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Fig. 1. Hadamard-based multiplane wave encoding and decoding: (a) Schematic representation of the encoding and decoding

process using a Hadamard matrix for four plane waves; (b) waveform examples for the four transmission events.
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Table 1. Overview of parameters for simulation

and rat experiments.
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Fig. 2. Simulated results of spiral flow power Doppler imaging based on conventional ultrafast ultrasound power Doppler (PD) and

pulse coded power Doppler (PC-PD): (a) PD simulation result; (b) PC-PD simulation result; (¢) SNR quantization curve, showing

the contrast of blood flow and background noise at different depths.
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DR 2 W BRI, MU . vV, (8 3()))
e E (9 3(k)) SEMSEEE R, 1K 3(1)
rp O E s, PC-UVD 45 5 0 il 28
THRE S I B, AR AT AR [ B i
WA,

] 4 JBIR T JIr INAS I 37 7K 38 o s okt
KNS RS A BRSO S T B2
AL, 7 FLE rh, FRATTHE R RN R
MR, N 4 LR IR, A TPl
o 256 mm/s, FET M RERHEEE A 0. HIE] 4(a)
AT LUAE H, RASE L UVD f1 PC-UVD Frill 3
AR ) AL 3 R B 1 S T PN S ARG T B R
{ELJ 2 A5 PR AR ) i g 0 B R B B, ELR S

Flow vectors

(d) _£Ea8a.
— S FET NI —
R S N
o AN\ [0 o
E 14 \\\\ N E
e wo g N\ N g
= W\ ‘M‘\ o 3};& ‘:vy“; o3
= Wy WG AT =
E v\\v e

Y

g Ne=?r 20

— A~ Q\ —~
7 7N 0
w ot R AN %
g g 27N\ AN (10
§ AT N £
I e L N |, £
= \‘ W Wi AT Shlk >
s N =
g SNGzs 2% W —10
o] 3 A= S)
= 3\».-1?4/}:/‘7?/? =
- e Rl

—~ i : R —~
' ///; //(//{ o T \\\\§ N Tv
? ////;/ «///{:/'—E\\\\\\Q < \\X 10 :
E w7 DN E
Na/2 1“‘1 ] ) ﬂv xN 0 Na¥
IS TR v A =
chR p Bl
s} S \\\:,///,/ I”; ﬂp},é —~10 ©
9 \\\\ =2 ) ' el
G AN B ,/@/é’ <
> \\§3:<4 554//’ z —20 >

PRl 3 BB I A TR R B A 22 3 Bl L 3 R O LA R O BB AT B R R T BEE i E ELAY, AL UVD 1 PC-UVD il &
A ) B I 900 K PR AT o A IO B KO i (V)L A (V) AR DL SR Ak N i AR 4

Fig. 3. Simulated results of vector velocity in spiral blood flow, including the ground velocity truth (top row), conventional UVD

(middle row), and PC-UVD (bottom row) for blood flow velocity. Each row contains the horizontal velocity component V, (first

column), vertical velocity component V, (second column), 2D velocity (third column), and vectorized blood flow imaging results

(fourth column), respectively.
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Fig. 4. Horizontal and vertical velocity profiles of spiral blood flow measured by ultrafast vector Doppler: (a) Lateral velocity distri-
bution; (b) axial velocity distribution. The blue line represents the velocity ground truth, the yellow line represents the conventional

UVD measurement, and the red line represents the PC-UVD measurement.
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Fig. 5. Accuracy analysis of flow vectors derived from the spiral flow phantom. Plots of estimated velocity versus ground-truth velo-
city in (a), (c) lateral and (b), (d) axial directions, as extracted from the velocity values at different pixel positions within the spir-
al loop; error bars denote standard deviation over a minimum of 100 measurements. The RMSE of all pixel position measurements
is demonstrated in the upper left corner of each of measurements at all pixel positions is displayed in the upper left corner of each
plot: (a), (b) Analysis of results of conventional UVD; (c), (d) analysis of results of PC-UVD.
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Fig. 6. Ultrafast Doppler images of rat cerebral blood flow. (a)—(c) shows the ultrafast (a) power Doppler, (b) color Doppler, and
(c) vector Doppler results obtained in conventional plane wave transmission mode. (d)—-(f) presents the ultrafast (d) power Doppler,
(e) color Doppler, and (f) vector Doppler results obtained in pulse coded plane wave transmission mode. In the ultrafast color Dop-
pler and vector Doppler images, red and blue indicate upward and downward blood flow directions, respectively. (g) Signal intens-
ity profile along the horizontal dashed line in Fig. 6(a) and Fig. 6(d); (h) signal intensity profile along the vertical dashed line in
Fig. 6(a) and Fig. 6(d).
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Fig. 7. Ultrafast vectorized Doppler velocity imaging results in three ROIs in the rat brain. The three ROIs correspond to the three

rectangular areas in Fig. 6(c) and Fig. 6(f). Fig. 7(a)—(c) shows the velocity measurements based on conventional UVD, while

Fig. 7(d)—(f) shows the results based on PC-UVD. The velocity vectors are represented by small triangles, with the area and color

indicating the magnitude of the blood flow velocity, and the sharp angles pointing in the direction of the flow.
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Fig. 8. Improved UVD based rat cerebral blood flow resistivity index measurements: (a) Cerebral blood flow resistivity index map;

(b) multi-angle compounded Doppler spectra at different locations throughout a cardiac cycle. The dashed lines overlaid on the

spectrum indicate the center frequency of the Doppler signal, while the solid lines represent the measured vector Doppler dynamic

velocities. The red arrows point to the peak systolic blood flow velocity, and the yellow arrows point to the end-diastolic velocity.

Top left: venous flow upward; bottom left: venous flow downward; top right: arterial flow upward; bottom right: arterial flow down-

ward. (c) Arterial flow map. (d) Venous flow map.
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Abstract

Dynamic and precise measurement of cerebral blood flow velocity plays a critical role in neuroscience and

the diagnosis of cerebrovascular diseases. Traditional color Doppler ultrasound can only measure the velocity

component along the ultrasound beam, thus limiting its ability to accurately capture the full blood flow vector

in complex environments. To break through these limitations, we propose an ultrafast pulse-coded vector

Doppler (PC-UVD) imaging method, by using Hadamard matrix pulse encoding to enhance velocity estimation

accuracy in low signal-to-noise ratio (SNR) conditions. Our study includes spiral flow simulations and in vivo
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rat brain experiments, which demonstrate significantly improved measurement precision compared with
traditional ultrafast vector Doppler (UVD). This novel approach can measure dynamic cerebral blood flow
velocity within a single cardiac cycle, presenting insights into cerebrovascular resistivity characteristics.

The proposed PC-UVD method encodes plane waves with Hadamard matrices and can increase SNR
without sacrificing temporal or spatial resolution. Velocity vectors are then estimated using a weighted least
squares (WLS) approach, where iterative residual-based weight optimization enhances robustness to noise and
reduces contributions of outliers. The effectiveness of this technique is validated through simulations using a
spiral blood flow phantom, indicating a substantial improvement in velocity estimation accuracy, especially in
deep imaging regions with significant signal attenuation. In vivo experiments on rat brains further corroborate
that the proposed method has higher accuracy than existing UVD approaches, especially for small vessels.
Notably, our method can accurately distinguish between arterial flow and venous flow by analyzing pulsatility
and resistivity within the cerebral vascular network.

This work demonstrates the potential of PC-UVD in complex vascular imaging, providing high SNR, high
temporal and spatial resolution, and accurate vectorized flow measurements. Our results highlight its ability to
non-invasively evaluate hemodynamic parameters and its potential application in the diagnosis of

cerebrovascular diseases, particularly in small vessels.
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