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Purpose: Contrast-free visualization of microvascular blood flow (MBF) using ultrasound can play
a valuable role in diagnosis and detection of diseases. In this study, we demonstrate the importance
of quantifying ensemble coherence for robust MBF imaging. We propose a novel approach to quan-
tify ensemble coherence by estimating the local spatiotemporal correlation (LSTC) image, and evalu-
ate its efficacy through simulation and in vivo studies.

Methods: The in vivo patient studies included three volunteers with a suspicious breast tumor, 15
volunteers with a suspicious thyroid tumor, and two healthy volunteers for renal MBF imaging. The
breast data displayed negligible prior motion and were used for simulation analysis involving synthet-
ically induced motion, to assess its impact on ensemble coherency and motion artifacts in MBF
images. The in vivo thyroid data involved complex physiological motion due to its proximity to the
pulsating carotid artery, which was used to assess the in vivo efficacy of the proposed technique. Fur-
ther, in vivo renal MBF images demonstrated the feasibility of using the proposed ensemble coher-
ence metric for curved array-based MBF imaging involving phase conversion. All ultrasound data
were acquired at high imaging frame rates and the tissue signal was suppressed using spatiotemporal
clutter filtering. Thyroid tissue motion was estimated using two-dimensional normalized cross
correlation-based speckle tracking, which was subsequently used for ensemble motion correction.
The coherence of the MBF image was quantified based on Casorati correlation of the Doppler
ensemble.

Results: The simulation results demonstrated that an increase in ensemble motion corresponded
with a decrease in ensemble coherency, which reciprocally degraded the MBF images. Further the
data acquired from breast tumors demonstrated higher ensemble coherency than that from thyroid
tumors. Motion correction improved the coherence of the thyroid MBF images, which substantially
improved its visualization. The proposed coherence metrics were also useful in assessing the ensem-
ble coherence for renal MBF imaging. The results also demonstrated that the proposed coherence
metric can be reliably estimated from downsampled ensembles (by up to 90% ), thus allowing
improved computational efficiency for potential applications in real-time MBF imaging.
Conclusions: This pilot study demonstrates the importance of assessing ensemble coherency in
contrast-free MBF imaging. The proposed LSTC image quantified coherence of the Doppler ensem-
ble for robust MBF imaging. The results obtained from this pilot study are promising, and warrant
further development and in vivo validation. © 2021 The Authors. Medical Physics published by Wiley
Periodicals LLC on behalf of American Association of Physicists in Medicine. [https://doi.org/
10.1002/mp.14918]
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1. INTRODUCTION

Imaging of vascular pathways can provide vital information
towards diagnosis of various diseases." Quantitative assess-
ment of vascular morphological features (vessel diameter, tor-
tuosity, vascular density, branch points) can serve as an
important biomarker for understanding disease progression
and its response to treatment. Several researchers have inves-
tigated the scope of quantifying these morphological parame-
ters;>* however, they are highly sensitive to tissue motion.’
Conventionally, noninvasive ultrasound is the first choice in
the clinic for blood flow imaging, however, due to challenges
associated with tissue motion and low framerate of imaging,
its detection sensitivity is limited to relatively large vessels.®’

Recent developments in ultrasound imaging with respect
to ultrafast frame rate combined with spatiotemporal tissue
clutter filtering have substantially improved its sensitivity in
detecting microvascular blood flow (MBF), without the aid
of contrast agents.® However, the impact of tissue motion on
ensemble coherency is a major limitation in robust contrast-
free ultrasound microvascular imaging.>*'"*  Specifically,
ultrasound backscatter signals reflected from blood flow in
small vessels are typically of low intensity, and are enhanced
by co-registered temporal integration of the Doppler ensem-
ble B> However, tissue motion diminishes ensemble coher-
ency, which deters co-registered temporal integration of the
blood flow signal. Since tissue motion can be practically
unavoidable in MBF imaging, quantitative analysis of ensem-
ble coherency may be valuable in understanding its impact
on MBF visualization.

An important question in the context of the current study
is the potential consequence of performing MBF imaging in
the clinic without assessing ensemble coherency. (a) Motion
can lead to a misleading diagnosis without any forewarning
or indication. This can result in underestimation of vessel
density, limiting visualization to larger vessels. However,
under certain circumstances, it can also lead to overestima-
tion of vascular density due to appearance of spatially repli-
cated shadow vessels arising from motion-induced frame
misregistration.5’9’12 Further, in the absence of real-time feed-
back on ensemble coherence, motion can inadvertently lead
to poor reproducibility and repeatability of MBF imaging,
limiting its scope and accuracy in the clinic. (b) Our previous
studies™'° demonstrated that motion tracking and correction
can considerably improve the performance of MBF imaging.
Specifically, inter frame axial and lateral displacements esti-
mated using speckle tracking were used for temporal registra-
tion of the clutter-filtered Doppler frames, prior to power
Doppler integration of the ensemble. Methods for quantifying
ensemble coherency can be useful in assessing the efficacy of
motion correction, and allow optimization of parameters for
motion tracking. Currently, there are no metrics that directly
quantifies ensemble coherence in ultrasound MBF imaging.

In this paper, we propose to address this issue by comput-
ing the local spatiotemporal correlation (LSTC) image from
the Doppler ensemble, prior to tissue clutter filtering. The
LSTC image can be valuable for assessing the coherence of
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the acquired data for robust MBF imaging. The magnitude of
the complex normalized Pearson’s correlation coefficient will
be used as the similarity metric for quantifying the local spa-
tiotemporal correlation across the imaging plane. This choice
is consistent with prior studies that have used normalized
cross correlation-based speckle tracking as the gold standard
for high-quality motion estimation in ultrasound imaging,'®
with applications varying from blood flow imaging,'” elas-
tography imaging,'®? temperature imaging,”' phase aberra-
tion correction,22 etc. Further, the magnitude of the complex
normalized correlation coefficients are bounded between 0
and 1, which makes it simple to understand and easy to inter-
pret. The motivation for developing this metric is three
pronged: (a) To detect if the MBF image derived from the
Doppler ensemble is trustworthy or corrupted with motion
artifacts. Currently, there are no quantitative metrics that can
address this issue. (b) This will be a crucial feature in trans-
lating MBF imaging to the clinic, to ensure the ensemble
acquired can produce reliable and reproducible results from
the standpoint of impact of motion on estimation of MBF sig-
nal. (c¢) This metric will serve as an important performance
descriptor for motion correction algorithms, indicating spatial
regions that may or may not have addressed issues with
respect to ensemble motion. Availability of this metric will
allow optimization of motion tracking techniques and in com-
paring results across different speckle tracking approaches.
The hypothesis of this study is that the local spatiotemporal
correlation image will serve as a quantitative indicator of
MBF image quality with respect to co-registered temporal
integration of the Doppler ensemble. Further, we anticipate
that the proposed coherence metric can be effectively esti-
mated from a substantially reduced ensemble, owing to the
ensemble redundancy associated with the high frame rate of
imaging. We tested the hypothesis by conducting simulation
and in vivo studies using linear and curvilinear probes. For the
simulation study, breast data were analyzed with synthetically
induced motion. In vivo imaging of thyroid nodules were per-
formed to visualize the impact of complex physiological
motion on the ensemble coherency, and to evaluate the effi-
cacy of motion correction in addressing it. In vivo imaging of
renal microvasculature was performed to determine the feasi-
bility of applying the proposed coherence analysis on ultra-
sound data curved array transducers requiring image scan
conversion, and for MBF imaging of deep-seated organs.

2. MATERIALS AND METHODS

The proceeding subsections describe the methods used for
in vivo data acquisition, processing and analysis.

2.A. Data acquisition

The ultrasound data for the in vivo studies were acquired
in in-phase and quadrature (IQ) format, using an Alpinion
ECube 12R ultrasound scanner (Alpinion Medical Systems
Co., Seoul, South Korea). The ultrasound system was
equipped with two probes: L12-3H linear array operating at
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11 MHz for imaging of breast and thyroid tumors, and SC1-
4H curvilinear array operating at 3.5-MHz center frequency
for renal MBF imaging. High frame rate imaging was per-
formed using in-system plane wave imaging implementation
that automatically calculated the delay for angular steering of
the transmitted plane waves, with a maximum angle of 3°
and a step size of 1°.>*%° For the curvilinear probe, the radius
of the curvature of the aperture was accounted for in plane
wave delay calculations.”” The ultrasound transmit and
receive sequences involved 128 and 64 probe elements,
respectively. The receive sequence was repeated twice for
each half of the transducer to emulate a 128 element receive
aperture. The transmit signal had two excitation cycles, and a
sampling frequency of 40 MHz was used to digitize the
received signal. The plane wave ultrasound data (also referred
to as the Doppler ensemble) were acquired for 3 s, at frame
rate (FR) and pulse repetition frequency (PRF) determined
based on depth of imaging. The beamforming delays were
computed based on tissue speed-of-sound assumption of
1540 m/s. Further, beamformed ultrasound data correspond-
ing to the curved array probe were scan converted in to Carte-
sian coordinates using a spline-based interpolation. The axial
and lateral size of each pixel in the beamformed image of the
linear array transducer data were 38.5 x 200 um, respec-
tively. Correspondingly, for the curvilinear array, the pixels
of the pre-scan converted images varied in dimension across
the image, whereas the scan converted image had square pix-
els of length 96 um.

2.B. Patient study

This pilot study involved 15 patients with suspicious thy-
roid tumors, and three patients with suspicious breast
tumors. The thyroid and breast tumors were candidates to
biopsy for conclusively determine its pathology. For the
renal imaging study, two healthy volunteers were recruited.
The ultrasound data for all in vivo MBF imaging were
acquired by an experienced sonographer. To minimize
motion artifacts due to breathing, subjects were asked to
hold their breath for the 3 s duration of data acquisition.
These studies were performed in accordance with the rele-
vant guidelines and regulations of the Mayo Clinic Institu-
tional Review Board and an approved, written informed
consent was obtained from the subjects prior to their partici-
pation. Thyroid and breast scans were performed using the
L12-3H linear array, whereas the renal scans were performed
using the SC1-4H curvilinear array. This allowed evaluation
of the proposed metrics for both aperture types, and for
imaging microvessels at superficial (thyroid and breast) and
deeper (kidney) tissues.

2.C. Simulation of synthetic ensemble motion

The primary goal of the simulation study was to develop
understanding of the proposed novel metrics in succinctly
quantifying the overall impact of tissue motion on ensemble
coherency and the estimated MBF image. Accordingly, a
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simple and uniform motion profile of linearly increasing
amplitude was applied to sub-clusters of ensemble frames
and its impact on the LSTC were evaluated. Understanding
the impact of this basic linear motion profile on the proposed
metrics will aid in comprehending the impact of complex
motion patterns observed in vivo (e.g., thyroid) that may
include compounded motion from carotid pulsation, sonogra-
pher hand motion and potential patient’s body motion.
Motion was simulated in an ensemble of in vivo breast ultra-
sound data that incurred negligible prior motion. Four exam-
ples of synthetic motion were considered in this study.
Simulated motion was induced using a spline-based interpo-
lator, similar to that used in motion correction.>”'° Particu-
larly, the simulated motion was specifically applied to clutter-
filtered ensembles to ensure tissue signal suppression was
optimal and uniform across all simulated examples. Accord-
ingly, any changes in the MBF was specifically due to poor
power Doppler signal integration, without any confounding
effects of clutter filtering. Since the proposed coherence met-
rics are estimated based on correlation of the tissue signal, a
second instance of identical motion was applied to the origi-
nal 1Q data that were used specifically for the estimation of
LSTC metric, as outlined in [Fig. 1(a)]. The simulation study
includes four examples (Cases 1-4). In each example, the ref-
erence Doppler ensemble of 2000 frames is split into sub-
ensembles that incur fixed motion in both axial and lateral
direction, with constituent frames maintaining their relative
spatial alignment with each other. Specifically, in Case 1, the
Doppler ensemble was split into two sub-ensembles of
frames 1-1000 at rest, and frames 1001-2000 that incurred
identical motion of 2 pixels in the same direction; all frames
maintained relative spatial alignment with other constituent
frames of the sub-ensemble. Similarly, in Case 2, frames 1-
2000 were sub-divided into four sub-ensembles. Accordingly,
frames 1-500 were at rest, whereas, constituent frames of
subsequent sub-ensembles 501-1000, 1001-1500, and 1501—
2000 incurred identical motion of 2, 4, and 6 pixels, respec-
tively. In Case 3, the Doppler ensemble of 2000 frames was
sub-divided into eight sub-ensembles. Accordingly, the con-
stituent frames of each sub-ensemble 1-250, 251-500, 501—
750, 751-1000, 1001-1250, 1251-1500, 1501-1750, and
1751-2000 were subjected to identical motion of 0, 2, 4, 6, 8,
10, 12, and 14 pixels, respectively. Similarly, in Case 4, con-
stituent frames of sub-ensembles 1-100, 101-200, 201-300,
301-400, 401-500, 501-600, 601-700, 701-800, 801-900,
and 901-1000 incurred identical motion of 0, 2, 4, 6, 8, 10,
12, 14, 16, and 18 pixels, respectively.

2.D. Local Spatiotemporal correlation (LSTC) image

The acquired Doppler ensemble was denoted by E(x,z,t)
cCNoNeNi where x, z, t corresponded to axial, lateral, and
temporal coordinates, respectively, and N,, N, N, corre-
sponded to axial, lateral, and temporal dimensions of E,
respectively. Ensemble coherency was estimated based on
local spatiotemporal correlation, denoted as LSTCe (0,1)
CRMN:| as outlined in Fig. 2. The LSTC image was
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Fic. 1. Algorithmic workflow of (a) simulation studies and (b) in vivo data analysis. [Color figure can be viewed at wileyonlinelibrary.com]

computed across locally overlapping kernels C ¢ EW=WoNo),

with center denoted by (x, z.), as highlighted in blue in (a,
b). The data corresponding to the 3D kernel (b) were corre-
lated temporally to estimate the spatiotemporal correlation
matrix (STCM) (d), as generalized for local kernel centered
at (xc, z¢):

T Z (Gl ) = ) < (Ge ) =) H

(0]
/ (ZEZX - lr) < (S Z € ) - GilP)

STCM (X, 2e, i, j) = H

where * denotes complex conjugate and C; denotes the two-
dimensional (2D) mean of the local image kernel i. The cor-
relation coefficients of STCM € (0,1) cRY*V. Each matrix
entry quantifies the local similarity between any two ensem-
ble frames (i, j). Since correlation values are independent of
pair-ordering, STCMs are symmetric, and the diagonal ele-
ments are unity due to self-correlation. In the absence of
motion: Since ultrasound speckle is deterministic, identical
image kernels will lead to an STCM with all unity entries,
under the hypothetical assumption of no noise. However,
since noise is unavoidable, the respective correlation value
will always be <1, except in the diagonal entries which
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represent a self-correlation value of unity. Reciprocally, in the
presence of large motion, it is expected that the STCM be
reduced to an identity matrix, with zero non-diagonal entries.
Additionally, the above formalism can also be applied for
estimation of global STCM, corresponding to pixels in the
lesion ROI in the Doppler ensemble. The global STCM
would visualize the overall ensemble coherence characteris-
tics temporally with respect to the pixels in the lesion area.
To compute the LSTC image, local STCMs were estimated
and averaged locally at all (x, z) coordinates of the imaging
plane:

N, i STCM(x, 2, i, )
LSTC(x,2)=2X _ 7
(e 2) =232 X =N, 1)

V(i#) @

The diagonal entries of STCM were discarded from the
computation of the LSTC image to ensure that the mean of
STCM was normalized between 0 and 1. Specifically, even
though the unity diagonal entries will not affect the maxi-
mum bound of 1, it would, however, prevent the minimum
bound from being zero, which would therefore vary depend-
ing on the size of the ensemble (number of diagonal entries).
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(b) Local kernel

(a) Doppler ensemble
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(c) STCM (local kernel)

(d) LSTC image

FiG. 2. Estimation of spatiotemporal correlation matrix (STCM) and local spatiotemporal correlation (LSTC) image from Doppler ensemble. (a) Acquired Dop-
pler ensemble, (b) local kernel indicated in blue in (a), (¢) STCM of the local kernel in (b), (d) LSTC image represents the mean of the STCM, estimated by the
moving the kernel across the entire imaging plane. The size of the representative 3D kernel is purposefully exaggerated for better visualization. [Color figure can

be viewed at wileyonlinelibrary.com]

Since the unity diagonal entries of the STCM represent self-
correlation of ensemble frames (unaffected by motion or
noise characteristics), it can be safely considered redundant
from the standpoint of quantifying ensemble coherence. This
ensures that only STCM entries that correspond to ensemble
coherence contribute to the estimation of the LSTC image.
Reliable visualization of blood flow signal depends highly on
co-registered temporal integration of the Doppler ensemble,
which can be quantitatively evaluated by estimating the LSTC
image. It can depict regions of high or low confidence, for
robust MBF imaging. For the LSTC images computed in this
paper, we used spatial kernels of dimension 3 x 3, with an
overlapping step size of 1 pixel in both directions. An overall
algorithmic workflow is outlined in Fig. 1(b).

2.D.1. Impact of ensemble size on LSTC and STCM
estimation

High imaging frame rate can lead to acquisition of a large
ensembles of Doppler data with high similarity neighboring
frames. Reducing temporal redundancy can be useful in effi-
ciently computing the LSTC image, without degrading image
quality. Two downsampling approaches that are at common
disposal are uniform and random downsampling. In the pres-
ence of periodic motion from physiological sources (carotid
pulsations, heartbeat, etc.), uniform sampling can potentially
lead to bias, especially if both motion and sampling frequen-
cies are comparable. In the contrary, random downsampling
can allow unbiased sampling of the ensemble, assuming
enough samples are included. Accordingly, the local kernel
(Wi, W,,N;) will be randomly downsampled to
(Wy, W_, Nirana), where Npgng <N,. To evaluate the feasibil-
ity of reliably estimating the LSTC image from randomly
downsampled ensembles, we will conduct experiments with
reduced frame counts from 100 to 10% , in steps of 10% . We
will compare the LSTC values obtained from the downsam-
pled ensemble with that of the full ensemble to evaluate its
accuracy. In the same context, we will determine the efficacy
of estimating the STCM for downsampled spatial kernels.
Specifically, if the ROI pixels correspond to 2 c ENsM:,
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where N, is the total numbers of spatial pixels in the
selected lesion ROI and N, are the total number of ensemble
frames. Accordingly, £ will be randomly downsampled to
Rrana C QNN where Nogna < N;. To evaluate the feasibil-
ity of reliably estimating the global STCM from randomly
downsampled ensembles, we will conduct experiments with
reduced spatial pixels from 100 to 10% , in steps of 10% .
We will compare the STCM obtained from the downsam-
pled ensemble with that of the full ensemble to evaluate its
accuracy.

2.E. Estimation of microvascular blood flow

Estimation of microvascular blood flow signal from the
acquired ultrafast Doppler ensemble involves two important
steps: (a) suppression of tissue clutter in the Doppler frames,
which reveals the low-intensity blood flow signal and random
noise, and (b) subsequently, the temporal integration of the
squared-magnitude of the constituent clutter-filtered Doppler
ensemble frames to boost the intensity of the blood flow sig-
nal in the final MBF image.>*'? In the absence of tissue
motion, perfect spatial registration exists across all Doppler
frames resulting in highly co-registered power Doppler signal
integration. On the other hand, in the presence of tissue
motion, lack of spatial registration leads to overlap of blood
flow signal and noise at different temporal instances, result-
ing in weak temporal integration of the power Doppler signal.
In our previous papers,””'? we proposed motion correction
to address this issue, which improves the coherency of the
Doppler ensemble for an optimal power Doppler integration.
In this paper, we propose spatiotemporal correlation-based
metrics to assess the impact of motion on co-registered inte-
gration of the power Doppler signal and the respective quality
of the resultant MBF image.

2.E.1. Spatiotemporal tissue clutter filtering using
singular value decomposition

The Doppler frames of the acquired ensemble E(x,z,t)
were rearranged in to a Casorati matrix Syissue+biood-noise (S» 1),
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where s and ¢ denoted spatial and temporal coordinates, and
the tissue clutter signal was suppressed using singular value
decomposition® as follows:

r=th

ShloodJrnoise (S, [) = Stimue+hlood+noise (S, t) - 21 Ur/lr Vj’ (3)
=

The matrices StissueerloodJrnaise and Sblaod+n0ise represented
pre- and postclutter-filtered Doppler ensemble. Subsequently,
Shivod+noise(S, ) was transformed back to 3D Cartesian form
Epiood+noise(%, 2, t). The matrices U and V consist left and
right singular orthonormal vectors, respectively. The corre-
sponding singular values and their orders are denoted by 4,
and r, respectively, and * represents conjugate transpose.
Specifically, the lower and higher singular orders predomi-
nantly corresponded to tissue and flow signal, respectively. A
global SV threshold (#h) was used for separating tissue clutter
from blood flow signal, determined based on the decay of the
double derivative of the SV orders (i.e., when the double
derivative approached zero).”® The logic behind this
approach is to determine the sharp decay in the gradient of
the singular value decay that corresponds with tissue clutter
separation from blood and noise.

2.E.2. Displacement estimation and motion
correction

Tissue motion was estimated using 2D normalized cross
correlation-based speckle tracking. Specifically, motion was
estimated between consecutive ultrasound frames in terms
of axial and lateral displacements. A 2D kernel of dimen-
sion (0.2 mm x 0.8 mm) was used to estimate displacement
which overlapped by 90% in both coordinates. Sub-pixel
motion was estimated using a 2D spline interpolator. Fur-
ther, to improve the efficacy of the tracking algorithm, ultra-
sound images were interpolated in the axial and lateral
directions by a factor of 3 and 10, respectively, thereby
increasing the spatial density of correlation functions.””™
The tracking algorithm was implemented on a Titan XP
GPU (Nvidia Corp., CA, US) to achieve enhanced computa-
tional efficiency. Subsequently, the estimated axial and lat-
eral displacements maps were transformed from Eulerian to
Lagrangian coordinates, with respect to the first frame of
the Doppler ensemble. However, although tissue motion was
tracked prior to clutter filtering, motion correction was
applied on clutter-filtered ultrasound data. Specifically,
motion correction was used to re-register each Doppler
frame with the first frame of the ensemble. The mean axial
and lateral displacements obtained from the lesion area of
each frame were used to globally shifting the rows and col-
umns of each clutter-filtered Doppler frame using a spline-
based interpolater.

2.E.3. Power Doppler integration

Contrast-free MBF images were estimated through
temporal integration of the clutter-filtered Doppler ensemble
as follows:
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N,
MBF (x, z) = Y. |Ebiood-tnoise.mtc (X,2,1)

t=1

% 4)

where MBF denotes the microvascular blood flow image
obtained from integration of the motion-corrected Doppler
ensemble Epjoodtnoisesmc(¥,2,1). Integration of the Doppler
ensemble is important for reliable visualization of the MBF
signal. The background noise bias associated with MBF
imaging was suppressed using the adaptive technique pro-
posed in our recent paper.’> The technique requires at least
250 frames of high coherence (low motion) to estimate the
background noise bias. In cases with high motion, such as
thyroid examples, we used the global STCM to determine
ensemble frames with correlation >0.9. This criteria of iden-
tifying at least 250 frames with >0.9 correlation was suc-
cessfully met across all examples, and background noise bias
was successfully suppressed, even in the presence of
motion. ™

2.F. Data analysis

Quantitative assessment of MBF image quality was per-
formed by estimating the signal to noise ratio (SNR) and con-
trast to noise ratio (CNR):

SNR = 20%log, (”) (5)
u

bg

|/4v _/’tbg|

/52 2
6V+6bg

where ¢ and ¢ denotes the mean and the standard deviation
of the signal, respectively. Further, the subscripts v and bg
corresponds to signal obtained from the vessel and back-
ground regions, respectively. A constant offset of 10 dB was
added to all estimated CNR values to display a positive esti-
mate, specifically, in the absence of motion correction. The
selection of vessel and background regions for estimation of
SNR and CNR was performed as described in our previous
work.>’ Further, the mean and +1 standard deviation of
LSTC image was estimated from the pixels corresponding to
the tumor area, identified in the corresponding sonographic
image.

CNR =20%log,, (6)

3. RESULTS

Figure 3 corresponds to simulation of synthetic motion in
in vivo breast data with negligible prior motion. Row 1: (a)
displays the sonogram of the hypoechoic breast lesion. The
STCM in (b) is estimated from the pixels in the lesion area.
Specifically, the STCM visualizes the correlation between the
ensemble frames with respect to the lesion area. The high
correlation between frame pairs imply negligible motion in
the ensemble. The LSTC image in (c) is estimated from local
spatiotemporal correlation matrices in 3 x3 kernels
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FiG. 3. Results of motion simulation study, performed using breast ultrasound data with no prior motion. (a) displays sonogram of the breast lesion. (b,c) display
the corresponding spatiotemporal correlation matrix (STCM) and local spatiotemporal correlation (LSTC) image, respectively. (d) displays the respective
contrast-free microvascular blood flow (MBF) image of the breast lesion. The STCMs (e-h), LSTC images (i-1), and MBF images (m-p) correspond to simulated
Cases 1-4, respectively. The green box in (w) indicates the ROI chosen for analysis in Fig. 4. [Color figure can be viewed at wileyonlinelibrary.com]

translated across the imaging plane. The breast MBF image LSTC images (i-1), and the MBF (m-p) images, respectively;
(d) displayed a dense network of microvessels. Rows 2—4 dis- Columns 1-4 correspond to simulation Cases -4, respec-
play the impact of simulated motion on the STCMs (e-h), tively. The results show that inducing motion in the ensemble
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degraded its coherence, which was quantified in the respec-
tive LSTC images. Specifically, increase in the amplitude of
motion, and the number of frames incurring it led to degrada-
tion of ensemble coherence, and an increased corruption of
the MBF images. The STCM accurately visualized the rela-
tive coherence of the frames in the ensemble with respect to
the different patterns of synthesized motion. In Cases 1-4,
the ensemble motion of 2 pixels was induced every 1000,
500, 250, and 100 frames, respectively, which was succinctly
depicted in the corresponding STCM images (e-h). The mean
of the STCM decreased from 0.97 in (b), to (0.749,
0.50,0.30,0.24) in (e-h), respectively. The decay in coherence
in the STCM was consistent with the observation of
decreased in LSTC values in (i-1). As the simulated motion
was applied uniformly across the imaging plane, the respec-
tive loss of ensemble coherence in the LSTC image was glo-
bal in nature.

Figures 4(a)-4(d) displays zoomed insets of the MBF
images in Figures 3(d), 3(n)-3(p), respectively. In (a), the

-10
Lateral (mm)

3547

zoomed inset corresponding to the reference image displayed
a rich vascular network of blood vessels, with no motion arti-
facts. However, with the increase in ensemble motion, the
MBF images were visibly corrupted with motion blurring and
other artifacts. Specifically, visualization of blood flow in
small vessels, which highly depends on co-registered integra-
tion of the Doppler ensemble, disappeared in (c,d), whereas
in large vessels, shadow artifacts visibly distorted its morpho-
logical identity. The color bar of (a-d) are same as in the par-
ent Fig. 3.

Figure 5 displays quantitative results of the simulation
study, across Cases 0-4. Specifically, Case O represents the
original breast data, with no simulated or prior motion. (a)
quantifies the coherence of the Doppler ensemble in terms of
mean and +1 standard deviation of the LSTC images in the
lesion area. (b,c) quantifies the SNR and CNR of the MBF
images in Fig. 3, respectively. These quantitative results show
that an increase in tissue motion decreased ensemble coher-
ency, which was associated with increased presence of

Lateral (mm)

FiG. 4. Zoomed inset of microvascular blood flow (MBF) images in Fig. 3, corresponding to the green ROI in Fig. 3(m). (a) corresponds to the original MBF
image of the breast lesion with no prior motion. (b-d) corresponds to the MBF images associated with motion simulated Cases 1-3, respectively. The color bar of
(a-d) are same as in the parent Fig. 3. [Color figure can be viewed at wileyonlinelibrary.com]
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Fic. 5. Quantitative results of the simulation study. (a) quantifies the mean and +1 standard deviation of local spatiotemporal correlation images corresponding
to the lesion region. (b,c) quantify the SNR and CNR of microvascular blood flow images. Case 0 corresponds to the original breast data with no prior or simu-

lated motion.
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motion artifacts. Overall, the quantitative results were consis-
tent with the visual assessment of the LSTC, STCM and
MBF images, across all simulated cases. Particularly, the
image with least motion (i.e., Case 0) displayed the highest
ensemble correlation and the best image quality, both qualita-
tively and quantitatively.

MBF imaging of thyroid nodules is typically impacted by
motion due to pulsations of the carotid artery. Figures 6 and 7
display two examples of thyroid MBF imaging and its respec-
tive LSTC images. (a) displays the sonogram of the thyroid

3548

nodules that were observably hypoechoic across all examples.
(b) displays the motion corrupted MBF image, as evident
from the corresponding STCM (d) and LSTC image (f), esti-
mated prior to any motion correction. (c) displays the
motion-corrected MBF image, which is accompanied by an
increase in ensemble coherence as observed in the corre-
sponding STCM (e) and LSTC (g) image. Further, the pres-
ence of motion in the Doppler ensemble was also confirmed
based on 2D speckle tracking (h-k). The global STCMs are
estimated corresponding to the pixels in the lesion area,
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FiG. 6. In vivo thyroid results with motion correction. (a) displays the thyroid sonogram. (b) displays the corresponding microvascular blood flow (MBF) image,
corrupted with motion artifacts. (c) displays the motion-corrected MBF image with reduced motion artifacts. (d,e) display the corresponding spatiotemporal cor-
relation matrix, before and after motion correction, respectively. (f,g) displays the corresponding local spatiotemporal correlation images, before and after motion
correction, respectively. (h,i) display the mean axial and lateral displacements estimated in the lesion area, between consecutive frame pairs. (j,k) display the
accumulated axial and lateral displacement estimates, with respect to the first ensemble frame. The continuous error bars in (h-k) correspond to £1 standard devi-
ation of the displacement estimates in the lesion area. [Color figure can be viewed at wileyonlinelibrary.com]
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FiG. 7. In vivo thyroid results with motion correction. (a) displays the thyroid sonogram. (b) displays the corresponding microvascular blood flow (MBF) image,
corrupted with motion artifacts. (c) displays the motion-corrected MBF image with reduced motion artifacts. (d,e) display the corresponding spatiotemporal cor-
relation matrix, before and after motion correction, respectively. (f,g) displays the corresponding local spatiotemporal correlation images, before and after motion
correction, respectively. (h,i) display the mean axial and lateral displacements estimated in the lesion area, between consecutive frame pairs. (j,k) display the
accumulated axial and lateral displacement estimates, with respect to the first ensemble frame. The continuous error bars in (h-k) correspond to £1 standard devi-
ation of the displacement estimates in the lesion area. [Color figure can be viewed at wileyonlinelibrary.com]

demarcated by an experienced sonographer. Presence of tis-
sue motion was evident in the STCMs, and its impact on
ensemble coherence was visible in the LSTC image. Particu-
larly, the LSTC images displayed that the superficial tissue
incurred high coherence and were unaffected by the carotid
pulsations, whereas correlation in the nodule area were visi-
bly low. The corresponding MBF images (b) displayed visible
signal degradation in the nodule area due to ensemble
motion. (h,i) display the average axial and lateral displace-
ments associated with the nodule area, corresponding to each
consecutive frame-pair. (j,k) display the axial and lateral dis-
placements in (h,i) cumulated with reference to the first
frame. The periodic pulsations in the displacement estimates
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were consistent with the pattern of correlation visible in
respective the STCM. The cumulated displacement estimates
in (j,k) were used for motion correction of the acquired Dop-
pler ensemble. The STCMs associated with motion-corrected
Doppler ensemble depicting relatively increased frame simi-
larity. Correspondingly, the motion-corrected LSTC images
displayed an increase in ensemble coherence, especially in
the nodule region that was selected for motion correction.
The resultant MBF image estimated from the motion-
corrected Doppler ensemble displayed a noticeable improve-
ment in the visualization of the blood vessels, consistent with
an increase in ensemble coherence observed in the corre-
sponding LSTC images. Further, the bright superficial layers
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typically observed in the power Doppler MBF images (d,k)
are due to inadequate tissue signal suppression with SVD-
based spatiotemporal clutter filtering. However, since the
STCM and LSTC images are estimated prior to tissue signal
suppression (Figs. 1 and 2), it is unaffected by the perfor-
mance or type of tissue clutter filtering.

Figure 8 displays additional examples of thyroid MBF
imaging. Examples 1-3 are displayed in Rows 1-3, respec-
tively. Column 1 displays the thyroid sonogram with both
hyperechoic and hypoechoic lesions. Columns 2 and 3 dis-
play the corresponding LSTC images depicting ensemble
coherence without and with motion correction, respectively.
Columns 4 and 5 display the corresponding MBF images,
without and with motion correction. The presence of motion
is evident in the thyroid MBF images (d,i,n,s,x) that are visi-
bly corrupted with motion artifacts. The corresponding LSTC
images (b,g,l,q,v) displayed low ensemble coherence, espe-
cially in the thyroid region. However, the motion-corrected
LSTC images displayed higher ensemble coherence in the
lesion area that was consistent with improvement in the MBF
image visualization. These results are quantitatively summa-
rized in Fig. 11.

Figure 9 displays two representative examples of MBF
imaging for breast lesions. Rows 1 (a—d) and 2 (e-h) corre-
spond to lesions 1 and 2, respectively. (a,e) display the sono-
grams, (b,f) display the STCM corresponding to the breast
lesion. (c,g) display the LSTC images with high spatial corre-
lation. (d,h) display the MBF images that display a rich vas-
cular network of blood vessels and no visible motion
artifacts. The LSTC images displayed a relatively high
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ensemble coherence, consistent with the respective STCMs
that detected negligible prior motion. Further, comparison
between the two instances of breast data indicated that the
one with the lowest impact of motion (f) corresponded with
the highest measures of LSTC values (g).

Figure 10 shows two representative examples of renal
MBF imaging, displayed in Rows 1(a—d) and 2(e-h), respec-
tively. Unlike the previous in vivo examples of superficial
tumors in thyroid and breast at depths <4 cm, the renal
blood vessels are located at increased depths of up to 8 cm,
and are imaged using a low frequency curved array. (a,e) dis-
play the scan converted sonograms; (b,f) display the STCMs
associated renal ROI identified in corresponding sonograms
(a,e); (c,g) display the corresponding scan converted LSTC
images, and (d,h) display the corresponding scan converted
MBEF images. The LSTC image in (c) displays a relatively
higher ensemble coherence in the region of interest, com-
pared to (g). This is consistent with the evidence of frame
decorrelation in the STCM of (f), relative to (b). Specifically,
frames 1-235 and 236-1024 display high inter frame but low
intra frame correlation in the STCM (f), suggesting presence
of motion. (i,j) display the corresponding MBF images
obtained using frames 236-1024 and 1-235, respectively; (j)
displays low blood flow intensity relative to (i), which is
expected due to the lower count of coherent frames. The mis-
registration of the ensemble frames can be identified in (i,j)
with respect to the blue-outline that is estimated from (i) and
overlaid on both (i,j).

Figure 11 quantifies the ensemble coherence (a) and the
quality of the MBF images (b,c) for the 15 in vivo thyroid
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Fic. 8. Rows 1-3 display five examples of thyroid microvascular blood flow (MBF) imaging, respectively. Column 1 displays the sonogram. Column 2 and 3
display the local spatiotemporal correlation images estimated without and with motion correction, respectively. Columns 4 and 5 display the MBF images esti-
mated without and with motion correction, respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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Fic. 9. Two representative examples of breast microvascular blood flow (MBF) imaging are displays in Rows 1 and 2, respectively. (a,e) display the breast sono-
grams. (b,f) display the spatiotemporal correlation matrix (STCM) images quantifying temporal coherency of the Doppler ensemble with respect to the lesion
area. (c,g) display the STCM images quantifying spatial coherency of the Doppler ensemble across the entire imaging plane. (d,h) display the respective MBF

images. [Color figure can be viewed at wileyonlinelibrary.com]

nodules imaged in this pilot study. (a) The barplots display
the mean and +1 standard deviation of the LSTC images esti-
mated in the lesion area, without (green) and with (blue)
motion correction. A distinct improvement in the ensemble
coherence was observed with respect to motion correction in
(a), for all thyroid cases. Correspondingly, the SNR (b) and
CNR (c) barplots displayed substantial improvement in image
quality upon motion correction. The SNR and CNR metrics
were estimated from three ROI selected from the MBF
image.’

Figure 12 displays the feasibly of estimating the LSTC
image from a temporally downsampled ensemble. The two
thyroid nodules considered for this analysis (a-h) and (i-p)
correspond to those in Figs. 6 and 7, respectively. Sub-
figures (a,c-e,i,k-m) and (b,f-h,j,n-p) correspond to LSTC
images obtained without and with motion correction, respec-
tively. LSTC images were estimated from the ensemble tem-
porally downsampled from 100% to 10% . In example 1 (a-h):
(a,b) display the mean and +1 standard deviation of the LSTC
images derived from reduced ensembles; the error bars corre-
spond to variation in mean across 10 instances of random sam-
pling. Specifically, (c,d,e) and (f,g,h) display the representative
LSTC images corresponding to (10,50,100)% of ensemble
frames. Similarly, in example 2 (i-p): (i,j) display the mean and
+1 standard deviation of the LSTC images derived from
reduced ensembles. (c,d,e) and (f,g,h) display representative
LSTC images estimated using (10,50,100)% of ensemble
frames.

Analogous to Figs. 12 and 13 displays the feasibility of
estimating the STCM from a spatially downsampled ROIL
Specifically, STCM is estimated from fewer lesion ROI pixels
that were indexed randomly. The spatial downsampling factor
was varied from 100% to 10% of the ROI pixels. The two
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thyroid nodules considered in this analysis (a-h) and (i-p) cor-
respond to those in Figs. 6 and 7, respectively. Subplots
(a,c-e,i,k-m) and (b,f-h,j,n-p) correspond to MM estimated
without and with motion correction, respectively. In example
1 (a-h): (a,b) display mean of the STCM estimated from
downsampled ROI; the error bars correspond to variation in
mean across 10 random samplings. Images in (c,d,e) and
(f.g,h) display representative STCMs corresponding to
(10,50,100)% of ROI pixels. Similarly, in example 2 (i-p):
(i,j) display the mean of the STCM derived from downsam-
pled ROI; the error bars correspond to variation in mean
across three random samplings of the ROI pixels. Images in
(c,d,e) and (f,g,h) display representative STCMs correspond-
ing to (10,50,100)% of ROI pixels.

Qualitatively, the LSTC images and STCMs obtained
from randomly down-sampled ensembles in Figs. 12 and 13
displayed negligible differences with respect to that obtained
using the full ensemble (c-h,I-p). Quantitatively, plots (a,b,i,j)
displayed a relative increase in the standard deviation with
reduction in ensemble samples, although the mean LSTC and
STCM values were comparable. The results obtained from
downsampled ensembles demonstrate that even with 10%
frames (205/2048), the proposed metric can be reliably esti-
mated with reference to that obtained with full ensembles.
Accordingly, the proposed technique can be expected to work
reliably in estimating ensemble coherence associated with
smaller ensembles, which could be due to low imaging frame
rate or small image acquisition buffer, etc.

4. DISCUSSION

Quantitative assessment of ensemble coherency can be
useful in evaluating the impact of tissue motion on the MBF
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FiG. 10. Two representative examples of scan converted renal microvascular blood flow (MBF) imaging using a curved array probe are displayed in Rows 1 and
2, respectively. (a,e) display the scan converted sonograms of the kidney. (b,f) display the spatiotemporal correlation matrix images quantifying temporal coher-
ency of the Doppler ensemble with respect to the pixels corresponding to the renal area. (c,g) display the scan converted local spatiotemporal correlation images
quantifying spatial coherency of the Doppler ensemble across the entire imaging plane. (d,h) display the respective scan converted renal microvascular blood
flow (MBF) images. (i,j) correspond to MBF images of the second renal example (e-h), estimated by integrating frames (236-2064,1-235) of the clutter-filtered
Doppler ensemble, respectively. The blue outline display the lack of registration between the MBF images (i,j), even though estimated from the same ensemble.

[Color figure can be viewed at wileyonlinelibrary.com]

signal visualization and reliability of MBF images. In this
paper, we hypothesize that the local spatiotemporal correla-
tion image will serve as a quantitative indicator of MBF
image quality with respect to co-registered temporal integra-
tion of the Doppler ensemble.

The in vivo breast data displayed negligible prior motion
[Fig. 3(b)], which corresponded with high ensemble coher-
ence as visualized in the LSTC image [Fig. 3(c)]. The respec-
tive MBF image [Fig. 3(a)] was free of motion related
artifacts, and thus displayed a dense network of small vessels.
These observations were consistent with other examples of
breast lesion imaging [Fig. 9], that is, lack of tissue motion,
as depicted in the STCM [Figs. 9(b) and 9(f)] corresponded
with high ensemble coherence [Figs. 9(c) and 9(g)]. Further,
of the two breast examples in (Fig. 9), the one with the lowest
ensemble motion (f) demonstrated the highest ensemble
coherence (g).

Medical Physics, 48 (7), July 2021

The simulation analysis performed on the in vivo breast
data specifically demonstrated the impact of motion of differ-
ent magnitudes on: (a) the coherence of the Doppler ensem-
ble, and (b) the quality of MBF images (Figs. 3 and 5).
Increases in tissue motion [Figs. 3(e)-3(h)] degraded the
coherency of the Doppler ensemble, which was visible in the
respective LSTC images [Figs. 3(i)-3(1)]. The corresponding
MBF images [Figs. 3(m)-3(p)] estimated from incoherent
Doppler ensembles were substantially corrupted with motion
artifacts, as noted in comparison with the original MBF
image [Fig. 3(d)]. Further, the simulation study also demon-
strates the sensitivity of the STCM in detecting motion in the
Doppler ensemble, which was applied locally to generate the
LSTC image. The qualitative assessment of the impact of
motion on ensemble coherency and MBF image quality was
consistent with the quantitative results; increased ensemble
motion reduced mean LSTC from 0.81 to 0.47 [Figs. 5(a)
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Fic. 11. Quantitative estimates of microvascular blood flow image quality for 15 in vivo thyroid patients. Barplots (a,b) display the mean and £1 standard devia-
tion of SNR and CNR measured without and with motion correction. [Color figure can be viewed at wileyonlinelibrary.com]

and 5(b)], and correspondingly degraded image SNR from
9.37to 1 dB and CNR from 5.43 to —8.16 dB [Figs. 5(c) and
5(d)].

Motion correction served as an effective approach in
improving ensemble coherence. However, lack of a method to
quantify ensemble coherency in MBF imaging limited our
assessment of the effectiveness of motion correction and the
determination of the optimum tracking parameters. The

Medical Physics, 48 (7), July 2021

LSTC images associated with in vivo thyroid examples
(Figs. 6 and 7) demonstrated low ensemble coherence (b),
prior to motion correction. The loss in coherence was attribu-
table to the presence of ensemble motion as evident in (e-h)
and the respective STCMs (b). Correction of ensemble
motion substantially improved the coherence of the Doppler
ensemble (j), which led to higher quality MBF images (k).
Particularly, the LSTC images (j) show a visible improvement
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FiG. 12. Impact of estimating local spatiotemporal correlation (LSTC) image from temporally downsampled Doppler ensemble. (a-h) and (i-p) corresponds to
two examples of in vivo thyroid microvascular blood flow imaging, displayed in Figs. 6 and 7, respectively. Left and right columns of each thyroid example corre-
spond to the Doppler ensemble without and with motion correction, respectively. The line-plots (a,b,i,j) display the mean LSTC estimated from a temporally
downsampled ensemble, with 10-100% of Doppler frames. Error bars are estimated across 10 random sampling of temporal frames from the Doppler ensemble.
(c,£k,n), (d,g,1,0), and (e,h,m,p) display representative LSTC images obtained with 10, 50, and 100% of ensemble frames. Color bar for (c-h) and (k-p) are uni-

form. [Color figure can be viewed at wileyonlinelibrary.com]

in the nodule area. The value of motion correction in thyroid
MBF imaging can be further appreciated in Fig. 8. In all the
thyroid examples, visualization of the MBF images improved
with increased coherence of the Doppler ensemble. This
observation was consistent with the quantitative results in
Fig. 11. However, due to rigid body-based global motion
correction, the improvement in the LSTC image was specifi-
cally observed in the lesion area, which was the region of
interest for MBF imaging. The extent of increase in ensem-
ble coherence upon motion correction varied across the
instances of thyroid data (Figs. 6-8). For example, the
improvement in LSTC upon motion correction was visibly
higher in Fig. 6 compared to Fig. 7, as also observed in
Fig. 11(a) for patients 1 and 2, respectively; such an assess-
ment was not possible in previous studies.”® It is important
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to note that LSTC may serve as an effective indicator of
ensemble coherence for robust MBF imaging, however, the
extent of improvement in ensemble coherence upon motion
correction [Fig. 11(a)] will depend on (a) the efficacy of the
ultrasound speckle-tracking technique in estimating in-plane
motion, and (b) the presence of elevational out-of-plane
motion.” Further, the STCM metric can identify frames that
were not successfully motion corrected, which could be due
to elevational motion, poor choice of motion tracking
parameters or speckle decorrelation. This will enable rejec-
tion of frames that were not successfully motion corrected,
therefore improving the accuracy of the blood flow measure-
ment. Additionally, the proposed quantitative metric will
enable optimization of motion tracking and correction
parameters for high-quality blood flow imaging.
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In contrast to tracking of ensemble motion and its correc-
tion, imaging at high frame rates can be a straight-forward
solution for estimating MBF images from highly coherent
ensembles. Plane wave transmissions are typically used for
ultrafast imaging,”> as was the case in this study. However,
with the need to compound multiple plane wave images to
improve image quality, safety-related limitations with respect
to tissue heating and factors corresponding to imaging depth
(location, orientation, and size of lesion) can adversely
impact imaging frame rates.”*** Further, the capability of
high frame rate imaging is limited to high-end ultrasound
machines. In the current study, all thyroid lesions were
imaged at frame rates of 600-700 Hz, nonetheless, the
impact of carotid motion on the acquired Doppler ensemble
coherence and MBF imaging was substantial. The source of
motion is not limited to physiological and anatomical factors
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and can also be due to the sonographer’s hand or patient’s
body motion. This can be observed in examples of in vivo
renal MBF imaging [Fig. 10]. Example 1 demonstrated a
highly coherent ensemble [Fig. 10(c)], with negligible tissue
motion [Fig. 10(b)], indicating [Fig. 10(d)] to be a reliable
renal MBF image with no motion artifacts. However, the
LSTC image of example 2 demonstrated relatively lower
coherence, since it was impacted by the sonographer’s hand
motion at around frame-count 235 [Fig. 10(f)]. The misregis-
tration of Doppler frames is also evident in the respective
sub-ensemble MBF images in [Figs. 10(i) and 10(j)], which if
combined together can lead to inaccurate assessment of the
vessel diameter.

Quantitative evaluation of MBF vascular morphology esti-
mated from coherent Doppler ensembles will be less
impacted by tissue motion and thus can be expected to be
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highly reproducible. For example, the results associated with
kidney 1 can be repeatedly reproduced due to its high ensem-
ble coherence, however, such a prediction cannot be made for
example 2, owing to the impact of tissue motion on ensemble
coherence. Further, since LSTC is normalized between 0 and
1, the coherence estimates can be compared across different
tumors, glands and organs (breast, thyroid, kidney). For
example, the results of in vivo studies reveal that thyroid
MBF images can be less reproducible, given the impact of
carotid motion on its ensemble coherence (Figs. 6-8,
11).23*35 Comparatively, breast lesions demonstrated higher
coherence, which can be associated with better reproducibil-
ity (Fig. 9). Further, the proposed quantitative metric can be
valuable in large-scale patient studies in addressing discrep-
ancies arising from ensemble motion, and in assessing the
reproducibility of the results from the stand-point of coher-
ence of the acquired Doppler ensemble. Quantifying ensem-
ble coherency using LSTC can be useful for imaging of both
superficial and deep-seated organs (Figs. 6—10). The choice
of using the Pearson correlation coefficient as the metric to
quantify ensemble coherence is consistent with its well-
reported applications in high-quality motion tracking of ultra-
sound frames. However, this choice of similarity metric for
computing the motion matrix is not limited to the correlation
coefficient and can be chosen from a variety of metrics.'*°
The scope of using LSTC as a performance descriptor for
motion correction is independent of the choice of the speckle
tracking technique, and can be readily used in comparing per-
formance across different techniques. Further, it is feasible to
use a 1D motion tracking technique, however, given the large
component of lateral motion in thyroid lesions due to carotid
pulsations, a 2D motion tracking technique would be neces-
sary for effectively improving ensemble coherency.

Temporal misregistration of the Doppler frames owing to
tissue motion diminishes ensemble coherency, which leads to
weak integration of the flow signal. This leads to sub-optimal
estimation of the power Doppler signal that can result in mis-
leading MBF images without any forewarning or indication;
therefore, it is important to assess ensemble coherence. Fur-
ther, in the current framework of 2D ultrasound imaging, it is
imperative to detect and reject ensemble frames incurring out-
of-plane motion, which would otherwise lead to sub-optimal
MBF imaging, without any indication or forewarning. The
proposed ensemble coherence metric—estimated using corre-
lation analysis of tissue speckle—is sensitive to phase mis-
match of the ultrasound speckle signal, regardless of its type
(i.e., due to in-plane or out-of-plane motion). Specifically, in
case of in-plane motion, the phase mismatch can be accurately
tracked in local kernels and motion corrected. However, in the
case of out-of-plane motion, the phase mismatch cannot be
addressed using motion tracking and correction due to lack of
sufficient information in the third dimension. Accordingly,
estimation of the proposed coherence metric subsequent to
motion correction can be helpful in identifying frames that
failed motion correction, which could typically be due to out-
of-plane motion or poor ultrasound signal-to-noise ratio. In
our previous study,'® we used an SVD-based singular value
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decay rate approach to indirectly assess the impact of motion
on ensemble coherence and its corresponding change with
respect to motion correction. In comparison, the novel metric
proposed in this study directly quantifies ensemble coherency
in terms of a normalized correlation in the scale 0-1 or 0—
100% , spatially across the imaging plane. High and low
ensemble coherency indicates if the MBF image will be free of
or corrupted with motion artifacts, respectively. In this context,
an important question is: What is the impact of poor tissue
clutter filtering on the proposed coherence metric? Specifi-
cally, since the proposed metric is estimated prior to tissue
clutter filtering [as outlined in Fig. 1(b)], its estimation is inde-
pendent of tissue-clutter filtering. Therefore, sub-optimal tis-
sue clutter filtering will have no impact on its outcome.
However, it is true that poor tissue clutter filtering will hamper
the quality of MBF images, and additional metrics are needed
to quantify its impact on MBF imaging.

With an increase in ensemble coherency, a correlated
increase in standard image quality metrics is expected
[Figs. 5 and 11]. However, even though the LSTC metric is
determined primarily based on ensemble motion, the CNR
and SNR values depend on microvascular morphology and
flow characteristics. For example, large vessels with increased
flow will correspond to a higher intensity Doppler signal,
thus depicting high SNR and CNR values, whereas smaller
vessels will demonstrate the opposite trend. Further, changes
in CNR and SNR values with respect to ensemble coherence
will also vary with respect to vessel characteristics. For exam-
ple, high-intensity vessels that are less impacted by motion
would show smaller improvement in CNR and SNR metrics
with motion correction, compared to low-intensity vessels
that are heavily dependent on co-registered temporal integra-
tion of the Doppler signal. Accordingly, even for the same
ensemble, the LSTC metric could map to several variations in
CNR and SNR values, which limits the scope of performing
a meaningful correlation analysis.

Figure 12 demonstrates the impact of ensemble size on
estimation of the LSTC image. The analysis performed using
thyroid examples reveals that the LSTC image can be reliably
estimated from randomly downsampled ensembles, with even
10% of acquired Doppler frames. For coherent ensembles
with low rank and higher ensemble redundancy (e.g., breast),
we expect that the LSTC image can be estimated with even
fewer frames. This finding has two important implications:
(a) the scope of using LSTC as an ensemble coherence esti-
mator for MBF imaging is not limited to instances of large
ensembles, but can also be effectively used in coherence
assessment of smaller ensembles (a,b,i,j). The need and rele-
vance for estimating MBF from small ensembles may vary
depending on constraints on imaging frame rate, acquisition
time, or due to frame rejection in event of out-of-plane
motion. (b) The computational efficiency of estimating the
LSTC image, specifically for large ensembles, can be
improved without a trade-off in signal quality (c-e,f-h,k-m,n-
p). Similarly, Fig. 13 demonstrates the feasibility of estimat-
ing STCM, which was used for detection of ensemble motion
from randomly downsampled ROI pixels.
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The proposed metric has an important role in translating
MBF imaging for clinical diagnosis, with respect to assessing
ensemble coherency: (i) Motion can lead to a misleading
diagnosis without any forewarning or indication. This can
result in underestimation of vascular density due to relatively
easy degradation of small vessel signals, limiting visualiza-
tion to larger vessels. However, under certain circumstances,
it can also lead to overestimation of vascular density due the
appearance of spatially replicated shadow vessels arising
from motion-induced frame misregistration. (ii) In the
absence of real-time feedback on ensemble coherence,
motion can inadvertently lead to poor reproducibility and
repeatability of MBF imaging, limiting its scope in the clinic.
(iii) Our previous studies demonstrated that motion tracking
and correction can considerably improve the performance of
MBF imaging. Specifically, inter frame axial and lateral dis-
placements estimated using speckle tracking were used for
temporal registration of the clutter-filtered Doppler frames to
allow co-registered integration of the ensemble. Methods for
quantifying ensemble coherency can be useful in assessing
the efficacy of motion correction, and lead to optimizing
parameters for motion tracking. Currently there are no other
metrics that directly quantify ensemble coherence in ultra-
sound MBF imaging.

A limitation of the current study is that although the
axial and lateral displacements were estimated locally
across the entire imaging plane; however, motion correction
was performed with respect to the lesion with assumptions
of rigid body translation. Since the variance of the averaged
frame-to-frame displacements in the lesion ROI were low
[Figs. 6(e) and 6(f), 7(e) and 7(f)] such an approach could
be reliably used in this preliminary investigation.'"'? How-
ever, it is important to note that the current displacement
tracking and motion correction approach may not be opti-
mal as the LSTC values for the motion-corrected thyroid
data was still considerably lower than the breast data
[Fig. 11]. In future studies, we will use the ensemble coher-
ence metric to optimize the displacement tracking tech-
nique, particularly with regards to (a) the choice of
reference frame for motion correction, (b) dynamic frame-
pairing to effectively estimate motion in high frame rate
ensembles, and (c) rejection of frames incurring out-of-
plane motion to improve the coherence and visualization of
MBF imaging. Further, we will develop the capability for
local motion correction involving smaller, overlapping ker-
nels that can be reasonably assumed to incur uniform dis-
placements.

5. CONCLUSION

Ensemble coherency is an important factor that governs
the performance of contrast-free MBF imaging. The results
of this pilot study demonstrated that the local spatiotemporal
correlation image can quantify ensemble coherence for robust
MBF imaging. We conclude that the proposed metric for esti-
mating ensemble coherence performs sufficiently well to war-
rant further development and more in vivo validation.
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