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Measuring blood velocity using correlative
spectrally encoded flow cytometry
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Spectrally encoded flow cytometry (SEFC) is a promising technique for imaging blood in the microcirculation. Yet,
the dependency of one of the axes of the image on time prevents effective quantification of essential clinical param-
eters. Here, we address this challenge by splitting the optical path in an SEFC system into two parallel imaging lines,
followed by straightforward data analysis for recovering the flow speed from the multiplexed data. The method is
demonstrated by measuring the flow velocity of latex beads and blood cells in vitro. The system allows real-time
velocity measurements of up to 11.7 mm/s at high spatial resolution, and could be integrated into existing SEFC

systems for effectively measuring blood parameters in small capillary vessels.
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Quantitative information on blood composition and blood
cell morphology is frequently used for patient diagnosis
[1] using flow cytometry [2] complemented by chemical
analysis and optical microscopy [3]. In recent years, sev-
eral methods for obtaining useful clinical data from small
drops of extracted blood have been developed [4-6],
reducing pain and anxiety to patients. Noninvasive optical
techniques for measuring key clinical indices of blood
have also been demonstrated and shown clinically useful,
including pulse oximetry [7], photothermal imaging [8],
and orthogonal polarized spectral imaging [9]. While lim-
ited by the accuracy of their data, these technologies
are attractive for many applications that require real-time
diagnosis, involve difficult extraction of blood, or where
proper sample handling cannot be maintained.
Recently, a novel technique termed spectrally encoded
flow cytometry (SEFC) has been shown effective for
noninvasive, high-resolution imaging of blood flowing
in the microcirculation [10]. Using a portable handheld
probe, this technique uses a diffraction grating and a
high numerical aperture (NA) lens to image reflectance
from a spectrally encoded confocal line that is positioned
at the cross section of a small blood vessel. As cells
within the blood stream cross the spectrally encoded
line, backscattered light is repeatedly recorded to form
a two-dimensional confocal image of the cells without
additional mechanical scanning. When the spectrally
encoded line is positioned perpendicular to the direction
of flow, the resulting two-dimensional SEFC data is
spanned by the spectrally encoded line that encodes
the y (Cartesian) coordinate while the x coordinate is
encoded by time. Thus, in an uncorrected raw image,
cells flowing at higher velocities appear shorter along
the x axis compared with slower moving cells of similar
morphology, resulting in an inability to estimate their
true proportions. Perhaps more importantly, obtaining
key clinical parameters that involve cell counts (e.g., red
and white blood cell counts, platelets) requires knowl-
edge of the exact imaged volume for effectively extrapo-
lating the measured parameters to the entire body.
Thus, transforming the time axis into a physical x axis
requires precise, real-time measurement of the blood
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flow velocity across the field of view. Although non
invasive flow velocity measurements in the microcircula-
tion had been previously demonstrated using laser
speckle contrast analysis [11], laser Doppler [12], and
orthogonal polarized spectral imaging [9], these tech-
niques provide only averaged measurements and would
be difficult to integrate into an SEFC system.

In this Letter, we present a technique for measuring
flow velocities in the microcirculation in real-time and
at high spatial accuracy. Our correlative SEFC technique
was inspired by the early work of Wayland and Johnson
[13], in which blood flow velocities in small mesentery
vessels in cats were estimated by measuring temporal
correlations of the flow patterns between two nearby
locations along the vessel; similarly, by splitting the
imaging beam in the SEFC probe into separate paths, we
demonstrate accurate velocity measurements of the im-
aged cells. The experimental setup of correlative SEFC,
schematically illustrated in Fig. 1, is based on our current
SEFC system [14] used for imaging capillary blood flow
in patients. Broadband light from a fiber-coupled super-
luminescent diode array (Superlum S840-B-I-20, 840 nm
central wavelength, 50 nm bandwidth) was collimated,
magnified to 9 mm beam diameter using a 3.75x beam
expander, diffracted in the y axis using a transmission
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Fig. 1.
setup.
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diffraction grating (Wasatch Photonics, 1200 lines/mm),
and split in the x axis using a 0.5° wedge prism (Edmund
Optics, Inc.) that was inserted halfway into the beam
cross section (see side view in Fig. 1). The two split
halves of the beam were then focused into two equal
intensity transverse lines using a water-immersion objec-
tive lens (Olympus, NA = 1.2, 60x). At the focal plane,
the x axis separation between the on-axis and the off-axis
spectrally encoded lines was approximately 24 pm,
measured by translating a sharp edge along the x axis in
the focal plane. Backscattered light from the tissue was
collected by the objective lens and directed by a beam
splitter to a single-mode fiber. The collected light was
then analyzed by a high-speed spectrometer comprising
a collimating lens (50 mm focal length), a transmission
diffraction grating (1800 lines/mm), and a line-CCD cam-
era (e2v, Aviiva EM4). Note that the setup in Fig. 1 has
many similarities to a previously published SEFC system
[14], with the important exception of the 0.5°-angle
wedge prism; without the prism, the spectrometer re-
cords the reflections along a single spectrally encoded
line, forming an image of the cells flowing across it. With
the wedge prism inserted into the beam, reflections from
both lines are combined on the spectrometer camera,
forming a line-image that is the coherent summation of
the reflections from both spectrally encoded lines.

The insertion of the round, 25-mm-diameter wedge
prism into the optical path changes the original circular
beam aperture into two smaller, slightly distorted
D-shaped apertures. The effect of the prism on the two
point-spread functions (PSFs) was simulated by solving
the Fresnel integral for the split beams (Fig. 2). Com-
pared with the PSF resulted from the uncropped aperture
(leftmost panel), the resulting light distributions at the
focal plane showed approximately 2-fold loss of resolu-
tion in the horizontal (x) axis while the y (wavelength)
axis had remained nearly unaffected [15]. Close inspec-
tion of the speckle patterns resulted from imaging
(NA = 0.65) a scattering resolution target (IFig. 2, insets)
has confirmed the asymmetric 2-fold resolution drop. We
note here that common resolution measurements using
reflective targets are not feasible with this configuration
due to inherent coupling between the two beams, which
prevents specular reflections from being collected by the
fiber aperture.

Measuring the flow velocity of 6.4-ym-diameter latex
beads was obtained by placing the two spectrally
encoded lines approximately 300 pm below the front
surface of a flow chamber (0.8 mm x5 mm x 50 mm,

Fig. 2. Point-spread functions resulting from (a) a full aperture
of an uncropped SEFC beam, (b) the cropped aperture of
the beam passing through the wedge prism, and (c) the cropped
aperture of the remaining on-axis beam. Upper-right insets,
simulated apertures. Lower-right insets, corresponding speckle
images of a scattering target.
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ibidi GmbH, p-Slide I 0.4 Luer). The resulting correlative
SEFC images [Fig. 3(a)] clearly showed the flowing
beads, where each bead in the image essentially appears
twice: first while reflecting light from the first spectrally
encoded line, and later when reflecting light from the
second off-axis line. The two images of each particle
were also shifted in the y axis, most likely due to a small
shift between the wavelength-encoded lines [Fig. 3(b),
top panel] caused by a slight misalignment of the wedge
prism. Another possibility for a y axis shift, which could
occur mainly during ¢n vivo measurements, is that the
lines are not perfectly perpendicular to the direction of
flow [Fig. 3(b), bottom panel].

The flow velocity v was calculated from a two-
dimensional autocorrelation of a 1024-line crop of the
raw data, using v = L/z, where L denotes the separation
between the spectrally encoded lines and r denotes the
measured time-delay coordinate of the first autocorrela-
tion peak [Fig. 3(c)]. The results of five measurements of
different flow velocities are plotted in Fig. 3(d) against
the expected velocities calculated using the parameters
of the syringe pump (Harvard Apparatus), and by consid-
ering a laminar parabolic flow approximately 300 pm
below the front chamber wall. The plot shows a small
systematic error of approximately 15% between the
measured and expected velocities [Fig. 3(d)], most likely
due to overestimation of the exact imaging depth; such
error could be corrected using straightforward system
calibration. Vertical error bars in Fig. 3(d) include the
width of the autocorrelation peaks and the estimated
error in measuring the distance between the spectrally
encoded lines. Horizontal error bars include the esti-
mated errors of the pump velocity and imaging depth.

To demonstrate velocity measurement of blood flow,
blood from a venipuncture of a healthy donor was diluted
(1:5) with phosphate buffered saline (PBS) and was
pumped through the flow chamber. Due to the high for-
ward scattering of the red blood cells, which rapidly re-
duced image quality with depth, imaging was performed
just below (approximately 10 pm) the front chamber
wall. Numerous red blood cells were clearly visible in
the raw image [Fig. 4(a)], most appeared twice with con-
sistent shifts in the time (x axis) and small constant shifts

Measured [mm/s] Q.

O R N W s w

o

E

1 2 3 4 5
Expected velocity [mm/s]

Fig. 3. Velocity measurement of flowing latex beads. (a) Cor-
relative SEFC raw image. Arrows mark two images of the
same bead. (b) Schematic illustration of the potential imaging
configurations that result in the observed y axis shift. (c) Two-
dimensional autocorrelation of the raw data. z denotes the
separation between the two peaks. (d) Measured versus
expected velocities show small and consistent deviation from
the identity (dashed) line.
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Fig. 4. Correlative SEFC imaging of diluted blood flow in vitro.
(a) Raw data, arrows mark double images of a red blood cell.
(b) Two-dimensional autocorrelation image of the raw data,
corresponding to a velocity of 0.45 + 0.13 mm/s.

in the wavelength-encoded y axis. Some cells appear
only once, most likely due to a small component of
the flow vector in the depth dimension (z axis). As
evident from the first autocorrelation peak [Fig. 4(b)],
averaged blood velocity was approximately 0.45 mm/s
with an estimated error (peak width) of +0.13 mm/s.
Due to the strong influence of the nearby chamber wall,
this velocity was difficult to compare with theoretical
predictions [16].

The main advantage of correlative SEFC in measuring
blood velocity is that it relies on high-resolution confocal
images that allow effective extraction of microscopic
flow. When desired, during an SEFC imaging session, the
operator may insert the wedge prism for measuring the
flow velocity during a few seconds, and then remove it
for continuing high-resolution imaging using conventional
SEFC. Note that, in small-diameter capillary vessels, the
velocity would not be uniform across the image: in the
wavelength-encoded y axis, the flow is expected to
have varying characteristics (plug and parabolic flow
[17]) while, in the time () axis, it may vary due to residual
pulsation in arterioles [17]. A windowed autocorrelation
[18,19] of the raw images would thus be more appropriate
for future in vivo applications for assessing velocities at
higher spatial and temporal accuracies. Due to the rela-
tively large number of pixels per cell (8-12 in the x axis),
autocorrelation errors are expected to have no bias [20].

The maximal flow velocity that could be measured
using correlative SEFC is given by:

v
e N, cell ’

ey

where f denotes the camera line rate, d the average cell
diameter, and Ny denotes the number of pixels sam-
pling each blood cell (N ey > 2) [20]. Using f = 5 kHz,
d =7 pm, and N, = 3, we obtain a maximum velocity
of 11.7 mm/s, considerably higher than the typical veloc-
ities in venules and in small arterioles [17]. The efficiency
of correlative SEFC in measuring velocities also depends
on the exact distance between the spectrally encoded
lines; short separations are preferable for reducing the
effect of the axial component of the flow while line
separation must exceed cell size for separating between

the autocorrelation peaks. Other means for improving the
accuracy of the flow measurement include using conven-
tional beam splitters and mirrors, which, despite some
signal loss and added complexity, would maintain the full
apertures of both beams and, by allowing sufficient opti-
cal path difference between the beams, prevent undesired
interference effects. Finally, correlative SEFC could be
used as a standalone technique for measuring blood flow
velocities in the microcirculation with extremely high
accuracy; however, additional experiments are required
to determine the true potential of this approach and to
understand its limitations, primarily due to the small field
of view and the high sensitivity of the results to the actual
depth of imaging into the vessel.

In summary, a technique for measuring the velocity of
blood cells using SEFC system was presented and exper-
imentally demonstrated ¢n vitro. Using two parallel spec-
trally encoded lines positioned across a flow chamber,
we demonstrated velocity measurements of latex bead
and blood cells. The technique could be easily integrated
into existing SEFC systems, enabling the measurement of
useful clinical parameters for effective, pain-free patient
diagnosis.
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