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Abstract: We show scanning dynamic light scattering optical coherence tomography (OCT)
omnidirectional flow measurements. Our method improves the velocity measurement limit over
conventional correlation-based or phase-resolved Doppler OCT by more than a factor of 2. Our
technique is applicable without a-priori knowledge of the flow geometry as our method works
both for non-zero Doppler angle and non-ideal scan alignment. In addition, the method improves
the particle diffusion coefficient estimation for particles under flow.
© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1.

Introduction

Dynamic light scattering optical coherence tomography (DLS-OCT) relies on the measurement
of fluctuations of scattered light and coherence gating to obtain simultaneous depth-resolved
information about diffusive and translational motion of particles. This information is extracted
from the temporal autocorrelation of the OCT signal for every voxel in depth. Initially, DLS-OCT
was used for particle sizing [1] where the particle size is determined from the estimated diffusion
coefficient using the Stokes-Einstein relation.
Flow measurements with OCT have been performed using phase-resolved Doppler OCT,
lateral resonant Doppler OCT [2], and M-scan correlation-based DLS-OCT [3–5]. The axial
velocity of Doppler OCT is limited by phase wrapping. In the correlation-based measurements,
the maximum transverse velocity is limited by the decorrelation rate, which depends on the
spatial resolution of the system [6]. The axial velocity range is limited by interference fringe
washout [7] and the coherence length of the source. When measuring the diffusion of particles
under flow, the decorrelation in the flow causes uncertainty in the estimated diffusion coefficient
[8], which, in case of high flows, cannot be measured at all.
In this work we apply beam scanning in DLS-OCT to improve the maximum measurable
velocity limit for omnidirectional flows. We extend the existing theoretical models [3,9] for the
OCT signal autocorrelation and incorporate the motion of the beam into it. We show that when
scanning the OCT beam in the direction of the flow, the dynamic velocity range is significantly
increased. We demonstrate that the B-scan correlation-based DLS-OCT method is capable of
measuring a far higher range of velocities than standard Doppler OCT, lateral resonant Doppler
OCT [2] or conventional correlation analysis (M-scan) with stationary beam.
2.
2.1.

Theory
Sample geometry

The geometry for OCT flow measurements is shown in Fig. 1(a). The propagation of the optical
beam is in the z direction. The flow is in a channel oriented at an angle α with respect to the x-y
plane. This angle can, due to refraction of the light, be different from the orientation of the flow
direction at angle θ. In general, we assume the flow to be laminar with transverse, vt (z), and axial,
vz (z), velocity components as a function of depth. Given a total flow v0 (z), the flow components
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are expressed as vt (z) = v0 (z) cos θ and vz (z) = v0 (z) sin θ. The OCT beam is a Gaussian beam
characterized by the waist w0 in focus, defined as a distance from the beam center where the field
amplitude is e−1 of its maximum value. The OCT beam can be scanned in the direction of the
flow with speed vb in the x-y plane. The 3D scan speed along the flow is vs , which, in general
(θ ≠ 0◦ ), is larger, than vb . The more general case of 3D flow measurements with scanning OCT
is shown in Fig. 1(b-d). Here φt is the angle between projections of the scan and flow vectors in
the transverse plane, and φz is the difference between the angles that the scan and flow vectors
make to their corresponding transverse projections.
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Fig. 1. Geometry of the flow and the scanning OCT setup. (a) The flow and the OCT beam
layout. (b) The flow vectors in the flow plane (blue) and scan vectors in the scan plane (red).
(c) The scan plane with scan vector and its transverse projection. (d) The flow plane with
flow vector and its transverse projection.

Quantitative OCT flow measurements have been performed with different techniques. Here we
discuss four different techniques, namely
• M-scan Doppler OCT
• B-scan Doppler OCT
• M-scan DLS-OCT
• B-scan DLS-OCT
where the last method is the new method developed by us.
2.2.

M-scan Doppler OCT

The most used method for measuring the axial flow velocity is phase-resolved Doppler OCT. Due
to the Doppler effect, the frequency of light scattered from a particle undergoing axial motion is
shifted. The Doppler shift in the scattered light leads to a phase change of the OCT signal, ∆ϕ(z).
From the phase change the axial depth-resolved velocity vz (z) is determined using [10]
vz (z) =

∆ϕ(z)
,
q∆t

(1)

where ∆t is the sampling time, and q = 2nk0 is the scattering wavenumber for the backscattering
probe configuration with the medium refractive index n and the vacuum wavenumber k0 . The
total and axial flow velocities are related with the expression v0 (z) = vz (z)/sin θ. The maximum
velocity that can be estimated using Eq. (1) is limited by the Nyquist sampling criterion as
vzmax =

π
.
q∆t

(2)

However, Eq. (2) is only true for flows at low transverse velocity [10]. At high transverse
velocities, because of the changing intensity of the illuminating beam on the moving particles,
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the phase change does not increase linearly with the velocity and approaches a constant value.
This makes it impossible to determine the velocity for high lateral flow speeds.
2.3.

B-scan Doppler OCT

As Koch et al. highlighted, transverse movements during the detector integration time as small
as 20% of the beam diameter can lead to erroneous velocity measurements [10]. To correct for
the deviation from Eq. (1) due to the short transit time of the particle through the beam, Walther
and Koch suggested a method of laterally scanning the beam along the flow and performing the
Doppler analysis on numerically aligned OCT data [2]. Synchronizing the OCT beam movement
with the direction of the flow reduces the effective transverse velocity and its effect on the phase
shift. While this method can be quite effective with uniform flows, its usability is reduced for
flows where the transverse velocity components vary over depth. In that case, the transverse
velocity effects cannot be fully suppressed for all depths using a single B-scan.
2.4.

M-scan DLS-OCT

While the Doppler methods only can determine axial flows, correlation-based DLS-OCT methods
can be used to determine both axial and transverse flows. For a Gaussian illuminating beam
and Gaussian-shape spectral envelope, the depth-dependent autocovariance of the OCT complex
signal in a backscattering geometry is given by [3,4,8,9]
2

g1 (z, τ) = A1 (z)eiqvz (z)τ e−Dq τ e

−

vz (z)2 τ 2
2w2
z

2 2

e

− vt (z)2 τ
w

,

0

(3)

where D is the diffusion coefficient, wz is the coherence function waist (e−1 distance) in the
sample, and τ is the correlation time lag. For the Gaussian source spectrum with a wavenumber
standard deviation
σk and the sample refractive index n the coherence function waist is given
√
by w−1
z = 2σk n. The parameter A1 (z) is the autocovariance amplitude containing the effect
of a diminishing signal-to-noise in depth [11] and takes values between 0 and 1. Note that
the decorrelation only depends on the in-focus beam radius w0 [8,12,13] which makes depthdependent analysis relatively straightforward. The decorrelation of the OCT signal magnitude is
a factor two higher [1,8] than the field decorrelation and can be expressed with the second-order
autocovariance [14,15]:
2

g2 (z, τ) = |g1 (z, τ)| 2 = A2 (z)e−2Dq τ e

−

vz (z)2 τ 2
w2
z

2 2

e

− 2vt (z)2 τ
w

0

,

(4)

where A2 (z) is a depth-dependent amplitude factor. Equation (4) is valid with the assumption
that the average number of particles in the scattering volume, N, is sufficiently large (N ≳ 100)
[12,14,16].
In this paper we focus on the second-order autocovariance function, g2 (z, τ), that does not
depend on phase, is easier to implement, and can also be implemented in phase-unstable OCT
systems. When the autocovariance function is used for estimating the flow, the e−1 decay time
of the autocorrelation must be equal or larger than the temporal sampling time ∆t. From this
requirement, the maximum measurable transverse and axial flow speeds are
w0
vtmax = √
,
2∆t

(5)

wz
,
(6)
∆t
respectively. These equations are derived under the assumption of ideal δ-function sampling.
However, when the measurements are performed while integrating over a specific detector time,
vzmax =
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defined by T = ∆t/C (where C is the multiplicative constant larger or equal to 1), the axial
motion of a sample during the integration time causes a significant SNR degradation that limits
the axial velocity to
πC
vzmax =
.
(7)
q∆t
Eqs. (5) and (6) limit the maximum measurable transverse and axial velocity components from a
correlation perspective: when the effective particle displacements become comparable to the
transverse and axial resolutions, the acquired signals become completely decorrelated within
a single acquisition time [6]. Equation (7) limits the axial velocity due to fringe washout at
the detector [7]. For the spectrometer-based OCT systems, the detector integration time is
comparable to the sampling time, i.e, C ≳ 1. Such systems operate in the visible and infrared
wavelength ranges with q/π ≫ w−1
z , therefore limiting the axial velocity by the fringe washout
through Eq. (7), rather than by the axial resolution through Eq. (6).
2.5.

B-scan DLS-OCT

To circumvent the limit imposed by Eq. (5) we propose the implementation of flow quantification
using B-scan correlation-based DLS-OCT. When moving the OCT beam in any direction with a
constant velocity while acquiring the signal, vt (z) and vz (z) in Eq. (4) must be replaced with the
effective transverse ∆vt (z) and axial ∆vz (z) velocities, given by
∆vt (z)2 = [v0 (z) cos θ − vs cos φt cos (φz + θ)]2 + [vs sin φt cos (θ + φz )]2
= v0 (z)2 cos2 θ − 2v0 (z)vs cos φt cos θ cos (θ + φz ) + v2s cos2 (θ + φz ),
∆vz (z)2 = [(v0 (z) sin θ − vs sin (θ + φz )]2 ,

(8)
(9)

where vs is the effective scan speed in 3D along the flow, φt and φz are the angles defining the
scan direction relative to the flow, shown in Fig. 1(a-d). When the effective scan direction is
sufficiently aligned with the flow velocity, so that cos φt ≈ 1 and θ + φz ≈ θ, Eq. (8) and (9) are
simplified into
∆vt (z) = (v0 (z) − vs ) cos θ = ∆v0 (z) cos θ,
(10)
∆vz (z) = (v0 (z) − vs ) sin θ = ∆v0 (z) sin θ ,

(11)

which shows that with an ideal scan alignment, the ratio of the effective transverse and axial velocity
components remains unchanged irrespective of the beam scan speed vs . This simplification
allows calculation of flow velocities by adding effective flow and scan speeds. Therefore, an
autocovariance model of the OCT signal magnitude for the general case of beam scanning
incorporating the beam motion can be written as
−2Dq2 τ −

g2 (z, τ) = A2 (z)e

e

(v0 (z)−vs )2 sin2 θ τ 2
w2
z

−

e

2(v0 (z)−vs )2 cos2 θ τ 2
w2
0

,

(12)

with the limitation that the axial intensity profiles are the same for all lateral B-scan acquisitions.
For Eq. (12), the axial velocity limit is unchanged and limited by the fringe washout via Eq. (7).
However, the transverse velocity limit is modified; Eq. (5) is now limited by the relative velocity
∆vt rather than the absolute velocity vt . This implies that for flows uniform along the length of
the B-scan, the maximum measurable flow is limited by the absolute difference between flow and
scan speeds. The application of lateral scanning in correlation analysis can give a significant
improvement because for a typical OCT flow geometry the transverse flow is much higher than
the axial flow and the limitation caused by the transverse flow, Eq. (5), is more restrictive than
that for axial flow, Eq. (7). For a flow profile vt (z) the most optimum scan speed is such that
the decorrelation rate is at its maximum for the highest and lowest flows, i.e., the effective scan
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t (z)]
speed vs is a mid-range flow velocity vs cos θ = max[vt (z)]+min[v
. This scan speed will cause
2
maximum and equal decorrelation rates for the maximum and minimum flow speeds. Hence,
with optimal scan speed, the maximum transverse velocity is limited to
√
2w0
vtmax, B =
+ min[vt (z)] ,
(13)
∆t

or stated differently,

vtmax, B = 2 · vtmax, M + min[vt (z)] ,

(14)

which shows that for measuring flow profiles where a minimum velocity is zero, the B-scan
flow measurement limit is a factor of 2 larger than the conventional M-scan DLS-OCT flow
limit. This equation is valid within the small angle approximation between scan and flow vectors.
However, to obtain the actual flow speeds, the effective scan speed needs to be added to the
velocities determined with correlation after acquisition. For flows with a non-uniform transverse
component, assuming that the beam can be moved at sufficiently high velocities, the maximum
flow that can be determined with B-scanning is at least twice the flow that can be determined
without. However, this has no effect on the axial velocity limit imposed by the fringe washout.
3.
3.1.

Materials and methods
OCT system

The experiments were performed using a Thorlabs GANYMEDE II HR series spectral domain
OCT System, with a bandwidth centered around 900 nm with an axial resolution of lc = 3 µm
in air. The OCT system was operated both in M-scan and B-scan modes. In M-scan mode,
subsequent A-scans were acquired at a fixed sample position. In B-scan mode, the beam was
moved in the transverse plane, perpendicular to the illumination direction, while acquiring
A-scans. Because of the telecentric scan arrangement, the scanned beam remains perpendicular
to the transverse plane for all lateral positions. The acquisition rate was set at 36 kHz for all
experiments. The OCT axial resolution and axial decorrelation were determined using the
wavenumber spectrum standard deviation, σk , of the measured reference spectrum. The acquired
signal spectrum was measured with a spectrometer with 2048 pixels. After acquisition, the
measured spectrum was resampled to a linearly-sampled wavenumber domain and apodized using
a Gaussian filter. After the apodization, the measured axial resolution and coherence function
waist in sample were lc = 4 and wz = 2.5 µm, respectively.
The OCT system is operated with a scan lens (LSM04-BB, Thorlabs) in a confocal setup with
a focal spot size of w0 = 6 µm in air, defined as the e−1 radius of the field function. The NA of
the system was 0.05. The manufacturer-provided waist size in air was validated by measuring the
axial confocal response of a reflector moving through the beam focus. The measured values were
around w0 = 5 − 6 µm. However, depending on the angle of incidence, refractive index contrast
and Gaussian beam parameters, w0 varies somewhat because of the passage of the beam through
the interfaces [17]. Therefore, for each experiment, w0 was calibrated by performing a B-scan
with a known transverse scan speed on a static sample, and then fitting w0 from Eq. (4) using the
correlation analysis. This gave results similar as for the confocal measurement, but slightly lower
(w0 = 4.5 µm). For maximizing the number of particles within the scattering volume, the region
of interest in the depth range was moved away from the focus by approximately 0.5 mm [12].
Since for the given OCT setup the coherence length and the NA are very low, it can be assumed
that the scattering angle is 180◦ and the scattering wavenumber q in the correlation analysis is
constant at q = 2nk0 .
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Flow system

The flow was generated using a syringe pump with variable discharge rate (Fusion 100, Chemyx)
and a 60 mL syringe (BD Plastipak). The flow passes through a quartz rectangular flow cell with
internal dimensions of 0.2 mm thickness and 10 mm width (type 45-F, Starna Scientific). For
each experiment, the flowing sample consisted of 5 mL 20% Intralipid (Fresenius Kabi) solution
dissolved in 200 mL water, resulting in a total particle volume fraction of approximately 0.5%.
The refractive index of the solution was determined by measuring the OCT amplitude signal of
the flow cell filled with the sample and numerically solving the following equation
[︃
(︃
)︃ ]︃
sin α
hn
cos sin−1
=
,
(15)
n
L
where h is the known flow cell thickness, L is the measured peak-to-peak optical path length
difference between the flow cell surfaces, and α is the angle between the cuvette and a plane
normal to the optical beam. The obtained refractive index was n = 1.38. As a reference, velocity
profiles for the set pump discharge rates were calculated using the analytical solution for the
Poiseuille flow in a rectangular channel [18]
∞
∑︂
sin( mπz
40 · Q
w
h )
,
v(y = , z) =
3
h
3
2
m
3π hw(1 − 0.63 w ) m=1,m odd

(16)

where the velocity, in mm/s, is given as a function of depth z at the flow cell half-width, w is a
width of the flow cell and Q is the pump discharge rate in mL/s. All flow cell dimensions are in
mm. In the analytical solution, the maximum velocities are observed at the half-width of the cell.
Therefore, the OCT beam was positioned as close as possible to this location. In the transverse
plane, the flow and B-scan directions were aligned as good as possible. In the axial plane, the
angle α was fitted to the surface as shown in Fig. 2 and numerical alignment was performed
using the voxel-shifting technique.
3.3.

M-scan OCT flow measurements

In the M-scan mode, depending on the expected flow velocities, the measurement time series
lengths were chosen between N = 240 and N = 2845 matching the lengths of the associated
B-scan lengths. Each M-scan measurement was repeated 100 times. The beam was stationary
during the whole signal acquisition period.
3.3.1.

M-Scan Doppler OCT flow measurements

Axial velocities were determined using the depth-dependent and time-averaged phase changes
from 240 − 2845 adjacent A-scans using Eq. (1) with
⟨︄
[︄ (︁
)︁ ]︄ ⟩︄
∗
−1 Im a(z, t) × a (z, t + ∆t)
(︁
)︁
∆ϕ(z) = tan
,
(17)
Re a(z, t) × a∗ (t, t + ∆t)
t

where a(z, t) and a(z, t + ∆t) represent the complex OCT data at times t and t + ∆t, respectively.
Total flow velocities were determined by diving the axial velocities with sin θ.
3.3.2.

M-scan DLS-OCT flow measurements

The M-scan correlation analysis was performed by fitting the autocovariance function using
only v0 (z) and A2 (z) as free parameters. Prior to fitting, several reference measurements were
performed. First, an M-scan measurement was performed with only diffusion and no flow. The
diffusion coefficient D was determined from the fit of Eq. (4) to the autocovariance of the M-scan
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OCT signal amplitude from the stationary fluid. This measurement was performed for every time
series length from N = 240 to N = 2845 to account for the statistical bias in D caused by the
time series length [11]. The statistically corrected diffusion coefficient was subsequently used in
all following analysis as a fixed parameter. Depending on the time series length, the measured
diffusion coefficients were 1.47 − 3.80 × 10−12 m2 /s.
Afterwards, one B-scan measurement was made under no-flow condition. From the a-priori
known set B-scan velocity, the beam waist w0 was determined using a fit of Eq. (4). Depending
on the measurement, the obtained w0 values were 4.26 − 4.51 µm. The beam waist was
used in all following analysis as a fixed parameter. In the last calibration step, the Doppler
angle θ was determined by using w0 , D and vz (z), obtained from the phase-resolved Doppler
analysis,
in combination
with Eq. (4), fitting vt (z), and then finding the depth-averaged angle
⟩︂
⟨︂
vz (z)
θ = arctan vt (z) . This measurement was performed in M-scan mode using a low discharge rate
z

to avoid phase wrapping. After the calibration, OCT M-scan flow measurements were performed.
The total velocity, v0 (z), was fitted using Eq. (4) on the averaged data, incorporating the calibrated
D, w0 , and θ.
3.4.

B-scan OCT flow measurements

In B-scan mode, the OCT beam was scanned while acquiring the data. The length of a time series
(the number of acquired A-scans) could not be set at will, but is dependent on the scan speed, the
A-scan acquisition rate, and the scan distance. With the A-scan acquisition rate at 36 kHz and
the scan distance fixed to 1 mm to ensure identical sample uniformity for all measurements, the
time series consisted of 240 to 2845 successive A-scans for scan speeds of 12.7 to 150.8 mm/s,
respectively. One M-scan measurement was performed for obtaining the background noise of the
signal amplitude in the depth domain. This amplitude was subtracted from all measurements
before the numerical alignment.
3.4.1.

B-Scan Doppler OCT flow measurements

The obtained signal was numerically aligned as described in Sec. 3.4.3. Afterwards, axial
velocities were determined using the depth-dependent and time-averaged phase changes from
Eq. (1). Total flow velocities were determined as in the M-scan Doppler mode. In the B-scan
mode, the Doppler method suffered less from the effects of transverse velocities when using the
depth-domain alignment compared to the frequency-domain alignment.
3.4.2.

B-scan DLS-OCT flow measurements for scanning along an in-plane flow

For B-scan correlation-based flow measurements, the transverse scan direction of the OCT beam
was aligned to the flow direction as much as possible, with cos φt ≈ 1 and θ ≈ θ + φz . In this
limiting case the only fitting parameters are v0 (z) and A2 (z). The scan speed was chosen to be
close to the expected mid-range velocity within the flow profile, calculated analytically from the
pump discharge rate, the dimensions of the flow channel, and Eq. (16). The same calibration
measurements were used as in the M-scan mode.
3.4.3.

B-scan DLS-OCT flow measurements for scanning along an out-of-plane flow

The application of B-scan DLS-OCT is most straightforward for a flow perpendicular to the
beam. However, in the more general case of oblique flow, the same path length in the B-scan
corresponds to different physical depths in the flow, and hence, direct implementation of the
correlation analysis is not possible. Therefore, the data has to be numerically aligned to have
identical sample locations on identical depths for all transverse points of the B-scan.
Numerical alignment is either achieved using a spatial shift of the OCT signal in the depth
domain obtained after the inverse Fourier transformation of the spectrum, or, equivalently, by
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using a phase multiplication in the frequency domain before the inverse Fourier transform.
Figure 2 shows the numerical alignment process. In the depth-domain, the spatial shift is
accomplished by circularly shifting depth voxels by an integer number ∆z (t) as a function of time
t according to
(︃
)︃
nvb t tan α
∆z (t) = nint
,
(18)
δz
I(zj , t) =⇒ I(zj+∆z (t) , t) ,

(19)

where t is the acquisition time, α is a physical flow cell tilt angle, and δz is the voxel size interval
[19]. The rounding operation is necessary as the voxels can only be shifted by an integer number.
Depending on the scan direction, the voxels are shifted upwards or downwards. A fully equivalent
result can be obtained in the frequency domain using
I(k, t) =⇒ I(k, t)e−i2knvb t tan α ,

(20)

F −1

I(k, t) −−−→ I(z, t) ,

(21)

After aligning the scan and flow directions, the effective scan speed, vs , is the effective speed
at which the beam scans along the oblique flow. It is required for fitting Eq. (12) and can be
expressed as
vb
vs =
.
(22)
cos α
The validity of the autocovariance model in Eq. (12) relies on the assumption of stationarity.
This is only truly valid if the intensity fluctuations for any given depth voxel do not have an
explicit dependence on time and that the average intensity remains constant. At non-zero tilt
angles α these conditions are not met while B-scanning, because adjacent pixels correspond to
different flow speeds and therefore are described by different random processes. The numerical
re-alignment is performed to remedy this effect and make sure that adjacent pixels in time
correspond to the same position in the flow channel and therefore have the same flow speeds.
However, this process introduces a mismatch between the signal levels of adjacent pixels. First,
the aligned pixels in time correspond to different locations within the axial confocal PSF. Second,
due to the sensitivity roll-off the OCT signal is different for these pixels. Third, depending on
the axial velocity distribution, the signal decay due to the fringe washout effect may also differ.
Therefore, before performing the numerical re-alignment, at each lateral position, the OCT signal
intensity was normalized with the averaged depth-dependent OCT signal at that location. It was
assumed that for the normalization a sufficient number of B-scans was recorded to extinguish
signal fluctuations due to particle motion.
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Fig. 2. OCT numerical image alignment. (a) Original depth-resolved B-scan image. (b)
B-scan alignment in the spatial domain. (c) B-scan alignment in the frequency domain.

Figure 3 shows the processing steps for obtaining velocities. After numerically aligning the
flow measurements, the autocovariance at a depth z at the center of a flow cell, where the velocity
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is highest was fitted using Eq. (12) using D, w0 , wz and θ as input parameters to obtain the
effective velocity, as shown in Fig. 3(a). The B-scan autocovariance decays slower than the
M-scan counterpart because the scan is along the flow. Noise decorrelates in a single time step,
therefore, g2 (h/2, τ = 0) is omitted from the fit. The fitted autocovariance amplitude is slightly
lower for the B-scan measurement. We attribute this to the fact that the transverse beam motion
degrades the OCT signal [20].
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Fig. 3. (a) M-scan and B-scan correlation functions at z = h/2 with the flow rate 1/15 mL/s
and θ = 0.39◦ . (a) Measured autocovariance, g2 (h/2, τ). (b) Measured ∆v0 (z) from B-scan.
(c) Measured and reconstructed v0 (z) from both M-scan and B-scan analysis, respectively.

Figure 3(b) shows the obtained effective velocity for all depths in the flow channel. As can be
seen the parabolic flow profile is mirrored at an effective velocity close to zero. The jitter velocity
ve causes the "dips" in the flow velocity profile to have a small offset. For B-scan correlation
analysis, the fitted velocity is the difference between the flow and effective scan speeds, or the
effective velocity, ∆v0 . The flow velocity v0 (z) was then obtained using
(v0 (z) − vs )2 + v2e = ∆v0 (z)2 ,

(23)

with vs the scan velocity along the flow and ve a non-zero fitted velocity when vs = v0 (z). Ideally,
with a well-calibrated diffusion coefficient and the beam motion perfectly aligned with the flow,
it is expected from the Eq. (10)–(12) that ve = 0. However, due to small scan misalignments,
galvo instability, and jitter there is additional decorrelation that leads to an offset ve . Since ve
is much smaller than vs and v0 (z) it is only observed as v0 (z) ≈ vs . Therefore, ve is obtained as
the average of both minima from Fig. 3(b). After finding ve , v0 (z) is determined by solving the
quadratic Eq. (23). This equation has two solutions that are mirror reflections over the line where
the effective velocity equals vs . To find the correct value the velocity profile is split into two
regions. In the region 1 the flow speed is lower than the effective scan speed, while in the region
2 the flow speed is higher than the effective scan speed. So, the solution v0 (z)<vs is chosen for
the region 1 and the solution v0 (z)>vs is chosen for the region 2. Equation (23) can also be solved
explicitly, i.e., without any assumptions for v0 (z) or ve , if two or more B-scans are performed at
different speeds for the same flow velocities.
Figure 3(c) shows the obtained full flow profile compared to the flow profile measured with
M-scan DLS-OCT. Clearly, the same flow profile is obtained.
3.4.4.

B-scan DLS-OCT flow measurements for arbitrary scan direction and out-of-plane flow

The most general application of our method is under the condition that the flow is not in the
transverse plane and that the B-scan angle is not exactly aligned with the transverse flow direction.
In this case flow measurements were performed in the B-scan mode similar to the aligned
condition. The scan distance was kept the same but the measurement averaging was increased
from 100 to 200 scans. No assumptions were made for the angles φt and φz . The scan direction
was at an angle of about φt ≈ 10◦ from the flow direction. In this case, only the background noise
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and the beam waist calibration measurements were performed. For each flow speed, B-scans at 5
different scan speeds were acquired. Due to the purposeful misalignment, flow and scan vectors
never fully match and the decorrelation rate was nonzero for every depth. Since the diffusive term
is only important when the scan and flow velocities coincide (yielding low decorrelation), it was
neglected here. For every acquired B-scan a total decorrelation rate Γ(z) was obtained by fitting
g2 (z, τ) = A2 (z)e−Γ(z)τ

2

(24)

to the depth-resolved OCT signal amplitude, with
Γ(z) =

∆vz (z)2 2∆vt (z)2
+
,
w2z
w20

(25)

with ∆vt (z) and ∆vz (z) defined in Eq. (8) and (9). First, Γ(z) is fitted for all five B-scan
measurements at all depths. Second, an overdetermined system of equations is constructed with
unknowns v0 (z), θ, φt and φz . The total number of equations equals five times the number of
samples in depth. Finally, the system of equations is solved simultaneously for all depths using a
nonlinear least-squares method, yielding the values for v0 (z), θ, φt and φz .
4.
4.1.

Experimental results
Flow measurements under ideal scanning alignment

Three sets of flow measurements were performed for θ values of 0.39◦ , 0.94◦ and 1.58◦ . For each
angle, the pump discharge rates were varied from 1/30 to 1/3 mL/s. Figure 4 shows velocity
profiles obtained with M-scan Doppler OCT, M-scan DLS-OCT, B-scan Doppler OCT, and
B-scan DLS-OCT, where each column corresponds to the same method. For improved data
visibility, only the profiles with less than 20% relative error between the expected and measured
integrated flow profiles, as well as less than 20% relative mean squared error with respect to the
expected velocity profiles, are shown. Dashed parabolic curves are the theoretical velocities at
the center of the cuvette, while the horizontal lines represents the maximum velocities that can
be measured by any given method.
Figure 4(a,e,i) shows the M-scan Doppler OCT flow measurements. With increasing discharge
rate, the phase shift approaches a constant value due to phase distortion and the profiles become
inaccurate, which is consistent with the results from Koch et al. [10]. At larger angles the
Doppler flow becomes less noisy. Since the flow cell is oriented almost perpendicular to the
beam optical axis, the axial velocity is proportional to the Doppler angle (sin θ ≈ θ), while the
transverse velocity is almost unaffected by the angle (cos θ ≈ 1). The M-scan Doppler OCT has
the lowest velocity dynamic range, for the current settings limited to 51 mm/s. Using simulations
based on the models from [10], expected velocities at which the phase shifts, for the given
geometry, deviate from the linear phase increment are above 50 mm/s, which is consistent with
our observations.
Figure 4(b,f,j) shows the M-scan DLS-OCT flow measurements. Depending on the Doppler
angle, the maximum velocity is 101-127 mm/s. The expected maximum velocity from Eq. (5)
and (6) is approximately 115 mm/s, which is consistent with our observations. The velocity
values become more noisy for higher discharge rates. In this case the velocity limit is dictated
by Eq. (5) and (6), because the fringe washout limit has not been reached. The maximum
measurable velocity slightly decreases with increasing θ. This is expected, since the coherence
function waist is slightly smaller than the Gaussian beam waist. Therefore, for the same flow
rate, the decorrelation becomes more rapid with increasing axial velocity. This method has a
higher velocity limit compared to M-scan Doppler OCT. The flow limit for M-scan DLS-OCT is
approximately a factor 2 higher than for M-scan Doppler OCT.
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Fig. 4. Flow profiles measured using different methods (columns) and angles (rows). (a-d)
θ = 0.39◦ . (e-h) θ = 0.94◦ . (i-l) θ = 1.58◦ .
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Figure 4(c,g,k) shows B-scan Doppler OCT flow measurements. Due to the reduced transverse
velocity components, the velocity dynamic range has increased to a maximum flow rate of 76-127
mm/s (depending on the Doppler angle). This is consistent with the theoretical estimate of
roughly 100 mm/s (double the M-scan Doppler flow limit). Deviations of the velocity increase
with increasing θ values, as the phase shift approaches a constant value at lower discharge rates.
Due to non-uniformity of the flow, transverse components at all depths cannot be simultaneously
suppressed. This method performs similar to the M-scan DLS-OCT.
Figure 4(d,h,l) shows the results obtained using B-scan DLS-OCT. It has by far the highest
velocity dynamic range yielding a maximum flow rate of up to 250 mm/s and a maximum speed
that is unaffected by the Doppler angle, as long as the fringe washout limit is not reached. The
theoretical maximum measurable velocity according to Eq. (5) and (6) and (13) and (14) is
approximately 230 mm/s. This is consistent with our observation of a flow limit around 250
mm/s.
The measured profiles are in good agreement with analytical predictions, especially for
θ = 0.94◦ . However, since the flow cell is tilted, the refracted beam travels at an angle to the
surface normal and with a small offset from the half-width. Therefore, for different experiments,
deviations from the theoretical profiles are expected. Slightly increased noise in high flow rates
for θ = 0.94◦ is caused by an insufficient B-scan speed that isn’t set exactly at the mid-range flow
velocity. Insufficiently fast scanning is not an issue for θ = 0.39◦ and θ = 1.58◦ , because for these
angles the measured velocities are slightly lower due to probing a different position in the flow.
To compare all flow methods simultaneously all measured velocities at a fixed angle are plotted
against the expected velocities in Fig. 5(a-c). The black dashed curve corresponds to the expected
value. For all angles, B-scan DLS-OCT follows the expected flow up to 250 mm/s. The second
best method is B-scan Doppler OCT. This shows consistent flow measurements up to 76-152
mm/s, depending on the angle. Its accuracy gets worse for larger Doppler angles. M-scan
DLS-OCT measurements have a dynamic range from zero up to 101-127 mm/s and are less
dependent on the angle. M-scan Doppler OCT measurements level off at a maximum flow rate of
51 mm/s.
300

300

300

250

250

250

200

200

200

150

150

150

100

100

100

50

50

50

0

0
0

50

100

150

200

250

0
0

50

100

150

200

250

0

50

100

150

200

250

Fig. 5. Measured versus expected flow velocities for all methods for (a) θ = 0.39◦ , (b)
θ = 0.94◦ , and (c) θ = 1.58◦ .

With increasing θ, M-scan and B-scan Doppler measurements deviate from the expectations
at lower velocities. For the M-scan DLS-OCT measurements, the fit error becomes very large
after reaching the limiting velocities. It is only the B-scan DLS-OCT measurements that show a
linear behaviour for all considered flow rates. It worth noting that the B-scan methods have the
same sensitivities at the highest and lowest flow speeds where the apparent velocities (due to
scanning) are equal. Therefore, for these methods, higher errors are expected near the minimum
and maximum flow velocities, which are visible in Fig. 5.
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Omnidirectional flow measurements

Figure 6 shows the applicability of our method to the general situation of flow under non-zero
Doppler angle and non-aligned B-scanning. Flow is measured in B-scan mode for discharge rates
of 1/5 and 1/6 mL/s. The angle between the transverse projections of scan and flow directions,
φt , was approximately 10◦ and φz was unknown. For each flow rate, 5 different scan speeds were
used. For the purpose of comparison with the ideal scanning assumption, θ was also determined
experimentally and found to be 1.5◦ .
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Fig. 6. B-scan DLS-OCT flow measurements with arbitrary scan and flow directions. (a)
Obtained decorrelation parameter, Γ(z). (b) Flow profiles obtained without any assumption
on the angles, averaged over all B-scan rates. (c) Velocity profiles obtained using the small
angle assumption with θ = 1.5◦ .

Figure 6(a) shows the fitted decorrelation parameter, Γ(z), for every scan speed and flow rate.
The variation in the magnitude of Γ(z) for the same flow rate is due to different scan speeds
used. Due to the non-aligned scanning the dips in the Γ(z) are smoothed out as compared to
Fig. 3(b). Figure 6(b) shows the flow profile obtained by solving the overdetermined system of
equations for Γ(z) without any assumptions on the angles. Uncertainties in velocity are highest at
the positions of the two minima. At these positions, the system of equations is underdetermined
because there is a very little variation in fitted decay rates for different scan speeds. As a result,
multiple solutions for v0 (z) could be possible at these locations leading to slightly wrong values.
Outside of these locations the velocity profile is correctly estimated.
For comparison, flow profiles were also determined from the same data using cos φt ≈ 1,
φz + θ ≈ θ and θ = 1.5◦ . As can be seen from Fig. 6(c), the obtained profiles match well with
the ones determined without any assumptions. This suggests that φt of around 10◦ degrees is
still sufficiently small as to not violate the small angle approximation. The obtained results
show that omnidirectional velocity profiles unambiguously can be determined without any
underlining assumptions on the geometry if multiple B-scans are performed. The absence of any
assumptions or careful alignment only requires the acquisition multiple B-scans and, hence, a
longer acquisition time.
5.

Discussion

Our results show that using B-scan DLS-OCT, aided with numerical data alignment, the transverse
flow velocity dynamic range can be significantly increased. Moreover, our method works for
arbitrary flow direction. The advantage of our method is in situations where the M-scan
decorrelation limit is reached, where the Doppler angle is low, and the fringe washout limit is not
reached.
For well-aligned B-scan DLS-OCT flow measurement there are minor deviations for Doppler
angles of θ = 0.39◦ and θ = 1.58◦ from the theoretically calculated flow profiles. This is attributed
to the uncertainties in the beam waist calibration, beam offset from the center and its alignment
with the flow, as well as the pump stability. During the waist calibration measurement the beam
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moves over a tilted flow cell by the B-scan distance. This alters the Gaussian beam distribution
within the flow cell during the scan due to the varying sample geometry [17]. Therefore, the
fitted waist, which is assumed to be constant over the scan length, slightly varies over the length
of the scan. This is by far the largest source of error and can be minimized by decreasing the scan
distance and/or lowering the objective NA. Another source of uncertainty is the pump stability.
Lastly, the position of the sample arm beam can be less than ideal. In our analysis we assumed
that the beam is positioned at the center of the flow cell in both directions. Deviations in the
alignment would alter the measured flow profiles within the cell. This source of error is more
severe for the B-scan methods where stationarity of the flow and diffusion dynamics along the
scan is assumed.
The obtained velocity results show that the fringe washout axial velocity limit had not been
reached during the experiments. B-scan DLS-OCT can measure higher flows in any geometry
compared to conventional M-scan Doppler-OCT, M-scan DLS-OCT, and B-scan Doppler OCT.
The optimal choice of the scan speed is important for improving the flow imaging range. The
largest gain is made when the effective scan speed is in between the maximum and minimum
flow speeds. In this case, according to Eq. (14), the maximum measurable velocity limit is at
least factor 2 times higher. For the most simple analysis, the scan direction must be sufficiently
close to the flow direction. However, it is worth noting that the small angle assumption produces
◦
correct results for angles as much as 10 , underlining the robustness of the method. A limitation
of the method is that the flow should be uniform over the scan distance with the assumption
of stationarity. Hence, the method is most appropriate for somewhat larger vessels where the
diameter is much larger than the scan range. On the other hand, the scan range can be chosen
arbitrarily small, while being limited by the inertia of the galvos to obtain a constant speed over
small scan ranges.
Implementation of the more general case of arbitrary scan angle shows that the fitted
decorrelation parameters at certain depths cannot be well determined from the measurements at
different scan speeds. This is caused by the fact that the system of equations is underdetermined
at those locations. This error can be decreased by increasing the number of scan velocity
measurements or by fitting the velocity and angles at each depth separately [5] (instead of fitting
the whole velocity profile and angles simultaneously). The latter would require a significantly
larger number of B-scans, because in this case the depth-resolved equations need to be solved
independently. It is worth noting that the accuracy of B-scan DLS-OCT is higher when using the
Doppler angle as a fixed parameter. The Doppler angle multiplies the alignment angles from
Eq. (8) and (9), increasing the fit error.
Our method for arbitrary scan angles can be applied for determining the transverse and axial
velocity components in omnidirectional flows as neither the Doppler angle nor the φt and φz
angles need to be zero. For finding the individual transverse flow components in the x- and
y-directions, multiple scans in at least two linearly independent directions must be performed
[5]. Our method accuracy increases with more scans at the expense of measurement time. Even
when scanning at an angle with respect to the flow, it can access velocity ranges inaccessible by
conventional techniques. However, it is important to note that the scan component perpendicular
to the flow direction accelerates the decorrelation and adversely affects the maximum measurable
velocity limits. Therefore, to achieve the highest flow measurement gain, scanning along the flow
direction is favorable. Any flow measurement gain is achieved when the decorrelation reduction
due to the scan component along the flow is higher than the above-mentioned decorrelation
penalty.
The numerical alignment is essential in implementing B-scan DLS-OCT methods and it
minimizes φz . In principle, the OCT signal needs to be normalized by the confocal response and
sensitivity roll-off before performing the numerical alignment. For typical flow geometries with
relatively low tilt angles, these functions are slowly varying at the length scales of voxel shifts
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and the normalization can be dropped. However, in the limit of high axial velocities, the fringe
washout causes a significant decrease in the signal level [7].
Another important application of the B-scan correlation analysis is improving the accuracy
in measuring the diffusion coefficient of flowing particles from their decorrelation. This is of
particular importance for in-line particle sizing during process control [21]. Estimation of the
diffusion coefficient under flow using the M-scan DLS-OCT becomes problematic when the
flow decorrelation is at a similar rate as the diffusion decorrelation or when it entirely dominates
the decorrelation [8]. This is a problem in particular for high flow rates and/or slow diffusion
(large particles). By scanning along the flow, the effective flow decorrelation is minimized and
the diffusion coefficient can be determined more accurately. For fast flowing suspensions in
the channel, estimation of the diffusion coefficient is only possible very close to the channel
walls, in a limited number of depth voxels, where the flow velocity is low. However, a close
proximity to the walls creates additional unwanted effects for particles (stickiness, particle-wall
interactions) and their behaviour deviates from the free diffusion. When scanning along the
flow, these limitations can be removed. First, the apparent flow velocity can be minimized not
near the walls but well inside the channel. These locations depend on the combination of flow
and effective scan speeds. Second, the number of depth voxels where the flow decorrelation is
minimal can be more than doubled.
Figure 7 shows the obtained normalized diffusion coefficients for the particles in the solution
◦
under flow for θ = 0.39 at discharge rates of 1/30 mL/s and 1/15 mL/s. The black curves
correspond to static diffusion measurements (no flow), blue curves correspond to the conventional
M-scan diffusion measurements under flow, and red curves correspond to B-scan diffusion
measurements under flow. The fitted diffusion coefficients are given with 95% confidence
intervals indicated by the area between the two lines. For M-scan diffusion measurement the
obtained diffusion coefficients become less reliable as the flow velocity increases. With the
B-scan measurements, D can be estimated accurately inside the channel further away from its
walls indicated by the arrows and with a higher accuracy at more depth voxels than in the M-scan
mode. The advantage of our method is greater with faster flows and for samples with a larger
diffusion coefficient. The measured diffusion coefficient is most accurate when the B-scan angle
is aligned with the flow direction and the numerical alignment is not required. If the latter cannot
be avoided, the frequency domain alignment is preferred to the spatial alignment.
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Conclusion

We have implemented the B-scan correlation-based DLS-OCT method for measuring omnidirectional flows. Our method extends the maximum measurable velocity limit by at least a factor of 2
compared to the standard M-scan DLS-OCT or Doppler OCT techniques. We have shown that
our method can be applied to flow geometries where a proper scan alignment is not possible. In
addition, we have demonstrated that the suggested method can be used to estimate a diffusion
coefficient more accurately under flow conditions.
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