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Abstract: An imaging technique which reconstructs structure and flow in tissue with
repetitive motion was developed using Optical Coherence Tomography (OCT). The demon-
strated technique is able to accurately image both host tissue and flow at different time
points during a cyclic motion, such as a cardiac cycle. Using tissue-mimicking phantoms, a
phase-sensitive spectral-domain OCT system was combined with a cyclic-motion simulator
to demonstrate the feasibility of the method. 3-D flow information at different time points
in the cyclical motion was reconstructed in the temporal domain thus generating the 4-D
imaging of the target tissue. This method could expand OCT-based studies such as those
with cyclic motions in tissues, and open the door to 4-D vascular imaging of periodically
moving tissues such as beating heart using OCT techniques.

Index Terms: Optical Coherence Tomography, instrumentation, 4-D imaging, beating
tissues.

1. Introduction

Optical coherence tomography (OCT) is of great importance in both scientific and clinical research.
Compared to other imaging technologies such as confocal microscopy [1], high-frequency ultra-
sonic imaging [2] and magnetic resonance imaging [3], OCT benefits from relatively higher resolu-
tion, faster acquisition time [4], [5]. To-date, OCT has been applied in the fields of ophthalmology
[6], stomatology [7], dermatology [8], cardiovascular [9], gastroenterology [10], urology [11], etc.
In cardiovascular research, in addition to the clinical application in intravascular imaging, OCT
is also applied in cardiac imaging of animal models such as mouse and chick. Researches in this
field could help scientists in the study of cardiac diseases which are leading causes of deaths in
United States [12]. Every year, about 25% of total deaths are caused by cardiac diseases while
about 63% of cardiac deaths belong to ischemic cases [13]. Considering the above advantages,
OCT techniques could greatly benefit research on ischemic cardiac diseases. For example, higher-
resolution images of cardiac tissues and flow maps may be useful in comparing health hearts
and infarcted hearts, generating a better understanding in pathological processes specially the
infarcted coronary vasculatures and microvasculatures. In [14] and [15], the depth-resolved and
3-D flow map of coronary microvasculature was imaged in an ex vivo perfused rat heart using OCT.
However, this report focused on a fixed sample which limited its application because a living heart
beats cyclically with the contraction and expansion of myocardium to support blood circulation in the
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body. Therefore, the flow map imaged from a beating heart will improve the research on perfusion
dynamics of coronary vasculatures which is meaningful in studying heart diseases.

Similar to reconstructing flow dynamics in retinal [16]-[18] and mouse brain [19] vasculatures,
imaging hearts with cyclical motions is especially challenging for OCT -based techniques because
of motion-caused artifacts decreasing image quality. In [20], Kang et al. developed an accurate and
fully automated algorithm to suppress the in-plane motion artifacts in OCT esophageal imaging.
Also adopting a denoising algorithm, Gargesha et al. reported their OCT images of the qualil
embryonic heart, and the additive and speckle noise caused by biological motions could be
reduced effectively from original images [21]. To image a chick embryonic heart, Mariampillai
et al. used a retrospective-gated OCT and obtained the biological Doppler data to synchronize
B-mode image sequences thus reconstructing the OCT imaging of the target tissue [22]. Liebling
et al also developed retrospective-gated method combining an image reconstruction and applied
this method in the 4-D imaging of zebra fish heart [23], [24]. Using an alternative non-gated 4-D
imaging strategy combined with a simple and efficient postacquisition synchronization procedure
that was presented in [25], Liu et al previously reported the reconstructed 4-D images indicating
temporal blood flow dynamics of the chick embryonic heart [26]. In [27], Jenkins et al. reported a
gated technique and obtained the 4-D embryonic cardiography using OCT. This technique would
require the system to repeat B-scans at each lateral location of the beating tissue thus each
B-frame would relate to a certain motion phase in cardiac cycles. Through the synchronization
of the obtained data, B-frames of the same phase at all lateral locations of the tissue could be
assembled to generate 3-D imaging and the 4-D movie recording a whole cardiac cycle could
be obtained by bringing together all 3-D images. However, the imaging results in the report only
contained structure images and no clear flow maps were given as imaging the perfusion would
be more difficult. In [28], Grishina et al. adopted the method combing both speckle variance OCT
(SV-OCT) and 4-D reconstruction technique, and achieved the 4-D blood flow and its Doppler
imaging in the beating mouse embryonic heart thus recording the cyclic variation of blood flow in the
heart. As the images were reconstructed by intensity signal, motion artifacts were avoided resulting
in the high image quality. However, only large vasculatures were imaged with blood flow mapped
while microvasculatures were not clearly obtained because of the residual structure information in
images, which limited the further application of this method in hemodynamics study containing both
coronary vasculatures and microvasculatures.

Optical microangiography (OMAG) is an effective method to image blood flow using OCT
[29]. This method typically requires the system to repeat B-scans at the same transverse
location of the tissue, and simple subtractions between these B-frames can extract the flow infor-
mation at this location. Unfortunately, classic OMAG requires that B-frames have high correlation in
static tissue regions. When there are cyclical motions in the target tissue, large motion amplitudes
could decorrelate B-frames leading to the failure of the reduction of static information and flow
information extraction. To-date, to the best of our knowledge, no report has been published on
OMAG imaging of tissues like hearts with cyclical motions. Some techniques such as the perfusate
applied in [30] could accurately simulate the perfusion dynamics in cardiac vascular networks in a
beating heart, and the combination between the perfusate and OCT can be highly interesting and
helpful, while obtaining OCT images of high quality at beating status is still the main challenge.

In this paper, an extended numerical method was developed to process the dynamic and static
scatterers in cyclically beating tissues such as hearts. This method, Temporal OMAG (T-OMAG),
records data of every transverse location over multiple repeat cycles. By collecting B-frames of
the same motion phase from repeat cycles, OMAG calculation was enabled using these data and
the flow information can be extracted at the corresponding location. To demonstrate the feasibility
of this method, phantom tests were made using a Spectral-Domain OCT (SD-OCT) system that
was combined with cardiac beating simulator. Two phantoms were applied that served as the
displacement of the beating tissue in a heart. One phantom contained the larger tube acting as
the coronary vasculature while the other phantom contained a smaller tube that served as the
microvasculature. Clear images of the phantoms as well as the flow imaging in the tubes were
reconstructed when the phantom was cyclically beating with the beat rate of 6 Hz which was set
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Fig. 1. Setup of the OCT system and motion simulator.

according to the living rat heart [31]. By bringing together all flow images at different time points,
4-D imaging of the flow map in tubes were generated indicating the perfusion dynamics of a whole
cardiac cycle. These provided the high possibility for this method in the OCT imaging of both
structure and flow map in cyclically beating heart.

2. Materials and Methods
2.1 Experimental System

Fig. 1 shows the experimental system. The spectral-domain Optical Coherence Tomography (SD-
OCT) system was based on a fiber-based Michelson interferometer design. A superluminescent
diode (SLD) that was centered at 1349 nm with the spectral bandwidth of 110 nm (LS2000B,
Thorlabs Inc.), served as the laser source in the system and provided an axial resolution measured
to be ~7 um in air. The laser was coupled into a circulator and split into two arms with a 90:10 and
2 x 2 coupler. In the reference arm, the laser was focused onto the reference mirror by a lens and
then reflected into the coupler. In the sample arm, the laser passed through the 10 x objective lens
(LSMO02, Thorlabs Inc.) and was focused into the target tissue while the back-scattered light was
recombined into the coupler. Thanks to the circulator, the recombined light from the two arms was
routed to a high-speed spectrometer consisting of a 30-mm focal-length collimator, a transmitting
grating with 1200 lines/mm, an achromatic lens with the focal length of 100 mm, and a 14-bit, 1024
pixels InGaAs line scan camera (SUI, Goodrich Corp.). The line scan rate of the camera reached up
to ~92 kHz while the spectrometer had a calculated spectral resolution of 0.141 nm generating the
detectable depth range of ~3.0 mm. The incident light power at the sample was ~5 mW, resulting
in a system sensitivity at the focus (~500 um below the zero delay) measured at 105 dB. There
were two galvo-scanners (6200H, Novanta/Cambridge Technology) to raster-scan the beam across
the target tissue. One scanner corresponded to the x-axis and another is for y-axis direction. With
the help of these two scanners, 3-D imaging of the target tissue can be obtained from the OCT
system. To locate the imaging position, a 633-nm laser was used as the aiming source.

To simulate the cyclic motion of biological tissues, a step motor (17HD40005H-22B, Zyltech Inc.)
which operated independently from OCT was used. A circular vibrator was fixed off-center to the
rotor of the step motor. The target tissue was fixed to a rectangular plate where one end was fixed to
the optical stage and the other end set against the vibrator. As the step motor rotated, the rotating
vibrator would drive the target tissue to repeatedly move with the motion amplitude as much as
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Fig. 2. lllustration of FOMAG approach for flow information in beating tissues.

~0.4 mm. The rotation of the motor was driven by a function waveform generator (33220A, Agilent
Inc.) which outputed a pulsed signal that periodically repeated at a rate of 1200 Hz, causing the
target tissue to repeatably ‘beat’ with the rate of 6 Hz. Both the motion amplitude and the repetition
rate were set according to the living rat heart [31].

The two phantoms applied in the experiment used a tubing of 0.5mm diameter and 0.22mm
diameter to mimick coronary vasculature and microvasculature, respectively [14]. The background
tissue was made with agar and gelatin [32]. 7-g gelatin and 120-mg agar were first mixed with 150-
ml distilled water and then stirred with a heating plate until the powders were completely dissolved.
The tubing was located close to the mixture surface thus being fixed till the mixture solidified. 10%
intralipid was injected into the tubing from a syringe that was driven by a step-pumper (Fusion 100,
Chemyx Inc.). The liquid flow speed was maintained at 0.1 and 0.5 mm/s in the large and small
tubes respectively.

2.2 Temporal OMAG

Assuming a target tissue is moving with a certain low-frequency, a motion cycle can be divided
into a set number of time points which correspond to the beating motion phases. In Fig. 2, motion
phases are represented by red hearts of different sizes while the corresponding time reference of
each motion phase is represented by 1, b, ... ty (T-axis). The y-axis corresponds to the transverse
direction of the target tissue, which is divided into different spatial points of y;, y», ... ya. Repeated
B-scans are acquired at every transverse location and there should be a fixed time offset between
two B-frames at this spatial point such as y;. This allows for B-frames to precisely correspond to
a fixed temporal point in the cyclic motion of the tissue. A B-frame during one motion cycle can be
paired with a B-frame in the next motion cycle if the frame rate is precisely designed according to
beat rate and the number of time points in a motion cycle. This process will last for several motion
cycles, thus the number of B-frames at one location will be determined by both cycle number and
the number of time points in each motion cycle. For example, the number of B-frames at one
location equals Nx H while N is the number of motion cycles to be recorded at this location and H
is the number of time points in a cycle. The B-frame rate should be RxH where R is the beat rate
of the tissue. Assuming a high correlation of both the motion phase and scanned sample region
during different motion cycles, the set of B-frames captured at each motion phase can be extracted
from different cycles, and OMAG process can be achieved only by the data at the same motion
phase in N cycles, while the flow information (orange heart in Fig. 1), will be separated from the
static background. The equation describing the T-OMAG algorithm is given by:

1 N—1
Flow(X, Vs, Z.t) == > [Cis1 (X. Vs, Z.t) = CG(X. s, 2. t) [(S=1,2..M, I =1,2...H) (1)
N—-1 i=0

where Flow is the flow information, C; is the complex OCT-signal, X, y, and z represent positions in
the lateral and depth directions respectively. y; is the s-th of M locations while 1, is the /-th of Htime
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TABLE 1
Protocols Applied in Temporal OMAG and Classic OMAG

Temporal OMAG Classic OMAG
A-line Number 400 400
A-line Rate 67200 Ips 67200 Ips
B-frame Rate 126 fps 126 fps
B-scan Repetition 189 9
B-frame Number 75600 3600
Time Points 21
Field of View ~2.5%x2.5 mm2 ~2.5%2.5 mm2
Scanning Time ~10 min ~57.14s
Data Size ~57.6 GB ~2.44 GB

points. 4-D flow information of the whole target tissue will be obtained after the same operation is
done from y; to ya,.

Considering the time offset generated by the moving y-axis scanner, there should be phase
mismatching between two locations along y-axis. This is also shown in Fig. 2 where the recorded
motion phases at y; to y,s are not completely consistent after OMAG process. This can be solved
by the synchronizing approach that was reported before [23], [25], [28], [33]. After the OMAG
process, the obtained 21 flow B-frames at y; were taken as the reference. Correlations between
flow B-frames at y; and other locations should be achieved while the highest correlations always
existed between flow B-frames relating to the same motion phase. The time mismatching can be
corrected by bringing the same-phase frames into one volume. As shown in Fig. 2, the obtained
flow B-frames by T-OMAG has already been temporally split facilitating the synchronization.

2.3 Scanning Protocols

The sensitivity of the T-OMAG algorithm is closely related to the scanning protocol of the system.
A beating cycle was devided into 21 time points. Considering the 6-Hz motion rate of the target
tissue, the B-frame rate was 126 frames per second (fps). Each B-frame contained 400 A-lines,
and by setting the A-line rate of the camera to be 67200 lines per second (Ips), a B-scan took
~6 ms with a time offset of ~2 ms (determined by the OCT system making B-frames precisely
correspond to the time points in each cycle). The repetition number of B-frame at each transverse
location in y-axis should be 189 when the motion cycle number was set to be 9. After finishing
the B-scans at one location in y-axis, the galvo-scanner would move to the next location and
repeat this process. As the 400 uniformly distributed locations in the y-axis were chosen, the whole
data set consisted of 75600 B-frames, the total scanning time was 10 minutes with the size of
~57.6 GB. Each 3-D dataset covered a 2.5 x 2.5 mm? region.

As a reference, a protocol based on the classic OMAG was designed for the same sample and
same scanned region as in T-OMAG. The B-scan in classic OMAG would have the same A-line
number, 400 locations in y-axis, frame rate and A-line rate as the T"-OMAG, while it is repeated
9 times at each y-axis location. That could generate 3600 B-frames in one 3-D dataset having the
scanning time of ~57.14 s and ~2.44-GB size. Detailed protocols of both T-OMAG and classic
OMAG are given in Table 1.
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Classic OMAG

Depth (Pixel)

Time (s)

Fig. 3. a) Moving path of the large-tube phantom in depth direction. b) En-face maximum intensity
projection (MIP) of the full-depth classic OMAG flow acquired in the large-tube phantom. c) and d)
are showing cross sections of OCT structure and classic OMAG flow in the red line position in b)
respectively. All scale bars in the figure represent 500 pm.

2.4 Data Analysis

The codes of classic OMAG, Temporal OMAG and the synchronization process were written
in Matlab (Mathworks, MA, USA) to process OCT signals and produce optical images. Image
segmentation was achieved by an in-house software written in Python [34]—[36].

3. Results

By tracking the movement of a fixed point on cross-section images of the large-tube phantom, the
sample moving path was obtained. As shown in Fig. 3(a), in a motion cycle, the temporal trajectory
of the phantom was approximate to a sine function. The maximum amplitude of the movement was
calculated to be 70 pixels, corresponding to about 0.4 mm in the depth direction. With this large
movement, the full-depth and En-face flow distribution obtained using classic OMAG is shown in
Fig. 3(b), and the corresponding cross sections of OCT structure and classic-OMAG flow are shown
in Fig. 3(c) and (d) respectively. In the three images, due to the decorrelation between different
B-frames at the same transverse location, artifacts are easily observed in the cross sections of
structure and flow pictures, and static backgrounds in the pictures make OCT structure and flow
almost indistinguishable. It should be noted, vertical lines in Fig. 3(b) resulted from the decorrelation
in static regions between different transverse locations, which was also caused by the motion of the
phantom. In this demonstration, classic OMAG failed to reduce the impacts of the phantom motion
in both artifacts and eliminating static background.

Using the same large-tube phantom, the T-OMAG flow information at one phase point in the total
cycle is shown in Fig. 4. Fig. 4(a) is the En-face projection of the flow in the tubing while Fig. 4(b) and
Fig. 4(c) show the corresponding cross sections of OCT structure and flow respectively. Obviously,
T-OMAG can generate very clear imaging of the flow map in phantom. Due to accurately distributing
B-frames at corresponding motion phases, at a certain transverse location, -OMAG can effectively
reduce the decorrelation of static region caused by motions, resulting in better performance than
classic-OMAG to reduce artifact and extract flow information. Meanwhile, compared with Fig. 3(b),
no obvious vertical lines exist in Fig. 4(a) indicating T-OMAG also possesses a much better
correlation in flow information between different transverse locations. It should be noted, in Fig. 4(c),
the noise in the green-dashed line was caused by the high scattering of the liquid perfusing
in the tubing. This can be demonstrated by Fig. 4(d), (e) and (f) obtained with T-OMAG while
there was no perfusion in the tubing, and the cross section of T-OMAG flow is almost dark but
some noises caused by the high reflection indicating the absence of high-scattering. Applying the
semi-automatic segmentation software, the layers of both tubing wall (L1) and core (L2), indicated
by yellow lines in Fig. 4(c), can be separated which are shown to the right. By removing the layer
of wall, the contrast in L2 was improved compared to the original image in Fig. 4(a). This also
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Temporal OMAG

Fig. 4. a) En-face MIP of the full-depth T-OMAG flow image acquired in the large-tube phantom. b)
Cross section of OCT structure in the red line position in a). c) Cross section of FTOMAG flow in the
red line position in a) with segmentation layers of tubing wall (L1) and core (L2). The en-face images of
L1 and L2 are shown to the right. d) En-face MIP of the full-depth T-OMAG flow image acquired in the
phantom when no perfusion existed in the tubing. e) and f) are showing cross sections of OCT structure
and T-OMAG flow in the red line position in d) respectively. g) and h) are 3-D flow distribution in the
phantom before and after segmentation respectively. All scale bars in the figure represent 500 xm.
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X

Fig. 5. En-face MIP of the full-depth a) and 3-D b) flow imaging of large-tube phantom before synchro-
nizing approach. The scale bar in the figure represents 500 um.

contributes to the 3-D flow map as given in Fig. 4(g) and Fig. 4(h) which has removed the layers
of tubing wall respectively, and demonstrates the advantage and possibility of segmentation. After
combining the 3-D flow pictures of all the 21 time points, 4-D imaging can be generated showing
varying positions of the flow in a whole cycle of phantom beating. With step motor operating,
the position of the flow map kept varying according to the motion path of the phantom thus the
function plotted in Fig. 3(a) also worked for the flow map. The 4-D imaging can be obtained in the
supplementary material.

The importance of synchronizing approach in reducing the phase mismatching in y-axis can be
clarified by the flow imaging before synchronization which is given in both 2-D and 3-D versions as
shown in Fig. 5(a) and (b) respectively. Even though the static information was reduced effectively
by the OMAG process, the time offset in y-axis locations generated phase mismatching among
different cycles. This related to the cyclically spatial distribution of flow map in Fig. 5(b). Actually
in a certain OCT system, the high precision of the synchronizing approach always needs the time
points during a cycle to be as more as possible [23], [25]. In this paper, 21 time points just resulted
in the largest dataset that the system could operate.

Test results of the small-tube phantom using T-OMAG are shown in Fig. 6. Fig. 6(a) is the En-face
projection of the flow in the small tube and the clear flow map as well as the cross sections of OCT
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Fig. 6. a) En-face MIP of the full-depth TFTOMAG flow image acquired in the small-tube phantom.
b) Cross section of OCT structure in the red line position in a). ¢) Cross section of T-OMAG flow in
the red line position in a). d) 3-D flow distribution in the small-tube phantom after segmentation. All
scale bars in the figure represent 500 pm.
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Fig. 7. Correlation coefficients between B-frames with varied repetition in T-OMAG.

structure and flow shown in Fig. 6(b) and Fig. 6(c) respectively. Fig. 6(d) is the 3-D flow map of
the small-tube phantom. Compared to the large-tube phantom as the simulation of the coronary
vasculature in beating heart, the imaging of the small-tube phantom indicated the flow map of
microvasculatures. The 4-D imaging can also be obtained in the supplementary material.

To further qualify the imaging quality using T-OMAG, correlation coefficients between repeated
B-frames were calculated for images of all time points by comparing the N th frame and the average
of other N-7 frames at the single time point. As shown in Fig. 7, for all 21 time points, even with the
increasing repetition in T-OMAG, there would be high correlations >80% between B-frames. This
would lead to the efficient reduction of static noise by T-OMAG which is given in Fig. 8 showing
the signal-to-noise ratio by comparing flow signal and static noise. Obviously, with the increasing
of repetition, the signal-to-noise ratio increased, indicating a better reduction in static background
applying the more repetition in T-OMAG.

4. Discussion

In this paper, temporal OMAG was developed to image flowing particles in the presence of cyclic
motions. Due to the re-distribution of the dataset in temporal domain, T-OMAG processes the signal
corresponding to the same motion phase and the flow map of this motion phase can be achieved.
This can effectively avoid the decorrelation between B-frames and the artifacts caused by the
motion. After combining the flow images at all time points in a whole motion cycle, 4-D imaging of
the flow information could be observed, indicating the detail process of motion-causing changes
in flow maps at varied positions. To test the feasibility of FTOMAG, a home-made SD-OCT system
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Fig. 8. Normalized signal-to-noise ratio with varied repletion in FTOMAG.

combing a simulating system of cyclic motion was applied in a phantom experiment. With the
working of the motion simulator, phantoms could move freely while the moving path was fit to a sine
function, similar to the beating of an in vivo heart. After acquiring the dataset as well as processing
it, clear flow maps in the large- and small-tube phantoms were observed which failed in the same
phantom experiments using classic OMAG. This and the imaging qualification including correlation
of B-frames and static signal ratio demonstrated the effectiveness of T-OMAG in imaging moving
tissues and obtaining the 4-D imaging in a motion cycle showed T-OMAG as a promising technique
in projects related to cyclic moving tissues such as beating heart.

Compared to other approaches and results, T-OMAG with its test results has several advantages.
Firstly, T-OMAG could achieve clear flow map in moving phantoms based on a modified OMAG
technique while the reports in [28] only showed structure information. This provides researchers
with a tool to apply OMAG in scanning cyclically moving tissues. The minimum change in hardware
is also an important advantage of T-OMAG. No additional changes and costs are required in the
OCT system when applying T-OMAG. Thirdly, as the motion rate was considered in the protocol
design, FOMAG might be more functional in tissues having higher motion rates. In this paper, the
motion rate was set to be 6 Hz while the rate in [27] and [28] was 1 Hz and 2 Hz respectively.
Obviously, our phantoms were better mimics of real rat heart. In addition to the motion rate,
compared to other reports, more time points were recorded in a motion cycle which could generate
more 3-D frames in the 4-D video. All these can be helpful in understanding perfusion dynamics
of biological tissue in temporal domain while the field of cardiovascular could be a promising
application.

However, there are two limitations to the research presented in this paper. Firstly, different than
the real vascular imaging where the beating frequency can hardly be constant, the beating rate
in the research was precisely known and set. Frankly, the unknown rate will lead to the failure of
T-OMAG in imaging beating tissues without external trigger system. In some reports of magnetic
resonance imaging, the imaging system was connected to electrocardiogram (ECG) triggering the
acquisition of magnetic resonance imaging resulting in the high-quality images of moving tissues
[37], [38]. This is also expected to be applied in T-OMAG where ECG would trigger the acquisition of
repeated B-frames corresponding to time points in beating cycles. Obviously, this should need the
detailed research in both hardware and software which will be done in our future research. Another
limitation existed in the protocol design and system. The maximal A-line rate of the camera was 92
kHz while the applied rate was only 67200 Hz in the experiment because of the limitation of dataset
in operating system. In our research, the B-frame rate reached 126 fps while the galvo-scanners
can reach up to 200 fps. Further optimization in protocol designing as well as system development
would enlarge the dataset to be beyond ~57.6 GB of recent size and make it possible to apply the
higher-rate galvo-scanners resulting in more time points in each motion cycle.
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5. Conclusion

In conclusion, a new numerical method for OMAG processing, temporal OMAG, was developed in
imaging a target tissue with repeatable motions. This method can separate the whole motion cycle
into several time points and record both OCT structure and flow corresponding to different motion
phases. Using a home-made SD-OCT combining with a cyclically beating simulator, large- and
small-tube phantom tests were performed and clear images of flow maps in the phantoms were
obtained to prove the feasibility of this method. By combining the 3-D distribution of flow at different
time points, 4-D imaging was also obtained indicating the possibility of FOMAG in 4-D research on
cyclically moving tissue imaging such as a beating heart.
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