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Simultaneous Morphological and Flow Imaging
Enabled by Megahertz Intravascular Doppler
Optical Coherence Tomography

Tianshi Wang

, Tom Pfeiffer, Joost Daemen, Frits Mastik™, Wolfgang Wieser, A. F. W. van der Steen",

Robert Huber, and Gijs van Soest

Abstract—We demonstrate three-dimensional intravas-
cular flow imaging compatible with routine clinical image
acquisition workflow by means of megahertz (MHz) intravas-
cular Doppler Optical Coherence Tomography (OCT). The
OCT system relies on a 1.1 mm diameter motorized imaging
catheterand a 1.5 MHz Fourier Domain Mode Locked (FDML)
laser. Using a post processing method to compensate the
drift of the FDML laser output, we can resolve the Doppler
phase shift between two adjoining OCT A-line datasets.
By interpretation of the velocity field as measured around
the zero phase shift, the flow direction at specific angles can
be qualitatively estimated. Imaging experiments were car-
ried out in phantoms, micro channels, and swine coronary
artery in vitro at a speed of 600 frames/s. The MHz wave-
length sweep rate of the OCT system allows us to directly
investigate flow velocity of up to 37.5 cm/s while computa-
tionally expensive phase-unwrapping has to be applied to
measure such high speed using conventional OCT system.
The MHz sweep rate also enables a volumetric Doppler
imaging even with a fast pullback at 40 mm/s. We present
the first simultaneously recorded 3D morphological images
and Doppler flow profiles. Flow pattern estimation and three-
dimensional structural reconstruction of entire coronary
artery are achieved using a single OCT pullback dataset.
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I. INTRODUCTION

ORONARY artery disease is associated with the buildup

of plaques in the artery wall, narrowing the artery lumen

and decreasing the blood flow [1]-[4]. In the assessment of
coronary artery disease, both flow and morphological structure
are important parameters: the flow measurement character-
izes the impaired supply capacity of the artery, while struc-
tural information assists in characterization of atherosclerotic
plaque and may guide positioning of the stent [5]-[8]. Flow
disturbances associated with the stenosis are also hypothesized
to influence plaque development [8]. Visualizing the flow pat-
tern and the morphology of the entire coronary artery may pro-
vide new insights into functional assessment of coronary artery
lesions and enhance our understanding of the progression of
atherosclerotic plaques. Previous studies have demonstrated
that Magnetic Resonance Imaging and Doppler Ultrasound
imaging can visualize carotid flow, as well as morphology,
thus enabling early detection of carotid stenosis and its effects
on hemodynamics [9], [10]. However, these techniques cannot
fully capture the microscopic features of diseased coronary
arteries, nor characterize their highly dynamic blood flow
patterns in a lumen of only a few millimeters. A fast imaging
technique that can simultaneously visualize the flow and
morphology with high resolution is highly desired for research,
diagnosis and treatment guidance of coronary artery disease.
Intravascular Optical Coherence Tomography (IV-OCT) is

a valuable imaging tool for guidance of coronary interven-
tions, capturing morphological details of the artery wall with
micrometer resolution and high frame rate [6], [11]. IV-OCT
uses a long catheter to deliver light from a wavelength-swept
laser inside the artery, illuminating the wall and collecting the
back-reflected light through a side-looking reflector. The back-
reflected light from the sample arm (comprising the catheter)
interferes with the back-reflected light from the reference arm
in an interferometer, generating interferogram fringes as a
function of wavenumber. The interferogram fringes is Fourier
transformed from the wavenumber domain into a complex
vector in the spatial domain where the absolute signal contains
the morphological information and the phase signal may be
processed to extract a Doppler-based measurement of flow in
the sample. As a technical extension of OCT, Doppler OCT

For more information, see https://creativecommons.org/licenses/by/4.0/
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enables visualization of vasculature and measurement of blood
flow [12]-[14]. Doppler OCT extracts the velocity » of each
OCT sample point (at transverse location x and depth z) by
measuring the Doppler phase shift Ag following,

v(x,z)Cos(0) = LA(,z) (x,2) (1)
dnr T

where n is the refractive index of the sample, T is the time
delay between two phase measurements. It can be seen that in
Doppler OCT, the phase shift is directly related to the velocity
projection along the OCT beam that can further be converted to
the absolute flow velocity when knowing the Doppler angle 6,
e.g. the angle between the direction of the flow velocity and the
OCT beam. Although Doppler OCT is a powerful technique,
its application is still restricted by two fundamental factors:
imaging speed and phase wrapping [12], [13]. First, the phase
shift measurements require highly spatially overlapping sam-
ple points, thus limiting the beam-scanning speed and thereby
the imaging speed. Second, because the measurement of the
phase shift is confined to —z to 7, the shortest time delay 7,
that depends on the speed of the OCT laser source, decides the
maximum measurable velocity [15]. Phase wrapping occurs
when the velocity exceeds that maximum. Several techniques
such as (computationally expensive) phase unwrapping and
split spectrum processing have been developed to address these
problems [16], [17]. In particular, Sun et al. demonstrated the
first phase-resolved intravascular Doppler OCT by resolving
the phase shift between pairs of adjoining A-lines using
a 50 kHz OCT system that offers a shortest time delay
of 20 us [15]. Adequate spatial overlap was achieved by
increasing the A-line density in each OCT image. However,
this method sacrifices the frame rate and the possibility to
perform pullback scans. Inevitably, phase-wrapping still occurs
because the velocity of coronary blood flow is approximately
15-90 cm/s [18], which is higher than the direct maximum
measurable speed. To solve these two problems, we propose to
use megahertz (MHz) OCT to resolve the phase shift between
adjoining A-lines. The A-line density can be significantly
increased while maintaining a high frame rate and a high-speed
pullback. On the other hand, the MHz sweep rate decreases
the shortest time delay 7 to less than a microsecond, and the
maximum measurable velocity is proportionally increased by
30 times, thus allowing a Doppler OCT measurement of high
velocity without requiring a phase-unwrapping.

The Fourier Domain Mode Locked (FDML) laser, used
here as an OCT light source, relies on laser mode-locking
technology to create a wavelength-swept light output [19].
The output from the main laser cavity is considered to be
the master waveform. A buffer stage with appropriate optical
delays further converts each master sweep of the laser cavity
into a cluster of sweeps that consists of the master sweep
itself and several copies. Using this design, a sweep rate
greater than a MHz can be achieved based on a master
sweep rate of several hundred kilohertz (kHz). Since the first
demonstration of OCT imaging using an FDML laser, efforts
have been made to advance the development of the instrument,
with the aim of increasing not only the wavelength sweep
rate but also the stability and operability [19]-[21]. In recent
years, the MHz FDML laser has shown its power in Doppler

OCT imaging for elastography, measuring rapid tissue motion
that previously could not be captured with a low-speed OCT
system [22]-[24]. The buffer stage increases the sweep rate
but also introduces drifts in time between identical sweep
copies. These drifts only depend on the different optical path
lengths in the buffer stage and are usually slowly varying
mainly due to temperature fluctuations in the fiber. These time
drift variations appear as sample offsets of the interferogram
fringes in data acquisition, leading to a degraded stability
in the phase. Song et al. proposed a strategy to process the
phase shift, which considered each cluster output as one
group and compared the phase signal between two subsequent
master sweeps or two corresponding buffered sweeps [25].
Though this method depresses the phase noise by avoiding the
sampling offsets, it stretches the time delay between two phase
measurements by a factor of 4, and so restricts the maximum
measurable speed. In this study, we measure the variable time
drifts by comparing the interferogram fringes of a calibra-
tion mirror before imaging and apply compensation in the
wavenumber domain during the post-processing. Such method
enables accurate phase difference measurements between two
adjoining A-lines that corresponds to two adjoining outputs of
the FDML laser.

Conventional IV-OCT acquires images using an intravas-
cular catheter that has a rotatable fiber probe. During image
acquisition, a proximal motor retracts the fiber probe in the
catheter at a preset speed to acquire a volumetric dataset of
the entire vessel wall. Recently, a novel motorized catheter has
been demonstrated, achieving a higher distal beam-scan speed
than can be achieved with the conventional proximate scanning
catheters [26], [27]. Super-fast intravascular OCT imaging free
of cardiac motion was demonstrated previously by combining
a 2.8 MHz FDML laser with a 5600 rotations/s motorized
catheter [27], [28]. In this study, we will demonstrate MHz
intravascular Doppler OCT using a 1.5 MHz FDML laser mod-
ified for phase-sensitive measurement and a newly-developed
motorized catheter that has a short rigid length and a large
beam angle defined as the angle between the beam and the
catheter axis. We demonstrate three-dimensional intravascular
flow imaging by capitalizing on the sub-microsecond delays
between adjoining A-lines. Computationally expensive phase-
unwrapping was avoided and the variable sampling offset,
resulting from drifts in the laser buffer stage was corrected.
We also show how different cross-sections through the volu-
metric Doppler dataset allow us to estimate the flow pattern
in the entire artery.

Il. METHODS
A. MHz OCT System and FDML Laser

The OCT system was built based on a 1.5 MHz FDML laser
with dispersion compensation. In the FDML laser, the light
from a broadband gain media is spectrally filtered by a tunable
narrowband optical bandpass filter that only transmits the lon-
gitudinal modes with the frequencies within the spectral filter
window of the bandpass filter. The tunable optical bandpass
filter is periodically driven with a period that is synchronized
to the round-trip of the cavity. In such way, the light transmits
back to the bandpass filter at a time when the filter is turned
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FDML laser

10 MHz time base

Fig. 1. Schematic diagram of the Megahertz intravascular Doppler OCT system. AWG: arbitrary waveform generator, AMP: current amplifier, BPD:
balanced photon detector, CM: calibration mirror, CO: crystal oscillator, DAQ: data acquisition board, FBG: fiber Bragg gating, FFP-TP: Fabry-Pérot
tunable filter, FRM: Faraday rotation mirror, LDC: laser diode controller, PC: polarization controller, RM: reference mirror, and SOA: semiconductor

optical amplifier.

to the same spectral position again. Therefore, the light does
not have to build up repeatedly and a high-power wavelength
sweep output is generated.

The schematic diagram of the FDML laser and the entire
system is shown in Fig. 1. The FDML laser was built in a
Sigma-Ring configuration, the cavity consists of a semicon-
ductor optical amplifier (SOA), a fiber Fabry-Pérot tunable
filter (FFP-TF), polarization controllers (PC) and a fiber delay
line attached between an optical circulator and a Faraday
rotation mirror (FRM). To reduce the dispersion in the cavity,
two chirped fiber Bragg gratings (FBG) were used to correct
both normal and anomalous dispersion around 1310 nm. The
laser cavity runs at a master round-trip frequency of 389 kHz
that is controlled by an arbitrary waveform generator (AWG).
In order to achieve a 1.5 MHz sweep rate, 4 x buffer stage
was used to convert each master wavelength sweep into a
cluster output that consists of one master sweep and 3 delayed
copies. The wavelength sweep output has a center wavelength
of 1316 nm, a sweep range of 108 nm and an output power
of 20 mW on the sample.

Based on the FDML laser, an OCT system was built. The
ratio of the sample arm power to the reference arm power was
9:1. In the sample arm, the calibration mirror utilized 5% of the
power and the rest of the power was coupled into the imaging
catheter. A 1.6 GHz balanced photo receiver (ThorLabs, NJ)
and a 4 GS/s 8-bit data acquisition board (Gage, NY) were
used to record the interferogram fringes. To improve the accu-
racy of data acquisition and the phase measurement, a 10 MHz
time base was generated by a crystal oscillator, synchronizing
the bandpass filter of the FDML laser, the driving signal of the
catheter, and the data acquisition card. The OCT system finally
achieves an axial resolution of 11.9 um, a transverse resolution
of 22.9 um (beam waist), a sensitivity of 102 dB with 20 mW
output power, and a 6 dB sensitivity roll-off imaging depth
of 4.0 mm in air." Interference fringes of a calibration mirror
were acquired automatically before each imaging experiment
for background noise subtraction and wavenumber linearity
calibration. In addition, the fringes of the calibration mirror
were also used to compensate the sampling offsets induced by
the laser buffer stage and improve the phase measurement.

1Supplementary Note 1

motor
Catheter axis

motor wire  fiber

ball lens

mirror

View in longitudinal plane

1.0 mm

Fig. 2. Schematic diagram and photograph of the motorized catheter,
shown in longitudinal plane.

B. Motorized Catheter With Large Beam Angle

In this study, a motorized catheter was built, whose
schematic diagram and photograph are shown in Fig. 2. The
gradient refractive index lens used in our previous studies
was replaced by a 2.0 mm diameter ball lens probe, which
improves the flexibility of the catheter tip by reducing the
rigid length from 5.3 mm to 4.2 mm. The laser beam forms a
Gaussian beam waist of 22.9 um at 1.4 mm distance (in air)
from the catheter sheath. The final dimension of the catheter is
1.1 mm outer diameter and 1.6 meter length. The transparent
outer sheath was made by biocompatible polyether block
amide. The velocity characterization of the micromotor and
the beam characterization of the catheter can be found in the
supplementary material.?

The measurement of the Doppler phase shift is sensitive
to the angle between the OCT beam and the direction of
flow. According to (1), a measured zero phase shift indicates
that the projection of the three-dimensional (3D) flow vector
that is parallel to the OCT beam equals to zero, even when
the velocity itself is not zero. Considering Fig. 2 as a 2D
longitudinal imaging plane, the projection of the flow vector
onto this plane (black dashed arrow in Fig. 2) will be perpen-
dicular to the OCT beam as well and form a specific angle
to the OCT catheter. By detecting the zero phase shift and
interpreting the zero-crossing features, we can qualitatively

2Supplementary Note 2 and 3
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estimate the pattern of the flow projection in the longitudinal
plane. For this reason, we increased the beam angle of the
catheter to 102° as measured geometrically in air (98.9° in
intralipid), when the commercial catheter normally has a beam
angle of 80°. The large beam angle allowed us to qualitatively
estimate the flow pattern near the black dashed arrow in Fig.2,
which forms an angle of 8.9°(in intralipid) to the catheter
within the longitudinal imaging plane.

The micromotor used in the catheter is a synchronous
two-phase 4-pole micromotor that consists of a stator coil
and a permanent magnet rotor.> By sending two sinusoidal
current waveforms to the coil with 7 /2 phase difference,
a rotating magnetic field can be created, which further rotates
the permanent magnet rotor. The rotating speed of the motor
is always synchronized to the frequency of the sinusoidal
current waves. The effective current value required for 600
revolutions/s was 350 mA for each channel, which corresponds
to a frame rate of 600 frames/s.

C. Experimental Set Up

To validate the Doppler OCT imaging, we prepared a 10%
weight-solution Poly Vinyl Alcohol (PVA) hydrogel phantom
with 3 freeze-thaw cycles [29]. The lumen of the phantom
was formed into the shape of a shield using a custom mold.
Intralipid (0.5% v/v) was used as the Doppler imaging con-
trast. A homemade infusion pump was built by attaching a
30 ml syringe (BD, NJ) to a linear motor stage (Areotech, PA).
A programmable infusion rate can be achieved by controlling
the speed of the motor stage. For catheter-based Doppler
imaging experiments, an 8 French guiding catheter was used
to guide both the imaging catheter and the intralipid into the
phantom or the swine coronary arteries.

D. Doppler Signal Processing

To compensate the sampling offsets induced by the laser
buffer stage, interferogram fringes of calibration mirror was
acquired before each imaging. The sampling offsets were then
found by calculating the cross-correlation of the fringes of
each buffered A-line and the fringes of the master A-line.
As the first step of post-image processing, each buffered
A-line dataset was shifted according to the measured sampling
offset. Thereafter, the background noise was subtracted and the
interferogram was resampled to achieve a linear distribution
in the wavenumber space. Then, a Fast Fourier Transform
(FFT) was performed to convert the interferogram fringes
in the wavenumber domain to a complex dataset in spatial
domain. The absolute signal of the complex data was used
to reconstruct conventional morphological OCT images. The
phase shift Ap of each sample point was extracted between
two adjoining A-lines from the complex OCT data [ following

Iml (j, ) I* (j,i + 1)]]
Re[I (j,i)I*(j,i+1)]
where j is the index of the sample point and i is the index of

A-line. As the final step, the phase shift was converted into
velocity following (1) to create Doppler images.

A (j,i)=tan™" [ (2)

3'Supplcmcntary Note 2

The distortion of the small mirror in the catheter induces
an offset error to the phase-shift of entire A-line of the
Doppler image. In the Doppler image, this error can be
observed as offset artifacts on the stable samples and the
catheter tube. We compensated for this error by subtracting
the phase shift of the catheter sheath in the entire Doppler
A-line, similar to what had been done in a previous study
conducted by Sun et al. [15]. The analysis of the distortion-
induced phase error and compensation is described in the
supplement material.*

I1l. RESULTS
A. Sampling-Offset Analysis and Compensation

The intensity returned from the mirror used in the
calibration measurements is shown in Fig. 3(a). Fig. 3(b)
shows four adjoining pieces of interferogram fringes of the
mirror, corresponding to one cluster output of the FDML laser.
Each fringe trace consists of 2398 sample points. Due to the
sampling offsets, the fringes are not aligned and the drift
between the fringes can be seen in Fig. 3(c). By calculating the
cross-correlation of the fringes after upsampling by 10 times,
sampling offsets for the three buffered A-lines were found
to be —20.7, —24.5, and —31.5 sample points relative to the
master A-line. Based on the measured offsets, the recorded
fringes of each buffered A-line were shifted back accordingly.
Fig. 3(d) shows the fringes of the 4 A-lines matched after
the compensation. To validate the phase-shift measurement,
an M-Mode image (no beam scanning) of a glass coverslip was
acquired at 2.0 mm depth and the Doppler phase noise was
analyzed before and after the compensation. Fig. 3(e) shows
the phase shift between two adjoining A-lines measured on the
coverslip surface. Large phase noise associated with cyclical
fluctuations in groups of four sample points can be seen,
which is due to the cluster output of the FDML laser and the
sampling offsets induced by the buffer stage. Fig. 3(f) shows
the phase shift after compensating for the sampling offsets and
it can be seen that the cyclical fluctuations were significantly
depressed. Since the phase shift of the stable coverslip surface
is expected to be zero, root-mean-square error (RMSE) of the
phase shift was calculated for evaluation, which was reduced
from 1.60 rad to 0.01 rad using our compensation method.

B. Doppler Imaging Validation in Phantom

The PVA phantom was flushed with intralipid at a rate
of 3 ml/s. The OCT system was operated at 600 frames/s so
the A-line density is 2592 A-lines per frame, which is much
higher than the conventional density of around 500 A-lines
per frame. Such high A-line density ensures a beam over-
lap of >86% when processing the phase shift between two
adjoining A-lines. Fig. 4(a) shows the intensity image that was
reconstructed using the absolute value of the complex OCT
dataset. Structure features of the shield-shape lumen of the
PVA phantom and the speckle of the flowing intralipid can be
clearly seen in the image. Four shadow areas can also be seen,
which were caused by the motor wires. Fig. 4(b) shows the

4Supplcmcntary Note 4
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Fig. 3. Schematic diagram of sampling-offset compensation. (a) Plot of one intensity A-line showing the calibration mirror put at 2.5 mm distance.
(b) Interferogram fringes of the mirror corresponding to 4 A-lines containing one master A-line (blue) and three buffered A-lines (red, yellow, and
purple). (c) Fringes of 4 A-lines overlaid to show the sampling-offset problem. (d) Fringes shifted according to the measured sampling offsets.
(e) Phase-shift of two adjoining A-lines measured on the surface of a coverslip without sampling-offset compensation. (f) Phase-shift of two adjoining
A-lines measured on the surface of the coverslip after the sampling-offset compensation.

Doppler image that was reconstructed by calculating the phase
shift between two adjoining A-lines. Due to the sampling
offsets, Doppler information is completely washed out by the
phase noise. In contrast, after applying the sampling-offset
compensation, the Doppler information appears in Fig. 4(c),
and the flowing intralipid and the stable PVA phantom are
clearly visible and easily distinguished. It is worth mentioning
that the dynamic contrast of the Doppler image is related to
the velocity, while the contrast of OCT image depends on
the optical backscattering and reflection of the sample. The
marked area in Fig. 4(c) shows the distortion-induced artifact
on the phantom. To reduce the artifact, the measured phase

shift of each A-line was subtracted by the phase shift of the
catheter sheath. Using this method, the distortion artifact is
effectively depressed, as shown in Fig. 4(d). The RMSE of
the phase shift of the stable phantom lumen was reduced from
0.19 rad to 0.08 rad.’

C. Flow Measurement Validation in Microchannel

The 1.5 MHz sweep rate of the FDML laser allows us to
resolve the phase shift with a shortest time delay of 0.67 us
(between two adjoining A-lines). According to (1), the velocity

5Supplementary Note 4
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Fig. 4. Doppler OCT imaging of phantom and intralipid. (a) Intensity image of PVA phantom and intralipid. (b) Phase-shift between two adjoining
A-lines without sampling-offset compensation. (c) Phase-shift between two adjoining A-lines after sampling-offset compensation. (d) Phase-shift
extracted between two adjoining A-lines after sampling-offset compensation and distortion error correction. The color bar corresponds to the phase-
shift. Star marks indicate the distortion-induced artifacts before and after the compensation.
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projection along OCT beam can be directly measured within
a large range of approximately —37.5 to 37.5 cm/s without
any phase unwrapping. To validate the velocity measurement,
the intralipid was injected into a 0.7 mm diameter microtube
that was put in parallel with the catheter. Doppler images
acquired at different infusion rates were analyzed. Since the
tube was in parallel with the catheter, the measured velocity
projection was converted into the absolute flow velocity,
accounting for the Doppler angle. The measurable range along
the tube then is approximately —242 to 242 cm/s. Fig. 5(a)
shows the intensity image of the microtube, the flowing
intralipid, and the motorized catheter. Fig. 5(b) shows the
Doppler images acquired at different infusion rates. Clearly,
a higher infusion rate leads to a larger phase shift. Speed
profiles along the dashed line in Fig. 5(b) were produced
by averaging over 10 frames (16 ms). The speed profiles are
plotted in Fig. 5(c). The mean value of each speed profile was
further calculated and compared with the expected velocity.
The results in Fig. 5(d) show that the measured velocities agree
well with the theoretical calculation.

D. Dynamic Flow Imaging in a Coronary Artery

Dynamic flow in a swine coronary artery was induced by
changing the infusion rate from proximal end dynamically.
A homemade pump was programmed to decrease the rate
from 3 to 0 ml/s and then increase to 1 ml/s. The entire
process lasted for one second and the Doppler images were

acquired near a side branch at the distal end. The imaging
speed was set to 600 frames/s. Doppler images of the flow
pattern and the structural images of the arterial wall were
reconstructed using the single dataset. To better distinguish
the Doppler information from the grayscale morphological
OCT information, the color scale of the Doppler image was
modified. Four Doppler images acquired at different infusion
rates were segmented manually and overlaid on top of the
structural images, as shown in Fig. 6. The imaging results
show that a large infusion rate leads not only to a high velocity
projection along the OCT beam but also to a large lumen size
of the artery due to the elevated pressure. Doppler and OCT
images of the entire dynamic process were further converted
into a video,® showing the flow pattern changing and artery
wall motion side by side.

E. Flow Pattern Imaging in Longitudinal Imaging Plane

The MHz intravascular Doppler OCT system resolves the
phase shift with a time delay of 0.67 us. Such a short time
scale allows us to further expand the intravascular Doppler
imaging from 2D imaging at a fixed location to 3D Doppler
imaging using a pullback scan. A 40 mm/s pullback speed
can potentially induce a velocity of 6.2 mm/s along the OCT
beam, which leads to an error of —0.06 rad to the phase-shift
measurement. This tiny phase-shift error could be subtracted

OMedia 1: Doppler-OCT imaging of dynamic flow
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Fig. 6. Overlaid Doppler OCT images acquired at different infusion rates.
The color bar indicates the measured velocity projection along the OCT
beam.
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Fig. 7. Doppler images overlaid with structural images acquired at
different locations of the coronary artery. (a) overlaid Doppler OCT
images acquired at distal end. (b) overlaid Doppler-OCT image acquired
near a sidebranch. (c) overlaid Doppler-OCT image acquired at proximal
end. (d) 3D reconstruction of the coronary using the OCT structural
images. The overlaid Doppler-OCT images and the 3D reconstruction
were reconstructed using single dataset acquired at 40 mm/s pullback
speed and 600 frames/s imaging speed. The color bar indicates the
velocity measured along the OCT beam.

in the measured phase shift in post processing. On the other
hand, a pullback also induces a beam mismatch of 27 nm
between two adjoining A-lines. However, this small mismatch
is negligible compared to the beam radius of >22.9 ym along
the OCT beam.

The first 3D intravascular Doppler OCT imaging was con-
ducted in a swine coronary artery in vitro while running the
system at 600 frames/s and 40 mm/s pullback (frame pitch
of 67 um). The infusion rate was set to 3 ml/s. Using the single
pullback dataset, morphological OCT images and Doppler
images were reconstructed and converted into a video.’
In Fig. 7(d), a 3D reconstruction was made based on the
intensity signal, which shows the morphological structure
of the whole artery. Three Doppler—OCT overlaid images
acquired at different locations are shown in Fig. 7 (a-c). At the
distal end of the artery, a more homogenous flow pattern can
be observed. However, negative Doppler velocity can be seen
when the image was acquired near a side branch as shown
in Fig. 7(b). At the proximal end, the Doppler image shows
even more complicated patterns, as shown in Fig. 7(c). This
is because the small lumen size at the distal end restricts
the flow direction to be more in parallel with the catheter.
Therefore, the angle between the flow direction and the OCT

"Media 2: Doppler-OCT pullback record

beam is less than 90° and the phase shift was measured to
be positive. However, at the proximal end or near a side
branch, the flow pattern is complex and the angle between
the flow direction and the OCT beam could be larger than
90°, leading to a negative Doppler phase shift. Specifically,
zero-crossing of the phase shift (e.g. red to black to blue
color change) can be seen in Fig. 7(b), indicating that the
intralipid flowed into the side branch and the angle between
the velocity and the OCT beam changed from <90° to >90°
near this area. Beyond the cross-sectional Doppler image, flow
direction can further be estimated in the longitudinal imaging
plane, which gives a better view of the flow pattern in the entire
coronary artery. Fig. 8 shows the overlaid longitudinal Doppler
OCT image. The Doppler signal was also obtained using
pairs of adjoining A-lines within one cross-sectional frame.
A zero phase shift indicates that the direction of the velocity
projection is perpendicular to the OCT beam, forming an 8.9°
angle to the catheter as shown in Fig. 2. This qualitative flow
direction estimation was marked by yellow arrows in Fig. 8.
The zoomed area at the top left shows zero-crossing features
e.g. red-black-blue color changing from proximal to distal,
which indicates that the angle between the flow direction and
catheter changes from <8.9° to >8.9°. The estimated direction
changes are marked by white arrows in the longitudinal image.
Similarly, the zoomed area at the top right indicates that
the flow angle changes from <8.9° to >8.9° then back to
<8.9° to the catheter. The flow estimation of the top part
of the Fig. 8 shows that the intralipid tends to flow along
the geometry of the artery wall, which is consistent with
hemodynamic models [30], [31]. Using the same methods,
the flow direction change induced by the three bifurcations
(bottom part of the Fig. 8) were also estimated. A video
consisting of both the longitudinal intensity image and the
Doppler image was produced,? allowing us to inspect the flow
pattern and the structure of the entire artery at the same time.
It is worth noting that a zero flow velocity or a flow direction
with 98.9° to the catheter can both appear as a zero phase shift.
However, in qualitative interpretation of the flow patterns, this
confounding factor can be excluded since flow is applied from
the proximal to distal end in the coronary artery, so nonzero
flow velocity can be assumed. Similar to most 2D Doppler
imaging techniques, our identification of flow patterns is only
applicable in the longitudinal image plane, and the direction
estimation is applicable to the velocity projection on this plane,
which is not the absolute flow direction in 3D space.

V. DISCUSSION

In this study, we demonstrate MHz intravascular Doppler
OCT that relies upon a motorized catheter with a large beam
angle and a phase-sensitive FDML OCT system. The flow rate
in the coronary artery can be over 90 cm/s. To capture a such
high velocity, conventional IV-OCT systems have to apply
computationally expensive algorithms and sacrifice the imag-
ing speed and pullback. As a new approach, the MHz speed
of our prototype allows us to directly measure the velocity
projection along the OCT beam within a range of 37.5 cm/s,

8Media 3: Longitudinal view of Doppler-OCT pullback record
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Fig. 8. Overlaid longitudinal Doppler OCT image of the entire coronary artery. Yellow arrows indicate that the direction of the velocity projection on
the longitudinal image plane is perpendicular to the OCT beam. White arrows are the estimation of the direction of the velocity projection near the
zero-crossing (yellow arrows) based on the crossing pattern. The schematic diagram of the catheter on the right part demonstrates how the Doppler

image color scale indicates the measured velocity along the OCT beam.

which corresponds to a velocity of approximately 242 cm/s
parallel to the catheter. Furthermore, 3D Doppler OCT dataset
containing morphological and Doppler information of the
entire coronary can be acquired in single pullback, and be
fully processed within minutes after data acquisition.

A flow direction that is perpendicular to the OCT beam
induces a zero phase shift. We observed this near the bifurca-
tions and at the proximal end of the artery. By investigating
the zero crossing feature of the phase shift, the flow direction
was estimated in the longitudinal imaging plane. In Doppler-
based flow imaging, the flow estimation is only sensitive to a
specific angle that is decided by the beam angle of the catheter.
In the catheter design, we chose a 102° beam angle to estimate
the flow direction that forms an 8.9° angle to the catheter; this
value is close to the angle between the side branches and the
main branch, which makes the flow direction estimation more
sensitive to the bifurcations. In the future, a catheter that inte-
grates two OCT optical paths with different beam angles might
potentially be developed to provide more information on the
flow pattern, similar to dual-beam Doppler OCT imaging [32].
A quantitative absolute flow measurement could potentially
be achieved in single measurement by combining the Doppler
measurement with the speckle decorrelation technique that is
capable of measuring the transverse flow projection in weakly
optically scattering fluids [33], [34]. It is worth mentioning
that a higher A-line density might be required by the speckle
decorrelation algorithm, which could possibly be achieved by
decreasing the frame rate of our system to <200 frames/s.

To address the fringe drift induced by the buffer stage,
we proposed a post-processing method to compensate for the
sampling offsets without using additional optical components
such as FBGs or k-clock triggering. This method allows us
to extract the phase shift with a time delay of arbitrary
number of A-lines, making full use of the 1.5 MHz sweep
rate. Based on this, not only flow but also fast tissue motion
could be monitored continuously with a time resolution of
0.67 us. This might potentially benefit other OCT techniques,
such as optical coherence elastography [35], photo-thermal
OCT and thermo-elastic OCT [23], [36]. The sampling offset

problem is induced by the long optical fiber of the buffer stage.
In principle, when the refractive index of the fiber remains
the same, the sampling offsets can be measured for once and
used for all imaging experiments afterwards. However, envi-
ronmental factors, especially temperature fluctuations, may
affect the refractive index of the long fibers in the buffer stage,
leading to a slowly varying sampling offset. Therefore, in our
study, the calibration fringes were recorded before the imaging
experiment each time, which only took a couple of seconds.
A temperature control of the buffer stage might also be
applied, which would help maintain constant sampling off-
sets over a longer time scale [37]. Besides the buffer
stage, many other factors can affect the phase stability of
the system, including temperature change of the interfer-
ometer, reference-arm fluctuation, spectrum variance of the
laser and the sampling jitter of the digitizer [38], [39].
In our study, the phase shift was extracted with a time
delay of 0.67 us. For such a relatively short time scale,
the temperature change and the reference-arm fluctuation are
negligible. The phase stability is mainly affected by the
spectrum variance of the laser and the sub-sample jitter,
which result in a final phase stability of 10 mrad (1.0 nm
in air) within 2.0 mm imaging depth as a velocity noise
of 1.6 mm/s. Such a stability is sufficient for the Doppler
imaging for our study. In addition to the phase stability of
the system, the phase error induced by the rotation distortion
of the catheter mainly affects the Doppler measurement. The
80 mrad error after the distortion compensation can still lead
to 0.94 cm/s error to the velocity measurement, which would
contribute to the experimental error in the flow validation
using the microchannel. A relatively large error of 4.4 cm/s
(4.2 % error) was measured when the infusion rate was set to
0.4 ml/s. This might be because a higher infusion rate induced
a stronger flow fluctuation that affects the flow direction of
the intralipid, thus leading to a lower measured velocity. It is
worthwhile to mention that Vakoc et al. also demonstrated
a phase correction method using a calibration mirror [40].
However, our correction is directly applied to the original
interferogram fringes in the wavenumber domain while the
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method proposed by Vakoc et al. subtracts the phase variation
in the time domain after FFT.

Physiological assessments of the severity of CAD can be
realized by measuring the coronary flow or pressure [5], [7].
The dynamic flow imaging demonstrated here, performed at
the distal end of a coronary artery, may potentially be used to
provide a Coronary Flow Reserve (CFR) measurement, as the
relative ratio of the hyperemic intracoronary flow during an
infusion of adenosine over the baseline flow. For clinical prac-
tice, Doppler-OCT-based flow measurement combined with
another pressure-based measurement may potentially achieve
more comprehensive assessments of stenosis, thus leading
to better clinical decision making. Coronary microvascular
disease (MVD) is a heart disease that is characterized by
dysfunction and poor perfusion of small sidebranches, distal
microvessels, and capillaries, affecting the delivery of oxygen
and nutrients to the myocardium [41]. The diagnosis of MVD
has been a challenge since the pressure-based functional
tests used for CAD assessment cannot adequately identify
MVD. The flow pattern imaging demonstrated in this study
can provide flow information near the side branches in the
coronary artery tree, which can potentially provide informa-
tion on microvascular resistance and thus aid diagnosis of
MVD. Wall shear stress (WSS) is the frictional force on
the artery wall induced by the flowing of blood [8]. Many
studies have shown that WSS is playing an essential role
in the formation and progression of atherosclerotic plaque.
Typically, the WSS profile is created based on computational
fluid dynamics (CFD) calculations, which relies on the vessel
geometry, but also strongly depends on the assumed, and
principally unknown, inflow and outflow conditions. The MHz
Doppler OCT demonstrated in this study visualizes the flow
pattern and arterial geometry with micrometer scale resolution.
As a high-precision flow imaging technique, it may quan-
tify the relevant flow parameters for CFD, but also directly
shed light on the interaction between blood flow and arterial
abnormalities.

As a limitation, the insertion of the catheter can affect the
flow pattern inside the coronary artery because the catheter’s
cross-sectional area reduces the free lumen. Previous studies
have demonstrated that the peak to mean flow ratio in the
coronary artery is reduced by approximately 14-24% and the
WSS value is also affected [42], [43]. However, by accounting
for the catheter size and its location inside the artery lumen,
this influence can potentially be compensated [42], [43].

Due to the strong attenuation of the OCT signal in
blood, to apply this technique to pre-clinical and clinical
applications, we will investigate the clinical safety of using
intralipid as intravascular flushing agent and also evaluate
other types of imaging contrasts, including diluted blood,
microbubbles and nanoparticles [15], [44], [45]. It is also
important noting that, besides the motorized catheter used in
this study, the MHz OCT system is also compatible with
commercial catheters that are in clinical use, although the
frame rate will be severely limited by the rotation speed of
the rotary junction. Doppler imaging based on commercial
catheters will be more readily applicable for future patient
studies.

V. CONCLUSION

We demonstrate MHz intravascular Doppler OCT that can
directly measure a velocity projection along OCT beam within
a range of 37.5 cm/s without phase wrapping. Morpholog-
ical and Doppler flow pattern imaging were simultaneously
achieved at an imaging speed of 600 frames/s and a pullback
speed of 40 mm/s. Using MHz intravascular Doppler OCT,
we realize the first in vitro 3D intravascular Doppler imaging:
visualizing the dynamic flow pattern at fixed location and
estimating the flow pattern of the entire coronary artery in
longitudinal view. The 3D Doppler information will poten-
tially provide new opportunities for coronary flow studies and
diagnosis, such as CFR measurement, MVD diagnosis and
WSS profile estimation.
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