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Abstract
In this paper we investigate the effect of multiple scattering on Doppler
optical coherence tomography (DOCT) images of model blood vessels
embedded in a medium with optical properties similar to those of the human
dermis. Furthermore, we quantify the deviation of the acquired velocity
profiles from that known to exist within a glass capillary at various depths
within the scattering media.

A flow phantom consisting of a glass tube containing whole blood
flowing under laminar conditions submerged in a variable depth of Intralipid
was used to simulate a blood vessel within the cutaneous microcirculation.
DOCT images and velocity profiles of the tube acquired at various depths
within the Intralipid are compared with those obtained from the same tube in
a non-scattering medium with the same refractive index.

1. Introduction

Doppler optical coherence tomography (DOCT) is a technique
for simultaneously performing real-time high-resolution
imaging of tissue structure and blood flow [1–3]. Using this
technique, fluid velocity profiles [4–7] and shear-rates [8]
have been recorded in flow phantoms and in vivo systems
[9,10]. We have previously shown that DOCT can detect subtle
changes in the velocity profile of red blood cell suspensions
as functions of the mean flow velocity, cell concentration and
cell rigidity in phantoms with diameters as small as several
hundred micrometres [11]. Accurate in vivo measurement of
blood velocity profiles within the microcirculation is required
to estimate volume flow rate and effective haematocrit through
small vessels [12]. Before the development of DOCT, in vivo
measurements of velocity in the cutaneous circulation relied
predominantly upon microscopy techniques [13, 14]. These
techniques require time consuming post-acquisition analysis
of the distances moved by individual particles between video
frames and so do not allow real-time monitoring of flow
dynamics on a biological time scale or in larger vessels which
cannot be visualized.

Due to the non-invasive nature of DOCT, it has great
potential for investigating the delicate blood flow dynamics
thought to exist within the cutaneous microcirculation, an
area previously inaccessible due to the high level of optical
scattering. Although DOCT has a high scattered light rejection
ratio, it is possible that in highly scattering tissues photons may
undergo more than one scattering event, causing the apparent
backscattered position ascribed to the detected photon to differ
from any one of the true scattering events. Furthermore, the
total Doppler shift reported by a multiple scattered photon
will differ from that reported by photons undergoing single
backscattering events if the second scattering event is also from
a moving particle.

Using a tissue phantom we investigate the applicability
of DOCT to the human dermis by examining the effect of
multiple scattering upon cross-sectional DOCT images of a
tube containing whole blood flowing under laminar conditions.
By considering the fitting statistics of a parabolic velocity
profile, we quantify the accuracy to which velocity profiles can
be fitted as a function of depth into the phantom. Furthermore,
we ascertain whether the complex flow dynamics of red blood
cells thought to exist in small blood vessels could be measured
in vivo.
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Figure 1. Schematic of the Doppler OCT system and signal processing apparatus.

2. Materials and methods

A schematic of the DOCT system used in this investigation is
provided in figure 1. The Michelson interferometer consists
of a 2 × 2 fibre coupler that provides a stable interferogram
with minimal interference from vibration and thermal air
currents. The source was an amplified spontaneous emission
(ASE0 laser (B&W Tek Inc.)) with an optical output
power of 7 mW and a spectral full width half maximum of
100 nm centred at 1550 nm, producing a coherence length of
approximately 15 µm in air. Reference arm scanning was
achieved by a Fourier-domain delay-line [15], which uses a
diffraction grating and a galvanometer to generate an optical
path difference of 1–2 mm with a maximum axial scan rate
of 500 Hz. The sample arm probe consisted of an objective
lens with a numerical aperture of 0.12, yielding a lateral
resolution of approximately 20 µm. The lateral motion used
to produce images from sequential line-scans was achieved by
mounting the lens upon a voice coil translation stage (Physik
Instruments).

Line-scans corresponding to a physical depth of 1 mm
were acquired with a repetition rate of 5 Hz. Line-scans,
consisting of 6400 data points, were sampled at 32 kHz
and divided into 100 pixels, each 64 data points in length.
A spectrogram of each pixel was produced using a short-
time Fourier transform (STFT) algorithm, yielding a frequency
bin separation corresponding to a velocity of approximately
1 mm s−1. The optical coherence tomography (OCT) and
DOCT images were processed using the spectrogram method.
For the OCT images, the value in each pixel was obtained by
taking the base 10 logarithm of the amplitude of the power
spectrum at the reference frequency. The OCT image was
then displayed using a 64 colour-level grey-scale colour-map
with the maximum and minimum colour values determined by
the maximum and minimum values of the image pixels. The

Figure 2. Simplified simulation of a blood vessel in the human
dermis, consisting of a glass capillary immersed in a solution of
Intralipid-20%.

intensities for the DOCT image pixels were calculated from the
shift in the position of the centre of gravity of the spectrum from
the reference frequency, and the frequency shifts were then
converted into velocities. The DOCT images were displayed
using a 64 level false-colour-map.

The phantom, shown in figure 2, provided a simplified
simulation of a large blood vessel located in the human dermis.
A glass capillary with an internal diameter of 300 µm was set
into a shallow cuvette containing Intralipid solution at 20% by
volume. At this concentration Intralipid [16] has a scattering
coefficient of 11.2 mm−1, approximating the average scattering
properties of the human dermis [17, 18]. The depth of the
capillary below the surface of the Intralipid was altered by
varying the volume of the solution in the cuvette. Heparinated
whole human blood taken from healthy volunteers was passed
through the capillary at room temperature (∼20˚C), using
an infusion pump which provided flow at a known constant
velocity. The infusion pump was set so that the blood passed
through the capillary with a mean flow velocity of 7.5 mm s−1.
Fluid mechanics predicts that at this flow rate the blood cells
will have a parabolic velocity profile [19].
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To allow direct comparison of measurements with and
without external scattering, the non-scattering data were
obtained with the capillary immersed in distilled water to
approximate the refractive index of the Intralipid. A refractive
index of 1.4 was used to convert optical path differences within
the Intralipid, distilled water and blood into physical distances
used to measure the depth of the scattering media.

The sample arm beam was focused on the centre of the
capillary at an angle of 45˚ to the direction of flow. Velocity
profiles were obtained by averaging 100 DOCT line-scans
through the centre of the capillary.

Cross-sectional OCT and DOCT images centred on the
capillary were acquired by laterally translating the probe by
500 µm from the centre of the capillary and acquiring 100 line-
scans each separated by lateral steps of 10 µm in the opposite
direction. The line-scans were processed to produce a grey
scale structural OCT image and a colour DOCT velocity map
of the tube.

The distilled water was replaced by Intralipid 20%, with
the glass capillary just beneath the surface. Velocity profiles
and images were recorded with the same parameters used for
the non-scattering phantom. Intralipid was added in three
further increments until measurements were obtained with the
capillary 800 µm beneath the surface of the Intralipid.

As the depth of the Intralipid was increased the sample
arm focus was moved by a distance equivalent to the refractive
index adjusted optical path difference of the Intralipid solution.
The reference arm mirror was then moved to compensate for
the resulting change in optical path length. In addition to
compensating for path length, the reference arm was adjusted
to balance the dispersion in the sample and reference arms as
the depth of Intralipid was increased [15].

3. Data processing and analysis

3.1. Images

The degradation in image quality caused by multiple scattering
in the Intralipid was evaluated qualitatively by visual
comparison between the images obtained in the presence and
absence of the scattering media .

3.2. Velocity profiles

The velocity profiles were obtained by averaging the reference
peak Doppler shift in each pixel over the 100 line-scans. The
average frequency shifts were then converted into velocities
using equation (1):

ν = fsλ0

2ns cos θ
, (1)

where λ0 is the central wavelength of the source, ns is the local
refractive index of the sample, fs is the average frequency
shift and θ is the angle between the sample arm beam and the
direction of flow.

Fluid mechanics predicts that whole blood flowing with
an average velocity of 7.5 mm s−1 in a tube of this diameter
exhibits a parabolic velocity profile [19]. In order to quantify
the effect of Doppler noise caused by multiple scattering, the
velocity profiles from each depth of Intralipid were compared

with the parabolic velocity profile expected for whole blood
flowing under these conditions. The extent to which the
distorted profiles deviated from the predicted parabolic profile
was quantified by the chi-squared value.

The ‘true’ flow profile, undistorted by multiple scattering
outside the capillary, was obtained by fitting a parabola to the
Doppler shifts obtained from inside the tube immersed in water.
This was achieved using software based on the Levenberg–
Marquardt algorithm to fit equation (2) to the recorded data;
the fit was weighted using the standard deviation of each point
calculated from the 100 line-scans over which the velocity
prfile was averaged.

V (r) = Vmax

(
1 −

∣∣∣( r

R

)∣∣∣2
)

, −1 � r

R
� 1, (2)

where V (r) is the velocity at radial position r , Vmax is the
velocity at the centre of the tube and R is the radius of the tube.
This stage of analysis was also used to verify that the blood cells
did indeed exhibit a parabolic velocity profile and to measure
exact values of the peak flow rate and the internal diameter
of the glass capillary. Any observed error in the fitted data
at this stage will be due to Doppler shifts caused by multiple
scattering within the blood and the finite signal-to-noise ratio
of our system.

If multiple scattering of photons within the Intralipid
does indeed cause the measured velocity profiles to become
distorted, it would be useful to quantify the accuracy to which
parametrization of these profiles could be achieved. This will
determine whether subtle changes in the velocity profile could
be measured in vivo. Again using the Levenberg–Marquardt
algorithm, equation (3), modified from [13], was fitted to each
profile.

V (r) = Vmax

(
1 −

∣∣∣a ( r

R

)∣∣∣K
)

, −1 � r

R
� 1, a � 0,

(3)
where V (r) is the velocity at radial position r , Vmax is the
velocity at the centre of the tube and R is the radius of the
tube. The scaling factor a is used to allow non-zero intercept
fit with the tube wall. The shape of the profile is described by
the parameter K: a parabolic velocity distribution corresponds
to K = 2, and K increases as the profile becomes progressively
flatter. Values for the capillary radius and peak flow velocity
were taken from the undistorted profiles. Again, each fit was
weighted with the standard deviation at individual points across
the capillary.

The fitted value of the parameter K shows the degree to
which multiple scattering has caused the fitting algorithm to
misinterpret the ‘true’ shape of the velocity profile. A value
of 2 corresponds to correct interpretation of the parabolic
profile, and any significant deviation from 2 shows that the
profile has been misinterpreted. This parameter has previously
been used to describe the deviation of red blood cells from
parabolic flow due to changes in the cell velocity [13] and
rigidity [11]. Therefore the knowledge of any significant
systematic deviation of the parameter K from a value of 2
caused by multiple scattering is important to the vascular
clinician. Equation (2), modelling the ‘true’ parabolic profile
known to exist within the capillary, is initially fitted to each
profile and the chi-squared values used to show if increasing
the capillary depth indeed causes a reduction in signal quality.
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(a) (b)

Figure 3. (a) and (b) show OCT and DOCT images, respectively, of the capillary containing whole blood flowing with an average velocity
of 7.5 mm s−1 immersed in a non-scattering medium with a refractive index similar to that of the tissue phantom.

(This figure is in colour only in the electronic version)

The same profiles are then fitted with equation (3), where the
model is no longer constrained to a parabola, and any deviation
of the fitted value of the parameter K from 2 shows the extent
to which multiple scattering causes misinterpretation of the
shape of the profile.

The standard error measured over the 100 line-scans used
to calculate the average velocity at each pixel was used to
weight the value of chi-squared and to calculate the error in
the fitted values of K . The significance of the chi-squared
values for each fit were calculated using confidence level tables
for the chi-squared distribution. Weighting chi-squared with
the standard deviation at each point should take into account
the increased signal-to-noise ratio with capillary depth. This
will confirm whether the distortion in the velocity profiles is
indeed a systematic effect of multiple scattering or caused by
an overall reduction in fitting accuracy due to signal attenuation
in the Intralipid.

The following analysis was performed in order to verify
that weighting the chi-squared values for each fitted profile
could indeed be used to take into account the decrease in signal-
to-noise with increased Intralipid depth. To simulate the effect
of a reduced signal-to-noise ratio independent of the effects of
multiple scattering, a velocity profile of the capillary immersed
in water averaged over 100 line-scans was compared with the
same velocity profile averaged over 10 line-scans. Reducing
the number of line-scans over which the profile was averaged
by a factor of 10 simulates a 10-fold reduction in the signal-to-
noise ratio and should increase the standard deviation at each
point by an approximate factor of 3. If the chi-squared values
are weighted with the corresponding standard errors, both
velocity profiles should have similar chi-squared values despite
the apparent inferior fitting quality of the profile averaged over
fewer line-scans.

4. Results

In vitro images and velocity profiles of the blood flow in the
glass capillary at four depths within the tissue phantom are
compared with those obtained for the same capillary in the non-
scattering medium. The depths of the capillary beneath the

surface of the phantom, obtained from the OCT images,
were 50, 150, 300 and 800 µm. The capillary depth within
the non-scattering medium was sufficient for the air–water
interface not to appear in the images.

4.1. OCT and DOCT images

Figure 3 shows the OCT and corresponding DOCT images
of whole blood flowing with a mean velocity of 7.5 mm s−1

through the capillary immersed in distilled water. Figure 4
shows OCT and DOCT images of the blood flow within the
capillary at depths of 50, 150, 300 and 800 µm below the
surface of the tissue phantom.

4.2. Velocity profiles

Figure 5 compares the velocity profiles of the capillary
immersed in water averaged over (a) 100 and (b) 10 line-scans.
Figure 6 shows velocity profiles fitted with equation (2) to
show how the fitting quality of the correct model decreases as
a function of capillary depth in the scattering media. Profile
(a) was measured with the capillary immersed in water, and
profiles (b), (c), (d) and (e) with the capillary at depths of 50,
150, 300 and 800 µm within the Intralipid.

The same velocity profiles presented in figure 6 fitted with
the model described by equation (3) are shown in figure 7.
The error bars represent the standard error at each point
calculated from the 100 line-scans used to generate the data.
The solid line illustrates the fitted velocity profiles. The
undistorted profile (a) is fitted with a parabola; as the capillary
depth increases from 50 µm (b) to 800 µm (e), the best fit
model becomes increasingly ‘blunted’. This suggests that
multiple scattering effects may introduce systematic errors
in the measured velocity profiles. A significant difference
between the ‘true’ and measured K appears beyond a depth
of 150 µm, or 2.55 scattering mean-free-paths.

5. Discussion

The OCT image of the capillary immersed in water contains
a slightly blurred annular structure which corresponds to the
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Figure 4. (a), (b), (c) and (d) show (left) OCT and (right) DOCT images of the glass capillary immersed 50, 150, 300 and 800 µm below the
surface of the scattering tissue phantom.
(This figure is in colour only in the electronic version)
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Figure 5. Velocity profiles of the capillary immersed in water averaged over (a) 100 line-scans and (b) 10 line-scans fitted with a parabolic
flow model, i.e. equation (2), with respective chi-squared values of 13.6 and 16.7.

glass walls. The centre of the capillary appears empty due
to the signal from the moving red blood cells having been
Doppler shifted away from the reference frequency. If the
system were to have infinite spatial resolution, one would
expect the image to consist of two infinitely thin concentric
rings corresponding to the internal and external walls of the
capillary. However, although the axial resolution of the system,
calculated to be around 10 µm, is less than the thickness of the
glass wall, which is estimated to be of the order of several tens
of micrometres, the inner and outer walls appear as one blurred
interface. This ‘blurring’ can be explained by the presence of
side-lobes in the axial point spread function (PSF), arising from
a non-Gaussian spectrum of the source that cause a small, but
not insignificant, reduction in the system’s axial resolution.
Further blurring could arise from a slight residual mismatch in
dispersion between the sample and reference arms that was not
completely compensated when the depth of imbedding media
was changed. Stationary red blood cells at the capillary wall
obeying the non-slip condition also contribute to the image
blurring, as well as those moving close to the wall with a
sufficiently low velocity that does not exceed the velocity
resolution and hence appear to be stationary. The combined
effect of the capillary wall thickness approaching the system’s
axial resolution and the presence of stationary red blood cells
causes the appearance of scattering in the glass walls of the
capillary. This ‘false’ signal could be avoided by reducing the
PSF (i.e. using a source with a longer coherence length or a
Gaussian power spectrum) or by increasing the capillary wall
thickness.

The DOCT image of the capillary in water contains
concentric annular regions of equal velocity which increase
from zero at the capillary wall to a maximum at the centre
of the capillary corresponding to twice the average flow
velocity. The capillary walls do not appear in this image due
to their un-shifted signal appearing in the static background,
represented in this case by the black region of the colour map.
Again there is some blurring at the capillary walls due to the
low flow velocity and finite velocity sensitivity of the system.
The finite velocity resolution also causes blurring of the annular
regions of equal flow velocity.

The OCT images of the glass capillary immersed in the
various depths of Intralipid solution all clearly show the region
of the capillary containing flowing Intralipid as an area of
zero intensity due to the signal from moving scatterers being

Doppler shifted from the reference frequency. Blurring at the
internal glass/blood interface again occurs due to the non-
slip condition. As the capillary depth is increased there is
an increasing amount of false stationary signal, or ‘noise’,
appearing within the internal wall of the capillary. This is
due to multiple scattering of photons above the capillary,
causing their measured path length to be greater than the
depth of any one of the scattering sites and hence appear
in the region of the image where a stationary signal would
otherwise not be expected. A shadow appears in the region
of Intralipid directly beneath the capillary; this again may
be due to multiple scattering of photons. Photons that
experience multiple scattering between the surface of the
Intralipid and the bottom of the capillary not only appear at
a greater depth than expected, but may have also experienced
Doppler shifts from the blood within the capillary, hence
causing their signal to become shifted beyond the reference
frequency. The effects of a reduction signal-to-noise ratio
beneath the capillary may also contribute to this shadowing
effect. The effect of a reduction in signal-to-noise ratio as a
function of depth is not quantified for the DOCT images in
this investigation. However, standard error weighting is used
to eliminate these effects during the analysis of the velocity
profiles.

The regions of the DOCT images containing the flow
are clearly visible at all four depths within the scattering
medium. The characteristic annular pattern of the parabolic
flow becomes increasingly distorted at greater depths, which
may be due to the occurrence of multiple scattering events that
cause both falsely registered depths and Doppler shifts. The
region directly beneath the capillary, appearing as a shadow
in the OCT images, contains Doppler shifted pixels which give
the impression that there may be fluid flow under the capillary.
The density and Doppler shift of these pixels increase with
depth. Again, this artefact may be due to the occurrence of
multiple scattered photons causing false registration of both
depth and Doppler shift. Again, both these artefacts may be
due to a reduced signal-to-noise ratio beneath the capillary and
scattering within the capillary.

In all the DOCT images, both in the scattering and
non-scattering phantoms, the lower 200 µm contains falsely
registered Doppler shifted pixels. This is because the
backscattered signal intensity, attenuated by the sample,
approaches the system’s noise floor, hence causing the centroid
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Figure 6. (a) Fitted velocity profile of the capillary immersed in the non-scattering phantom: chi-squared value 13.6. (b)–(e) Fitted velocity
profiles obtained from depths 50 µm, 150 µm, 300 µm and 800 µm below the surface of the scattering phantoms: respective chi-squared
values 22.5, 31.1, 34.1 and 40.7.

detection algorithm to falsely locate the peak frequency. The
attenuation is visible in the corresponding OCT images, where
the same region appears to fade away and become dominated
by system noise.

Figure 5(a) shows the velocity profile obtained from
the capillary in the non-scattering phantom averaged over
100 line-scans. This profile shows excellent agreement
with the predicted parabolic model, with a chi-squared of
approximately 14, which corresponds to a confidence limit
of 99.7%. Although having the appearance of dramatically
reducing the goodness of fit, simulating a 10-fold reduction in
signal-to-noise ratio independent of multiple scattering does
not significantly reduce the confidence limit of the fitted model.

Figure 5 (b) has a weighted chi-squared value of approximately
17, which corresponds to a confidence limit of 97.5%. This
shows that a lower signal-to-noise, and hence a higher standard
error, has little effect on the confidence limit of the fitted
model, if chi-squared is property weighted. Therefore, it is
reasonable to assume that a reduction in weighted chi-squares
as the capillary depth is increased can be attributed to multiple
scattering.

As the depth of the capillary within the Intralipid increases,
the goodness of the fit deteriorates to a maximum chi-squared
value of 41 at a depth of 800 µm, this corresponds to a
confidence limit of only 15.6%. The confidence limits
associated with the chi-squared values show that at depths
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Figure 7. Velocity profiles from figure 6 parametrized using equation (3). Error bars show the standard deviation at each point calculated
from the 100 line-scans from which each data point was averaged. The fitting results are as follows: (a) K = 2.01 ± 0.05,
chi-squared = 13.6, (b) K = 2.09 ± 0.07, chi-squared = 21.2, (c) K = 2.2 ± 0.12, chi-squared = 30.3, (d) K = 2.3 ± 0.17,
chi-squared = 32.3, (e) K = 2.7 ± 0.21, chi-squared = 39.8.

greater than 150 µm the probability of the profile being
parabolic is less than 56%.

The deviation from the expected parabolic profile can
be explained by the same multiple scattering processes that
were used to describe the presence of noise in the DOCT
images. The falsely registered Doppler shifts occurring below
the capillary are also present in the velocity profile plots and
increase with capillary depth.

The value of the fitting parameter K for the capillary
immersed in water is equal to 2.01. The error on this value,
±0.05, is due to noise in the measured velocity caused by
attenuation in the blood and the finite velocity resolution of
the system. As predicted, the value of K in the non-scattering

medium corresponds to a parabola. This confirms that the
capillary does indeed support laminar flow at a flow velocity
of 7.5 mm s−1. Immersing the capillary in 50 µm of Intralipid-
20% has very little effect upon the fitted value of K , which does
not change significantly beyond the fitting error of ±0.07. It
is not surprising that this small depth of Intralipid has little
effect, as it is small in comparison with the scattering mean
free path of the Intralipid. Increasing the capillary depth to
150 µm causes the fitting algorithm to interpret the parameter
K as 2.2, a deviation greater than the error margin of ±0.10
from the expected value of 2. At depths of 300 µm and 800 µm
the misinterpretation increases, producing K values of 2.3 and
2.7, respectively. In the two cases the deviation from 2 exceeds
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the fitting errors of ±0.17 and ±0.21, respectively. The value
of chi-squared increases with the depth of the capillary beneath
the surface of the Intralipid. Although the chi-squared values
of the non-parabolic model at depths greater than 150 µm
show extremely low probabilities, they are higher than those
for the same data fitted with the parabolic model. While
the non-parabolic models appear to be a closer fit than the
parabolic models, neither have sufficient confidence limits to
be considered an accurate model. This merely shows that
at depths greater than 150 µm the error on the Doppler shift
caused by multiple scattering causes the fitting procedure to
become unreliable.

Interestingly, in all three cases where multiple scattered
photons cause the shape of the velocity profile to become
misinterpreted, the fitting parameter K is greater than the
expected value. These results suggest that if velocity profiles
were to be measured in a scattering medium at depths greater
than 150 µm, i.e. the upper dermal plexus, multiple scattering
of photons would have the effect of increasing the degree of
blunting observed in the measure velocity profiles.

The estimation of 150 µm as the maximum depth at which
subtle changes in flow profiles can be measured is only valid for
vessels with a diameter less than 300 µm. This depth may be
reduced as the angle between the flow direction and the sample
arm beam is increased [20]. This would have to be taken into
account when translating these results to in vivo studies in the
human microcirculation.

6. Summary

The results from this investigation show that DOCT can
indeed be used to detect the presence of blood flow over
a physiologically relevant depth range within a medium
with optical properties similar to those found in the tissues
surrounding the human cutaneous microcirculation. Although
the presence of flow can be detected at depths up to 1 mm within
the scattering media, it is less plausible that measurements
of the subtle flow dynamics within a capillary of diameter
similar to that investigated in this study could be carried out
in vivo at depths greater than 150 µm.
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