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We describe a new method to measure the decorrelation rate of the optical coherence tomography (OCT)
magnitude simultaneously in space and time. We measure the decorrelation rate of the OCT magnitude in a
Fourier-domain OCT system for a large range of translational diffusion coefficients by varying the sphere
diameter. The described method uses the sensitivity advantage of Fourier-domain OCT over time-domain
OCT to increase the particle diffusion imaging speed by a factor of 200. By coherent gating, we reduce the
contribution of multiple scattering to the detected signal, allowing a quantitative study of diffusive particle
dynamics in high concentration samples. We demonstrate that this technique is well suited to image
diffusive particle dynamics in samples with a complex geometry as we measure the morphology and
diffusive particle dynamics simultaneously with both high spatial and high temporal resolution.
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The dynamics of particles, such as colloids, polymers,
cells, and proteins, is studied in a great variety of fields
ranging from rheology [1], microfluidics (lab on a chip) [2],
and soft condensed matter [3] to biology [4] and medicine
[5]. Fundamental physical, chemical, and biological
processes such as turbulence, aggregation, crystallization,
protein folding, chemical reactions, flow, and diffusion are
studied in bulk media, near interfaces, or in porous media.
Commonly used optical techniques to study particle
dynamics are dynamic light scattering (DLS) [6] and low
coherence interferometry (LCI). DLS and LCI provide
excellent temporal resolution; however, both DLS and
LCI yield only limited spatial information. In DLS, spatial
information can be obtained only by moving a loosely
focused optical beam over a bulk sample. In LCI, the
reference mirror is kept stationary [7,8] or is moved over
a small distance [9]. Therefore it provides highly localized
information but only over a very limited spatial range.
In addition, both DLS and LCI do not provide simul-
taneous spatial and temporal information of the particle
dynamics.

Optical coherence tomography (OCT) is an optical
imaging technique that is gaining widespread use in the
clinical world for obtaining micrometer-resolution images
of biological tissues up to a few millimeters deep [10].
OCT is based on low coherence interferometry, whereby
the path length of the detected photons is measured and
used to determine the geometrical location of the single
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backscattering event in the sample. Like LCI, in time-
domain OCT the reference mirror is moved; however,
instead of over a few microns, it is moved over a distance
of a few millimeters. In this way the scattering amplitude is
measured sequentially for all path lengths over the full
imaging range, providing a high-resolution line scan of
the sample. The potential (clinical) applicability of OCT
was boosted by the invention of Fourier-domain OCT [11].
In Fourier-domain OCT the optical spectrum is measured
either by sweeping the input source wavelength (swept-
source OCT) or by measuring the output spectrum with
a spectrometer and a camera (spectral-domain OCT).
Fourier-domain OCT has a sensitivity advantage compared
to time-domain OCT because of a shot noise reduction in
the optical detection [12]. The use of Fourier-domain OCT
resulted in an OCT design with fewer mechanical parts and
a higher optical sensitivity. More importantly, Fourier-
domain OCT made it possible to simultaneously measure
morphology and dynamical properties from the complex-
valued OCT signal. In OCT, the magnitude of the OCT
signal in space is used to image the backscattered ampli-
tude, which can be used to measure layer thicknesses, tissue
birefringence [13], and tissue attenuation coefficients [14].
The phase of the OCT signal in space is used to determine
the group refractive index (refractometry) [15]. The phase
of the OCT signal in time is used to determine the Doppler
flow [16,17]. In this work, we finalize the OCT acquisition
diagram [magnitude (phase) versus time (space)] by
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measuring the OCT magnitude in time and determine the
translational diffusion coefficient from it.

Using a spectral-domain OCT setup, we measure in a
sample consisting of particles in solution the power spectrum
of the temporal fluctuations of the OCT magnitude simulta-
neously for all depths. In this way we measure sample
morphology and diffusive particle dynamics at high speed
and high spatial resolution simultaneously. In addition,
we gain a sensitivity advantage for measuring path-length
resolved particle dynamics similar to the case when time-
domain OCT imaging systems were replaced by Fourier-
domain OCT systems. With these advantages the study of
fundamental particle dynamics processes can be improved
and measured in systems with a complex geometry.

In DLS, light from a long coherence length light source
impinges on a homogeneous sample consisting of a low
concentration solution of particles. The scattered light
falls on a photodetector, and from the decorrelation rate
of the intensity fluctuations, rotational and translational
diffusion coefficients can be determined. For a heterodyne
detection scheme, the intensity of single scattered light
for translationally diffusing particles decorrelates at a
rate of Dg?; for a homodyne detection scheme, it decorre-
lates at a rate of 2D g [18]. Here the diffusion coefficient D
is given by the Stokes-Einstein equation D = kzT /67 mr
with kz Boltzmann’s constant, 7 absolute temperature,
n viscosity, and r the hydrodynamic particle radius. The
scattering vector ¢ is given by g = |g| = 2|k| sin(6/2) =
47rn sin(6/2)/ A, with n the refractive index of the medium,
A the wavelength in vacuum, and 6 the scattering angle.

In its most basic form, Fourier-domain OCT is based on
a heterodyne detection scheme using a Michelson interfer-
ometer with a broadband light source, a sample arm, a
stationary reference arm, and a detector in the detection
arm that can distinguish the different source wavelengths.
In spectral-domain OCT, the mixing of the reference and
the sample arm field is measured with a spectrometer that
measures an optical spectrum in time with N light inten-
sities 7,(¢), with n the pixel number (corresponding to a
particular wavelength). We assume every intensity /,,(7) to
have infinite temporal coherence and to be independent.
The depth-resolved scattering amplitude ager(z, ) is
determined by an inverse Fourier transformation of the
measured optical spectrum [11]

N—1

aocr(z t) = Z I,(1)e2mizn/N), (1)
n=0

The variation of the complex-valued OCT amplitude in
space and time represents all the information available in
OCT. In the spectral domain, Eq. (1) shows that the real
and imaginary parts of the OCT amplitude both are pro-
portional to a sum of detected heterodyne intensities, with
every intensity decorrelating at a rate Dg2. In OCT the
spread in ¢, is small, so we approximate the scattering
vectors ¢, with g, at the center wavelength A, of the
broadband OCT light source spectrum. Also, since the

scattering amplitude agcp(z, 1) in Eq. (1) is proportional
to the particle density at position z, it is expected that the
real and imaginary parts of agcr(z, t) for a sample with
diffusive particles decorrelate at a rate D(z)g> since the
density fluctuations cause the decorrelation of the hetero-
dyne intensity [18]. We have shown that the real and
imaginary parts of agcr(z, ) decorrelate at a rate of Dg?
[19]; however, in OCT imaging generally the OCT magni-
tude |apcr(z, )| is taken as the backscattered signal.

laocr(z, O] = \/QOCT(Z, Dajer(z t)

N—1
— Z Ik(t)e27riz(k/N)Il(t)e—27Tiz(//N)_ (2)
k,1=0

The OCT magnitude in Eq. (2) contains products of inten-
sities 1, and I; on different pixels k and / on the camera.
Since both intensities are formed in a heterodyne light
scattering geometry, they both decorrelate with a rate Dg>.
It is therefore expected that the product of the two intensities
decorrelates at a rate 2Dg?2. We measure the power spectral
density of the OCT magnitude, which is the Fourier trans-
form of the correlation function of |agcr(z 1)], ie., a
Lorentzian with half linewidth 2Dg? [19].

In our experiments we use a home-built spectral-domain
OCT setup operating at A, = 1300 nm. Most important
for the current experiments are the number of pixels
N = 1024 of the camera, the numerical aperture NA =
0.02 of the sample arm optics, the coherence length /. =
18 pwm, and the measurement line rate fi;,. = 32 kHz.
A low NA reduces the variation in scattering vector ¢,
and the high line rate enables high speed acquisition of
intensity fluctuations. More details about the setup can be
found in Ref. [17]. As diffusive scatterers we use polysty-
rene microparticles (G. Kisker GbR) with diameters of 46
(10 wt.%), 100 (2.5 wt.%), 194 (2.5 wt.%), 384
(2.5 wt. %), and 625 nm (2.5 wt. %) diameter. For all five
microsphere solutions we measure the OCT signal scatter-
ing coefficient fi, in depth. For increasing sphere size we
obtain i, =0.05=0.02mm™!, &, = 0.10 = 0.02 mm™!,
i, = 078 £ 0.04 mm~!, g, = 5.1+ 02 mm~!, and
i, =51%+02mm "

Figure 1(a) shows a typical OCT depth scan for a
solution of 194 nm diameter polystyrene spheres in a
cuvette. The OCT magnitude decreases as a single expo-
nential with increasing optical path length. Figure 1(b)
shows the power spectra for two cases. For the first case
(top curve), we measure the power spectrum of the OCT
magnitude at a single depth point for 4000 consecutive
time points and repeat this measurement 10 times to de-
termine the average and the standard deviation of the
power spectrum. The Lorentzian half linewidth is 2Dg?>.
We choose the single depth point, indicated in Fig. 1(a), to
avoid surface effects on the diffusion close to the interface
and to avoid the detection of multiple scattering at larger
depths; the latter can increase the width of the power
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FIG. 1. (a) OCT magnitude A-line scan for a solution of

194 nm diameter spheres. The arrow indicates the location where
the power spectrum in the spatial domain was taken and where
the zero delay point was set for the total power measurement.
(b) Power spectra for the OCT magnitude and for the total
integrated power [single depth position and zero delay position
indicated in (a) by the arrow]. Overlaid on the data are
Lorentzian fits to the data (dashed gray line) with Dg? and
2Dq? as half widths. The 30 confidence intervals are indicated
for both cases.

spectrum [20]. For the second case (bottom curve), we do a
similar measurement, but we move the zero delay point to
the same position as in the first case and calculate the
power spectrum of the integrated total detected power
(this situation is similar to the LCI experiment performed
in Ref. [7]). Since OCT is performed in the heterodyne
regime, with the reference power much larger than the
sample power, the power spectrum in the second case
should be a Lorentzian with a half width of Dg? (this
measurement is equivalent to a heterodyne DLS experi-
ment). Indeed we observe that the power spectrum of the
integrated spectrum has a half width Dg2. A confidence
band of 3 times the standard deviation is indicated around
the Lorentzians for both cases. The confidence band for the
second case is a factor of 2.6 smaller than for the first case.
However, in the spectral-domain OCT measurements we
measure all 512 depths simultaneously in space and time.
Consequently, we gain a factor of 200 in imaging speed
compared to an LCI measurement with the same signal to
noise ratio.

Figure 2 shows the measured Lorentzian half linewidths
for various sphere diameters plotted on a double logarith-
mic scale, both for a measurement for a single wavelength
(pixel) in the spectral domain and for a single depth in the
spatial domain. A reciprocal relation between the sphere
diameter and the Lorentzian half linewidth can be observed
for both types of measurements, as expected from the
Stokes-FEinstein equation. The lines in Fig. 2 are calculated
with Dg? and 2Dg? as a function of the sphere diameter
with 7 =0.9 X 1073 Pas, n = 1.33, T=296 K, A, =
1300 nm, 6 = 180°, where we assume single backscatter-
ing. The Lorentzian half linewidths for the largest sphere
diameters measured in the spectral domain are slightly
larger than predicted by theory. We attribute this to a small
contribution of multiple scattering for these samples that
have large scattering rates. Note that for a single wavelength
all photon paths within the coherence length of a pixel are
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FIG. 2. Measured Lorentzian half linewidths for varying sphere
diameter. The squares are for a measurement in the spectral
domain (single wavelength); the circles are for a measurement
in the spatial domain (single position). In the spectral domain the
Lorentzian half linewidths are Dg? (see line). In the spatial
domain the Lorentzian half linewidths are 2Dg? (see line).

probed simultaneously, but that these effects are much
smaller in the spatial domain where we only probe path
lengths within the coherence length of the whole spectrum.
Since multiple scattering effects increase with longer path
lengths [17,20] we can, by choosing a spatial position close
to the interface, reduce the optical path length through the
scattering medium, thereby reducing multiple scattering
effects. By coherence gating we can thus reduce multiple
scattering effects and study higher concentration particle
solutions, a significant advantage compared to DLS.

The range of sphere diameters where we can measure
the decorrelation rate of the OCT magnitude |agcr(z, )]
and 2Dg? is determined by the boundary conditions im-
posed by the experimental setup. First of all, the measured
laocr(z, 1) decorrelation rate should be lower than the
Nyquist frequency of the sample frequency, in our case
2Dg?% < fine/2. Second, beat frequencies occurring on
adjacent camera pixels can interfere due to spectral overlap
between adjacent pixels. Because the imaging resolution of
the OCT spectrometer is finite, some spectral overlap is
present between wavelengths that are mapped onto adja-
cent pixels. In spectral-domain OCT this well known effect
causes an additional roll-off of the system sensitivity with
depth [21]. Our spectral-domain OCT system has a sensi-
tivity roll-off, specified by the ratio w of spectrometer
resolution over pixel resolution, @ = 1.1. Therefore, the
power overlap between adjacent pixels is small (15%
power overlap to an adjacent pixel), and, consequently,
we do not expect a large influence of spectral overlap on
the decorrelation rate. Similarly, because of the small
spectral overlap between pixels, we can assume that their
temporal behavior is independent [19], which supports our
hypothesis on the factor of 2 in the decorrelation of
laocr(z 1.

As an example of high speed spatially resolved particle
dynamics imaging in a complex sample geometry, Fig. 3
shows OCT and diffusion imaging in practice for a sample
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FIG. 3 (color online). OCT magnitude image (left) and diffu-
sion coefficient image (right). The diffusion coefficient is deter-
mined only in the region of interest in the capillaries. The value
of the diffusion coefficient, in units of ,u,rn2 s71, is indicated in
the legend in the diffusion image on the right.

consisting of two glass capillaries (550 wm inner diame-
ter) submerged in water and filled with two microsphere
solutions: 100 nm diameter (right) and 625 nm diameter
(left). The whole OCT image (B scan) covers 64 A lines
(512 depth points per A line). Every A line is measured at
4000 consecutive times points (127 ms per A line), and a
power spectrum is calculated for every point in the spatial
domain. This process is repeated 20 times and averaged.
The total acquisition time for this B scan is 162 s
(although more time was needed for processing). The
OCT magnitude image (left) is used to determine a region
of interest within the capillaries. For every point in the
region of interest, the diffusion coefficient was determined
by fitting the power spectrum with a Lorentzian using as
fit parameters 2Dq> for the half width, amplitude, and
offset. The average diffusion coefficient in the two capil-
laries is 5.0 0.3 (100 nm diameter) and 0.8 =
0.2 um?s~! (625 nm diameter). This is close to the
theoretical prediction of 4.8 and 0.77 um?s~! for these
sphere diameters.

The high diffusion imaging speed that we show in Fig. 3
is significantly faster compared to that in Ref. [7].
However, a quantitative comparison is difficult, as there
is a trade-off between imaging speed and the noise in the
measured Lorentzian line shape; the latter is not defined in
Ref. [7]. Yet, in our experiment the morphology and dif-
fusion coefficient are measured simultaneously instead of
sequentially, and we benefit from the spectral-domain over
time-domain sensitivity advantage in OCT. In addition,
our technique can be implemented in any Fourier-domain
OCT system.

For quantitative diffusion imaging as shown in Fig. 3,
multiple scattering, which occurs more at larger depths, is
not included in the single scattering analysis. Also, the
signal to noise ratio of the OCT signal should be sufficient
to measure the power spectrum. Therefore, quantitative
measurements deep into highly scattering solutions will

be difficult. However, with recent advances in camera
speed, removal of depth degeneracy, and shorter coherence
length light sources, we expect the imaging performance of
our method, in terms of signal to noise ratio, spatial, and
temporal resolution, to be further improved in the
future.
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