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Abstract

Frequency domain phase-resolved optical Doppler tomography (ODT) was developed with Doppler variance imag-

ing capability. It is shown that utilizing the frequency domain method, phase-resolved ODT can achieve much higher

imaging speed and velocity dynamic range than the time domain method. Structural, Doppler and Doppler variance

images of fluid flow through glass channels were quantified and blood flow through vessels were demonstrated in vivo.

� 2004 Elsevier B.V. All rights reserved.
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Optical Doppler tomography (ODT), also

named Doppler optical coherence tomography

(Doppler OCT), is capable of measuring micro-

flows using the optical Doppler effect [1,2]. Early

ODT systems were unable to achieve high imaging

speed, high velocity sensitivity and high spatial res-

olution simultaneously. A phase-resolved algo-
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rithm was developed to obtain high velocity

sensitivity while maintaining high imaging speed

and high spatial resolution. This technique has

been applied to clinical investigations [2,3] and

microfluidic study [4]. To further the study of

microflows, a Doppler variance algorithm has

been added to the phase-resolved ODT [5]. Dop-

pler frequency shift depends on the Doppler angle
between the probe and the flow direction. By con-

trast, Doppler variance is less sensitive to Doppler

angle and is more efficient for mapping the flows
ed.
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buried in non-transparent media. Currently, ODT

systems are implemented in the time domain.

Although real-time 2D flow imaging has been

achieved with the time domain ODT, 3D mapping

of complex flows in microfluidic networks requires
even higher speed and better sensitivity. In the

time domain ODT, mechanical devices are re-

quired for axial scanning (A-line scanning) and

limit the imaging speed and velocity dynamic

range.

Recently, the frequency domain OCT has

shown advantages in imaging speed and signal-

to-noise ratio over the time domain OCT [6–13].
Since the velocity dynamic range of a phase-re-

solved ODT system is determined by A-line scan-

ning rate, it would be advantageous to extract

Doppler information using the frequency domain

method. The measurement of flow profiles was

demonstrated using frequency domain method

[14,15], but the Doppler variance tomography

has not been performed in frequency domain. In
this paper, we demonstrate a frequency domain

Doppler tomography system with Doppler vari-

ance imaging capability using phase-resolved algo-

rithm to measure fluid flows through glass

channels and blood vessels.

The schematic of the frequency domain ODT

system is shown in Fig. 1. Low-coherence light

generated by amplified spontaneous emission of
a diode is coupled into the source arm of a fiber-

based Michelson interferometer. Back-reflected

light from the reference and sample arms are
Fig. 1. Phase-resolved frequency domain ODT system. SLD,

superluminescent diode; 2 · 2, fiber coupler; h, Doppler angle;

V, velocity of flow.
guided into a spectrometer. The dispersed spec-

trum is sampled by a photon detector array. With

an object placed in the sample arm and with two

optical paths matched, an interference pattern will

be generated on the detector array. The frequency
domain representation of the interference pattern

is described by [7]

F ðkÞ ¼ SðkÞ 1þ
Z 1

0

Z 1

0

aðzÞaðz0Þ
�

� exp �2knðz� z0Þ½ �dz dz0

þ2

Z 1

0

aðzÞ cosð2knzÞ dz
�
; ð1Þ

where k is the wave number, S(k) is the spectral

intensity distribution of the light source, n is the
refractive index, z is the distance measured

from the plane where the optical path difference

between the reference and sample arms is zero,

a(z) denotes the backscattering amplitude of the

sample. The first term in Eq. (1) is a constant.

The second term is the mutual interference of all

elementary waves. The first and second term

together give the DC components in the time do-
main. The third term in Eq. (1) encodes the back-

scattering amplitude information of the sample.

An inverse Fourier transform of the third term in

Eq. (1) gives a complex signal f(z), containing

amplitude and phase information of the interfer-

ence signal in time domain. Furthermore, f(z)

can be written as

f ðzÞ ¼ jf ðzÞjej/ðzÞ; ð2Þ

where /(z) is the phasor of f(z).

When there is a moving object passing through

the sample volume, there is an equivalent phase

front, Dz = nV Æk, adding to z, where n and V are

the refractive index of sample and the velocity of
the moving object, respectively. The equivalent

phase shift will introduce a phase change on f(z),

which is the Doppler effect. The corresponding

Doppler shift can be estimated by comparing the

phasors between two complex signals during two

exposures at a same location. Namely, the phase

change is recorded by the product of f0(z) and

fT � ðzÞ, where * denotes the conjugate operation
and T is the time interval between two exposures

and determines the A-line scanning rate. This cal-
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culation is integrated for a certain time duration in

order to get a better signal-to-noise ratio. The

Doppler shift is obtained using the following

equation:

fD ¼ D/ðzÞ
2pT

¼
argument 1

N

PN
j¼1

½fjT ðzÞ � f �
ðjþ1ÞT ðzÞ�

" #

2pT
;

ð3Þ
where N is the number of A-lines used for averag-

ing. From Eq. (3), two features of phase-resolved

ODT can be inferred. First, T determines the Dop-

pler frequency shift range, namely, the velocity dy-
namic range because D/(z) can only be correctly

traced between �p and p. Second, T determines

the imaging speed. Since no mechanical A-line

scanning is required in frequency domain, a large

velocity dynamical range and an extremely high

imaging speed are possible using frequency do-

main method. Therefore, frequency domain ODT

is capable of imaging and quantifying ultra-fast
flow dynamics.

In addition to the local velocity information,

phase-resolved ODT system gives the variance of

local velocity [5], which is given by

r2 ¼
R
ðx� �xÞ2P ðxÞ dxR

P ðxÞ dx

¼ 1

T 2
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where P(x) is the power spectrum of Doppler fre-

quency shift and �x is the average Doppler fre-
Fig. 2. Computation of phase change and Doppler variance using Eqs
quency shift. The value of r2 depends on the

flow velocity distribution. Variations of flow veloc-

ity broaden the Doppler-frequency spectrum and

result in a larger r2. Thus, the Doppler variance

image obtained by phase-resolved ODT system
can be an indicator of flow variations and can be

used to study flow turbulences.

Fig. 2 shows the signal-processing flow chart

of the phase-resolved frequency domain ODT

system. A background light (Fb(k)) from refer-

ence arm is recorded in advance of data collec-

tion. The Fb(k) is subtracted from F(k) in

order to reduce the DC component in the time
domain. After inversely Fourier transformed,

cross-correlation between sequential A-line is cal-

culated. In our experiments, 10 cross-correlations

are used for average. Both Doppler shift and

variance are calculated from the cross-correlation

using Eqs. (3) and (4).

A super-luminescent diode (SLD) with a spec-

trum centered at 1315 nm and a total delivered
power of 8 mW was used. The back-reflected light

from the reference arm and the sample arm was

dispersed over a 1 · 512 InGaAs detector array

by a 300 mm imaging spectrograph. The total

wavelength range spreading on the detector array

was 109.7 nm, corresponding to a spectral resolu-

tion of 0.21 nm and an imaging depth of 2.2 mm in

vacuum. The resulting axial resolution is about 10
lm. The exposure time for each A-line collection

was set to 30 ls and the time for data transferring

was 530 ls. Thus, the A-line rate we achieved was

about 1800 Hz, which gave a velocity dynamic

range of 6.0 mm/s at a Doppler angle of 84�. The
acquired data were linearized in k space to make

the data uniformly sampled. Doppler shift was
. (3) and (4). IFT, inverse Fourier transform; | |, absolute value.



Fig. 3. Structural (a), velocity (b) and normalized Doppler variance (c) images of a fluid flow. (d) Velocity profile along the depth at the

center of channel (indicated by an arrowed line in (b)). Circle, measured values; line, parabolic fitting. Image size, 0.75 mm · 0.95 mm;

channel dimension, 0.5 mm.
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converted to velocity and the Doppler variance

was normalized.

Fig. 3 shows the structural, velocity and Dop-

pler variance images of a scattering fluid flowing
through a glass channel. The imaging size is

0.75 mm by 0.95 mm. A polystyrene bead solu-

tion (mean diameter: 0.3 lm, volume concentra-

tion: 0.26%) was used as working fluid. The

fluid was driven through a glass channel (outer

diameter: 700 lm; inner diameter: 500 lm) by a

syringe pump. For this experiment, the fluid

was pumped into the glass channel at a rate of
20 ll/min, corresponding to an average flow

velocity of 1.70 mm/s within the glass channel.

Fig. 3(a) shows the structural image of the glass

channel with polystyrene beads. Fig. 3(b) is the
velocity image of the flowing fluid. The Doppler

angle was set to 86.2�. The velocity was color-

coded into red and blue to represent two opposite

directions. The presence of different velocities
(property of pressure driven flow) within the glass

channel was observed. The average velocity meas-

ured by the phase-resolved ODT system was 1.66

mm/s. The difference between the measured value

and pumped value was within 2.5%. Fig. 3(c)

shows the normalized Doppler variance image

that gives the variation of the fluid velocity distri-

bution. Fig. 3(d) is the velocity profile along the
depth at the center of the channel, indicated by

an arrowed line in Fig. 3(b). The profile has a

parabolic shape, which reflects the property of

pressure-driven flow, as expected.



Fig. 4. Measured average velocity vs. pumped average velocity.

Solid square, measured values; line, linear fitting. The error bars

show 5% error between fitted and measured values.
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Flows of the polystyrene bead solution pumped

at different velocities were used to test the linearity
of the measurement system. The fluid was driven
Fig. 5. Doppler and Doppler variance measurements of human finger

(d) velocity images of blood flows; (e) and (f) velocity variance image
through the same glass channel by a syringe pump.

Fig. 4 shows the measured average velocities as a

function of pumped average velocities. Solid

squares and line denote the measured values and

the linear fitting, respectively. The error bar shows
5% error between measured and fitted values. The

measured average velocity increased with the

increasing of the pumped velocity, as expected.

Fig. 5 shows the structural, velocity and veloc-

ity variance images of human finger skin tissues.

In Fig. 5, images (a), (c), (e) were taken from the

back of a finger, images (b), (d), (f) were taken

from the tissue next to the nail. The imaging range
was 2.5 mm (width) by 2.2 mm (depth). The struc-

ture of finger skin was clearly shown in images (a)

and (b). Although the blood vessels were visible

((c) and (d)), Doppler variance images provide a

much better mapping of blood vessels ((e) and

(f)). The results indicate that it is much easier to

identify the blood vessels in the Doppler variance

images than in the velocity images. Since the
skin tissues. (a) and (b) structure images of skin tissues; (c) and

s of blood flows. Imaging range, 2.5 mm · 2.2 mm.
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orientation of flows buried in non-transparent

media cannot be reliably acquired in advance,

the Doppler variance images provide a much more

accurate mapping of the location of vessels.

As described above, the imaging speed and
velocity dynamic range of a phase-resolved ODT

system are limited by A-line rate. On the other

hand, high A-line rate can also reduce the phase

noise caused by environmental vibrations. In fre-

quency domain ODT, no A-scanning is required

and only the time between exposures limits the

A-line rate. Therefore, the frequency domain

method improves the performance of phase-re-
solved ODT. Ultra-high speed spectrometer with

30 kHz spectral acquisition rates is currently avail-

able; if such a high speed spectrometer was used, a

frame rate as high as 30 frames/s can be achieved

with a velocity dynamic range of 100 mm/s at a

Doppler angle of 84�. This would allow for imag-

ing of ultra-fast flow dynamics within complex

microfluidic networks, which cannot be accessed
by other techniques. In addition, Doppler variance

algorithm was also demonstrated to mapping

blood vessels in frequency domain. Its advantage

for efficiently locating flows buried in non-trans-

parent media was shown.

In summary, we developed a frequency domain

phase-resolved ODT system, which incorporated

the Doppler variance imaging capability. We used
this technique to image fluid flows through micro-

channel and blood vessels in vivo. This method is

capable of achieving much faster imaging speed

than the time domain ODT. Given its non-invasive

nature, high signal-to-noise ratio, high speed and

simple hardware setup, frequency domain phase-

resolved ODT is promising for real-time appli-

cations, such as imaging and quantifying fast
micro-flow dynamics.
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