). The difference 
of the radii is chosen small enough that the vessel 
segments recorded on those circles can be 
assumed straight across this distance. An exam-
ple of the measured Doppler phase shifts in one 
circular scan is illustrated in Fig. 7.4b. Based on 
their change in axial location between the OCT 
images obtained at both radii and the difference 
in the radii of both scans, an estimate of the 
Doppler angle α can be calculated. Together with 
the directly measured axial velocity component 
vz, the true velocity can be determined. In addi-
tion, if the surface perpendicular to the flow 
velocity is also calculated, the flow velocities can 
also be converted into flow rates within the cross 
sections of the vessels.

En Face Plane Doppler OCT
Quantitative Doppler flow measurements from 
cross-sectional OCT scans have the disadvan-
tage that they require the explicit calculation of 
the Doppler angle. Alternatively, quantitative 
Doppler flow calculations can be performed on 
three-dimensional OCT datasets without the 
need for explicit angle calculations. While the 
measured axial velocity component is scaled by 
the cosine of the Doppler angle cosα, the cross- 
sectional area of a blood vessel in an en face 
image plane (the lateral plane) will scale 
inversely due to its angled orientation by 
1/|cosα| [36]. These two effects therefore can-
cel when integration is performed in the en face 
plane of the three- dimensional OCT dataset and 
quantitative flow information can therefore be 
obtained without explicit knowledge on the 
Doppler angle.

Multiple Beam Doppler OCT
As large vessels branch out and extend from the 
optic nerve head through the retina, their diameter 
becomes smaller and the vessel orientation is 
harder to extract from OCT measurements. Hence 
several methods have been developed that do not 
require vessel orientation, but are able to reveal 
flow velocities in each individual voxel of an OCT 
scan directly. A prominent example is the detec-
tion and/or illumination with multiple beams, as 
for instance three-beam illumination [37].

In multi-beam methods a fixed angular separa-
tion is used between the illumination and detection 
beams. This type of beam configuration ensures 
that one or multiple beams will have a significant 
Doppler angle with the target blood vessel, and 
problems with perpendicularly oriented vessels are 
therefore mitigated. The undilated pupil typically 
limits the lateral displacement of the illumination 
and detection beams to 2 mm on the cornea and 
consequently restricts the angular beam separation 
on the retinal surface to be within ±2.4° from the 
perpendicular. Although these Doppler angles are 
relatively small, together with proper calibration, 
accurate Doppler velocity and flow measurements 
can be obtained from the axial velocity compo-
nents and the known angular differences between 
the beams. The primary disadvantage of this 
approach is that a complex apparatus is required to 
generate the multiple beams and this complexity 
may not be suitable for clinical instruments.

The three-beam illumination method was used 
to characterize the dependency between vessel 
diameter and flow velocity for arteries and veins 
which showed a linear dependency (Fig. 7.5) [37]. 
It was concluded from this study that the retinal 

a b

Fig. 7.4 (a) Illustration of the path of two circular scans 
with different radii around the optic nerve head. (b) 
Doppler OCT image with grayscale display of the Doppler 
phase shifts. The image extends from 0° to 360° around 

the optic nerve head. The dark and bright spots in the ret-
ina indicate the flow in opposite directions within the 
large retinal vessels. Reprinted from Wang et al. [35]
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blood vessels seem to be configured to slow down 
red blood cells when they approach the capillaries 
where oxygen is exchanged with the tissue.

Digital Filtering in Full Field OCT
Following the idea of multiple illumination and 
detection directions in order to mitigate the depen-
dence of the phase shift measurement on the 
Doppler angle, another approach based on Fourier 
Optics has been developed [38]. This approach 
uses the concept that the light field in one focal 
plane of an ideal focusing lens and the light field in 
the opposite focal plane are Fourier pairs. Using 
this concept, it is possible to perform a two dimen-
sional Fourier analysis of an OCT volume that 
provides, in post processing, digital reconstruc-
tions of OCT volumes as if illuminated and 
detected by multiple different and linearly inde-
pendent beams. This approach, however, relies on 
phase stable OCT volumes that have to be acquired 
at sufficient speed to avoid major artifacts from 
sample motion in vivo. This is not achievable with 
currently available hardware for point scanning 
OCT devices, where each lateral position is 
acquired sequentially. Rather the parallelized 
approach of full-field swept-source OCT (FF-SS-
OCT) needs to be employed [39, 40]. Instead of a 
rapid sweep over the light source bandwidth and a 
data acquisition of one A-line location per sweep, 

the full field of view is captured with a high frame-
rate 2D camera at a series of wavelengths while 
slowly sweeping the light source, resulting in an 
effective A-line rate of about 39 MHz [39, 40]. The 
high volume acquisition rate and the phase stabil-
ity over the full volume are necessary for the suc-
cessful acquisition of phase stable OCT volumes 
using FF-SS- OCT. Unfortunately the use of a spa-
tially coherent light source in such instruments 
greatly increases the detection of multiply scat-
tered light, limiting the usable image depth. In 
addition, due to the slow wavelength sweep, 
patient motion that would not affect point scan-
ning clinical systems can degrade the FF-SS-OCT 
image quality [39, 41, 42].

Nevertheless, an experimental realization of 
this method was demonstrated for in vivo retinal 
flow measurements to create velocity maps and 
for tracking the thermal expansion of excised 
porcine retinas [40] (Fig.  7.6). Once repeated 
volumetric scans were acquired, the illumination 
directions could be chosen freely in post- 
processing within the range of acquired wave 
vectors. As seen in Spahr et al. [43], retinal ves-
sels produce artifacts due to the slow wavelength 
sweep and multiply scattered photons, which 
suggests that the applicable velocity range of this 
technique is limited to a smaller velocity range 
than the techniques discussed earlier.
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Fig. 7.5 Mean velocity versus vessel diameter as mea-
sured with three-beam Doppler OCT. Left: venous veloc-
ity. Right: arterial velocity. Filled area: 95% confidence 
interval of the fit. The results show a linear relation 

between the vessel diameter and the flow velocity. 
Reprinted from Haindl et al. [37], with permission of The 
Optical society (OSA)
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Analysis of the Doppler Frequency 
Bandwidth
All previously introduced methods for phase- 
based flow quantification measured a Doppler 
signal that is for the greater part related to the 
axial velocity. If the axial velocity is very small 
due to a nearly perpendicularly oriented vessel, 
the required measurement accuracy of the 
Doppler angle α to extract a meaningful flow 
velocity becomes prohibitive. In the human retina 
this aspect becomes extraordinarily challenging 
for blood vessels far away from the optic nerve 
head that are oriented along the retinal surface. 
These vessels typically have a Doppler angle that 
is almost perpendicular to the incident beam 
direction. To overcome this limitation, a different 
approach can be employed that utilizes the effect 
of lateral sample motion to the phase or fre-
quency of the OCT signal.

The OCT phase shift and corresponding 
Doppler frequency resulting from scattering par-
ticle motion are random variables for which the 
means are given in Eqs. (2) and (3), respectively. 
Motion, however, not only impacts the mean of 
the corresponding statistical distribution of these 
measurements, but also by its width. Local lateral 
and axial blood flow components broaden the 
distributions (cf. Eq.  5). Bouwens et  al. [44] 
quantified this effect in detail and derived rela-

tions between the mean and the variance of the 
Doppler frequency distribution for different 
modes of the illumination beam and detected 
light for low to high numerical apertures. For 
ophthalmic systems, Gaussian beam profiles and 
low numerical apertures can be assumed. The 
mean of the frequency distribution is then 
expressed by Eq. (3) (with vz = V cos α) and the 
variance is given as:
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In Eq. (6) k0 is the central wave number, 
v v vT x y
2 2 2= + , w0 is the beam diameter at the 

entrance pupil, and f is the focal length. The 
parameter lc  =  1/(nkσ) is the coherence length 
with the spectral bandwidth kσ. It can be appreci-
ated from Eq. (6) that the Doppler frequency 
bandwidth will be broadened by the influence of 
lateral as well as axial motion [44, 45].

The above mentioned characteristics made 
this technique easier to use in situations where 
samples can be fixed, e.g. as in optical coherence 
microscopy, but the suitability for retinal mea-
surements has so far not been established. The 
first demonstrations to determine axial and lateral 
velocities were done in phantom measurements 
(Fig. 7.7, here only lateral velocities shown). A 

a b

Fig. 7.6 (a) Structural image of ten averaged B-scans 
from an FF-SS-OCT system. The slow wavelength sweep 
and multiple scattered photons from large blood vessels 
create artifacts in the image [43]. (b) The same setup was 
also used for flow velocity measurements in retinal ves-

sels at two different time points at 535  ms (upper) and 
1340  ms (lower). It is possible to differentiate between 
fast and slow flows, and to observe cardiac cycle pulsation 
over time. Reprinted from Spahr et  al. [43], © Georg 
Thieme Verlag KG
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glass capillary tube was connected to a syringe 
pump. To mimic the properties of a scattering 
fluid a solution of polystyrene beads was pumped 
through the capillary with a constant flow rate. 
Parabolic profiles were fitted to the measured 
velocities (a) and the derived maximal velocities 
were plotted against set velocities by the syringe 
pump (b). The results show a close representation 
of the expected values.

7.3.2  Amplitude Based Flow 
Quantification

Conventional Doppler OCT techniques as dis-
cussed above rely on the OCT signal phase for 
flow velocity quantification. These methods have 
proven accurate under the conditions that the 
Doppler angle is known and significantly away 
from perpendicularity, and that the lateral compo-
nent is small enough to enable meaningful phase 
differences to be measured. It can, however, be 
challenging to fulfill these requirements in  vivo, 
not only because the OCT system has to be config-
ured to achieve phase stability, but most impor-
tantly because flow velocities in retinal vessels 
away from the optic nerve are dominated by the 
lateral velocity component. Amplitude- based 

methods try to address these drawbacks by analyz-
ing the fluctuations of the OCT signal in response 
to the finite transit time of the scattering particles 
as the flow passes through the illumination beam.

OCT is a coherent technique and as such it is 
inherently subject to speckle. This phenomenon 
arises from the coherent superposition of light 
scattered from multiple points within a sample in a 
similar fashion to speckle observed in ultrasound 
images. The OCT signal at a given location in the 
sample is a complex value F (the OCT complex 
amplitude), and is the result of the superposition of 
phasors due to the signal from each scattering par-
ticle inside the OCT resolution volume. Assuming 
a random distribution of scatterers, the statistics of 
the speckle amplitude are described by a random 
process. As particles move due to their flow veloc-
ity, a subset of scatterers moves out of the OCT 
probing volume, a new subset moves into it and a 
fraction remains. This continuous process pro-
duces a change in the coherent phasor sum as a 
function of time, and therefore the complex value 
of the tomogram at a given location.

The squared magnitude of the phasor sum is 
the OCT intensity I, which is generally displayed 
on a logarithmic (or another nonlinear) scale to 
show the structural OCT image. The intensity 
fluctuations also follow specific statistics linked 

a b

Fig. 7.7 Depth profiles at the center of a capillary 
(α  =  81°) measured from the Doppler frequency band-
width with extended focus OCM (xfOCM). (a) The lateral 
flow component measured for different flow rates. 
Parabolae are fitted to the measurements, assuming V = 0 
at the capillary wall. (b) The maxima of the parabolae are 

extracted and compared with the expected velocity as set 
by the syringe pump under laminar flow conditions. Error 
bars represent standard deviation over ten measurements. 
Reprinted from Bouwens et al. [44], with permission of 
The Optical Society (OSA)
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to the fluctuations of F, and carry information 
about particle flow as well. The square root of I, 
the OCT amplitude, also presents a similar rela-
tionship. For this reason we refer to all these 
techniques as amplitude-based velocimetry.

In general, the faster the particles are replaced 
inside the OCT probing volume due to their flow 
speed, the faster the complex amplitude and 
intensity signals will fluctuate. Amplitude-based 
velocimetry links the dynamics of these fluctua-
tions to the flow velocity, as we will see in the 
following sections. It is important to note that 
amplitude velocimetry techniques in OCT are 
less mature than phase-based methods, in part 
due to challenges in the correct interpretation and 
analysis of the data, as well as due to different, 
although potentially simpler, implementation at 
the hardware level. We start this section consider-
ing the statistics of the fluctuations of the com-
plex amplitude, and later we continue with 
focusing on intensity fluctuations.

7.3.2.1  Complex Amplitude: Dynamic 
Light Scattering Optical 
Coherence Tomography

Dynamic light scattering optical coherence 
tomography (DLS-OCT) provides a comprehen-
sive model for the OCT complex-valued signal 

and its temporal evolution in the presence of 
moving scatterers, like red blood cells in vascular 
flow. DLS-OCT represents a well-validated link 
between the OCT signal and moving scatterers in 
a single scattering regime.

The first-order autocorrelation function of the 
complex-valued OCT signal is calculated as 
[46–50]

 
(1) *ˆ ˆ ˆ( , ( , ( , 0) ,) = )g z F z F zt t

 
(7)

where F represents the complex backscattering 
signal of the sample at depth ẑ , 〈…〉 represents 
an ensemble average, and  ∗ the complex conju-
gate. F is given by the Fourier transform of the 
fringe signal [51]. We define the axial propaga-
tion direction of the beam as z, and the lateral 
plane dimensions as x and y, and the flow veloc-
ity vector as (vx, vy, vz). The autocorrelation of a 
signal compares its amplitude at variable time 
differences τ and thus provides information on 
the typical time scale at which previous signal 
values still influence the present signal. Equation 
(7) is customarily normalized by a factor 

( ) 2
ˆ1/ ,0< >F z , such that when the signal is per-

fectly correlated g(1) = 1, and when the signal is 
totally decorrelated g(1) = 0. The normalized g(1) is 
approximately given by [51]
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where all F() functions are positive and define 
different contributions to the decay of the corre-
lation of the signal with τ [50]. FD is related to the 
familiar Doppler term that has been discussed 
before in Eqs. (2) and (3) and is part of the only 
imaginary exponent, FB a Brownian motion term 
with diffusion constant D, FG a gradient term, 
and Fx, Fy, Fz velocity terms [51]. Terms that con-
tribute comparatively little to the decorrelation 
have been omitted here [50]. Under normal flow 
conditions, also the Brownian motion contribu-
tion can be ignored, and gradient and velocity 
terms dominate.

Figure 7.8a shows a representative g(1)(τ) cal-
culated from an OCT flow signal. The amplitude 
is shown in grey, exhibiting a Gaussian decay 
with τ. If an isotropic resolution volume is used 
and the flow velocity is mostly perpendicular to 
the OCT beam, the amplitude decay is insensitive 
to the flow direction and directly related to the 
total flow speed. Gradient effects play a role 
when axial flow is present and destroy the direct 
relationship between decay and total flow speed. 
The phase, in purple, shows a linear decrease 
with τ (with phase wrapping effects), and its evo-
lution is directly linked to the axial velocity of 

B. Braaf et al.



173

the scatterers. Not only the phase information is 
directional, but also a change in the sign of the 
axial velocity reverses the sign of the phase 
evolution.

g(1)(τ) contains a wealth of information about 
scatterer motion and provides insights into the 
behavior of not only complex-amplitude velo-
cimetry, but also phase methods. In Fig.  7.8b, 
inverse Fourier transformation of g(1)(τ) provides 
the power spectrum of the OCT signal. The loca-
tion of the peak (what is generally called the 
Doppler peak) is given by the phase slope in 
g(1)(τ). The broadening of the peak, which is mea-
sured in Doppler variance, is dependent on all the 
contributions to the decorrelation in Eq. (8), 
including lateral flow and axial gradients. This 
explains the sensitivity of Doppler variance to 
lateral flow, and makes evident the need to also 
incorporate gradient effects into the Doppler 
variance framework for accurate velocimetry.

In practice, flow data is acquired by recording 
B-scans with a slow lateral scanning or by record-
ing M-mode scans without lateral scanning at 
multiple locations. The complex-valued signal is 
then analyzed to calculate g(1)(τ), which is either 
used in a fit to determine the decay coefficients in 
Eq. (8) or analyzed to find a decorrelation rate. 

The decorrelation rate is then displayed in a two- 
dimensional cross-sectional speckle decorrela-
tion map (see Fig.  7.9a), with a corresponding 
structural image given by the intensity (see 
Fig.  7.9b). The decorrelation map can then be 
transformed into a flow speed map using Eq. (8) 
under many practical conditions.

7.3.2.2  Intensity: Speckle 
Decorrelation

Making use of the Siegert relationship, which 
states that under certain conditions 
g(2) = 1 + |g(1)|2 [50], we can transform Eq. (8) into 
the second order autocorrelation function for the 
OCT signal intensity I defined as,
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which describes the so-called speckle- 
decorrelation approach, also known as 
intensity- based DLS-OCT (iDLS-OCT). In this 
technique, only the fluctuations in intensity of 
the OCT signal (as shown in Fig. 7.9b) are ana-
lyzed using an autocorrelation approach, and 
the decorrelation rate is calculated. The main 
advantage of this technique is the fact that most 

a

b

Fig. 7.8 (a) Exemplary 
DLS-OCT curve from 
an OCT signal. The 
amplitude (grey solid) 
and the phase (purple 
dashed) as a function of 
time difference. The 
upper pair represents a 
sample at moderate flow 
while the lower pair 
corresponds to fast flow. 
(b) The Fourier pair of 
g(1)(τ) shows the Doppler 
peak as generally 
visualized in Doppler 
OCT. The location of the 
peak is given by the 
phase slope in g(1)(τ), 
while its width is related 
to the g(1)(τ) decay
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clinical wavelength-swept source OCT systems 
are not phase stable, and therefore cannot be 
used for acquiring DLS-OCT data. In contrast, 
phase instability does not affect the decorrela-
tion of the intensity signal, and therefore iDLS-
OCT data can be acquired with any OCT 
system. Similarly to the g(1)(τ) decay, there is no 
directionality information in speckle decorrela-
tion. With some transformations to account for 
Brownian motion and flow gradients, the decor-
relation time is approximately inversely pro-
portional to the flow speed when no significant 
axial component of the flow is present, which is 
precisely the case for retinal flow away from 
the optic nerve head [52, 53].

There are important practical considerations 
regarding the use of amplitude-based methods. 
Because the quantification lies in the decay of the 
autocorrelation function, such decay has to be 
properly sampled. This means that the temporal 
resolution of the OCT system, corresponding to 
the revisiting time of the scanning paradigm, has 
to resolve the decorrelation rate of the flow and 
other system parameters. If there is insufficient 
time sampling, we move into the realm of tradi-
tional OCT angiography techniques which do not 
sample the decay in case of flow, but only distin-
guish between moving particles and static tissue 
in an effectively binary way.

A different take on the amplitude decorrela-
tion techniques consists of analyzing the proper-
ties of the members of the ensemble in Eqs. (8) 
and (9) instead of taking the ensemble average. 
This is in essence the principal component analy-
sis (PCA) presented by Mohan et  al. [54] 
Experiments on phantoms showed the potential 
for flow velocity quantification of this method 
with a reduced number of data points. In addi-
tion, analysis of in vivo blood flow in a mouse ear 
showed good agreement with conventional OCT 
Doppler measurements. These properties make 
this method attractive for quantitative retinal flow 
imaging, but further studies are needed to dem-
onstrate its applicability.

DLS-OCT and its derivatives have significant 
potential to provide detailed information in reti-
nal blood flow. However, most validations have 
been carried out in conditions that are far from 
those present in retinal flow, such as using solu-
tions where single scattering is dominant, or 
using solid phantoms. Although there are publi-
cations with in vivo cerebral blood flow results, 
no in vivo retinal flow has been demonstrated yet. 
The most attractive property of DLS-OCT for 
ophthalmic imaging is the potential for blood 
flow quantification with a single imaging beam, 
without knowledge of the geometry or correc-
tions for Doppler angle.
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Fig. 7.9 Representative DLS-OCT measurement in a flow phantom setup. (a) Decorrelation analysis of the complex- 
amplitude tomogram. (b) Intensity tomogram acquired by a slow lateral scan
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7.3.2.3  Alternative Speckle 
Decorrelation Methods

In addition to the widely used speckle decorrela-
tion method described above, several noteworthy 
alternative methods have been developed with 
potential clinical use. These methods sit between 
fully quantitative decorrelation methods and 
OCT angiography: their time sampling is typi-
cally too sparse to sample the decay of large reti-
nal vessels, but sufficient to give a coarse degree 
of quantification for smaller vessels.

The split-spectrum amplitude decorrelation 
angiography (SSADA) algorithm [55] is similar 
to iDLS-OCT but uses the square root of the 
intensity signal and a modified normalization 
constant, and the axial resolution is reduced via 
spectrum splitting to perform averaging. Due to 
its relationship with the second-order autocorre-
lation function (Eq.  9), theoretically it has the 
potential for quantification of flow. However, all 
in  vivo retinal measurements so far have had 
insufficient temporal resolution to obtain mean-
ingful quantification. Tokayer et al. [56] showed 
that quantification could be achieved by increas-
ing the time sampling by analyzing M-mode 
scans with a static beam, which were performed 
on a blood infused capillary sample.

The assessment of OCT intensity decorrela-
tion at different time intervals also forms the 
basis for the variable interscan time analysis 
(VISTA) method of Choi et  al. [57]. In this 
method OCTA intensity decorrelation images are 
obtained at two time intervals with the longer 
interval (3.0 ms) at double the rescan time of the 
short interval (1.5 ms). This is in essence an auto-
correlation function with only two sampled time 
differences τ. This limited information is used to 
determine fast flows (those decorrelated at both 
time intervals) and a range of slow flows (those 
with different degree of decorrelation at both 
time intervals). This range is mapped to a color 
scale which provides information to qualitatively 
assess flow velocity differences between (capil-
lary) vessels [58]. An example of VISTA flow 
imaging is shown in Fig. 7.10 for a patient with 
polypoidal choroidal vasculopathy (PCV). 
Figure  7.10a, d show ICG images where the 
polyp could be clearly visualized with the bright 

periphery of the polyp indicating increased flow 
towards the polyp wall (arrow). The branching 
vascular network (BVN, marked by the dashed 
line) is visible but obscured by the fluorescence 
of vessels at different axial depths. In OCTA pro-
jections from different depths (Fig.  7.10b, e) it 
can be appreciated that the polyp is located in a 
more superficial layer than the choroidal neovas-
cularization. Figure 7.10c, f show VISTA images 
from the same depth as the OCTA projections. In 
Fig. 7.10b as well as Fig. 7.10c, it can be seen 
that blood flow in the outer part of the polyp is 
faster compared to its central part, which is in 
good agreement with the ICGA finding (inset 
Fig. 7.10d). The BVN (see inset Fig. 7.10f) pres-
ents relative slow flow compared to the regular 
retinal vessels. Although VISTA images could be 
a good qualitative aid in assessing retinal flow 
properties, the unknown temporal relation of the 
VISTA decorrelation signals and their limited 
time sampling currently limits the extension of 
this method into a full quantitative flow 
measurement.

7.4  Discussion and Conclusion

Noninvasive quantitative blood flow measure-
ments in the human eye hold the potential to 
provide new clinically relevant insights into 
retinal hemodynamics in health and disease. 
For its future integration into clinical practice, 
however, a robust, fast, and reliable measure-
ment will be required. Typical currently 
employed approaches for OCT-based velocim-
etry rely on analyzing modulations in either or 
both of the phase and amplitude of the complex 
OCT signal that is backscattered from moving 
red blood cells. While recent research yielded 
significant progress in each individual approach, 
all currently still also hold limitations and dif-
ficulties to be overcome in the future. Therefore, 
any of the methods may be superior in certain 
application scenarios and for imaging different 
locations of the retina, and a combination of 
different  methods may be most feasible for pro-
viding a truly versatile clinical measurement 
technique.
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Current clinically employed OCT technology 
does not yet offer the required temporal repeti-
tion rate and overall acquisition speed for 
repeated scans over extended retinal regions that 
would allow feasible quantitative velocimetry 
over comparable field of views that are typically 
employed in structural OCT and qualitative 
OCTA measurements. Independent of the spe-
cific analysis approach, the same moving blood 
cell has to be imaged repeatedly over multiple 
measurements, which dictates the minimum scan 
repetition rate as well as the minimum number of 
repeated scans at an individual vessel location for 
fastest and slowest flow, respectively. The physi-
ological change in flow rate across the heart cycle 

further complicates the situation and may addi-
tionally require imaging of individual vessels 
over more than a second to provide a comprehen-
sive signal. Nevertheless, localized measure-
ments of flow within a number of individually 
selected vessels, for instance around the optic 
nerve head, may already provide clinically useful 
information on current clinical device hardware. 
Future generations of OCT devices will certainly 
help mitigating these bottlenecks. Ultimately, the 
combination of quantitative retinal blood flow 
with oximetry measurements may contribute 
another important puzzle piece for the compre-
hensive understanding of the role of dysfunc-
tional metabolic supply in retinal disease.

a b c

d e f

Fig. 7.10 Figure adopted from Rebhun et  al. [58, 59]. 
Polypoidal choroidal vasculopathy (PCV) on VISTA- 
OCTA; red indicates faster blood flow speeds, and blue 
indicates slower speeds. Left eye of a 61-year-old woman 
with PCV. (a) ICGA showing the branching vascular net-
work (BVN) and polypoidal lesion. (d) Larger scale of the 
macular area documented by ICGA in (a) (white dashed 
line), with the BVN (white dotted line) and a polyp with 

bright periphery toward the polyp wall and dark center 
(white arrow). (b, c, e, f) OCTA images of the same eye, 
but projected from different axial depths (different seg-
mentation levels) capturing different components of the 
lesion. (b, c) Clearly shows the polyp with blood flow 
toward the polyp wall, but not in the center. (e, f) Clearly 
shows the BVN with relatively fast flow (see f). (c, f) are 
OCTA scans applying VISTA-OCTA
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