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Abstract. The paper is devoted to the estimation of blood flow velocity in the 
heart of a fish larva using a high-frequency ultrasonic scanner with a highly 
focused single-element ultrasonic transducer. The two-dimensional 
echocardiographic signal, recorded at a given probe position as a function of 
the delay of the reflected wave and time, is a superposition of randomly 
distributed responses reflected from moving blood cells. It is shown that a 
single value of flow velocity can be estimated by calculating the 
autocorrelation function of the echocardiographic signal, cropped by a two-
dimensional data window. Moreover, for this purpose it is sufficient to 
calculate only the phase of the autocorrelation function at two adjacent points 
shifted by sampling intervals. The developed processing algorithm was 
verified using echocardiographic data measured on sturgeon larva aged 3 days 
after hatching. An ultrasonic transducer with a central frequency of 75 MHz, a 
bandwidth of 65%, and an angular aperture of 40° was used in the experiment. 
The velocity calculated in the ventricle area during one cardiac period varied 
in the range of ±10 mm/s depending on the contraction phase.  
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1 Introduction 

Echocardiography, which provides valuable information 

about the functioning of the cardiovascular system of 

living organisms, is widely used for clinical and research 

purposes [1]. In echocardiography, the spatio-temporal 

distribution of blood flow can be estimated by sending 

and receiving ultrasound waves [2, 3]. In modern medical 

scanners, the Doppler frequency shift of waves reflected 

by moving blood cells is used to determine the projection 

of the velocity vector onto the axis of the ultrasonic 

transducer [4, 5]. Some modern techniques make it 

possible to determine the velocity vector [6−8]. They are 

based on the rapid acquisition of two-dimensional scans 

and tracking the movement of blood cells in the 

longitudinal and transverse directions. The 

implementation of these techniques is impossible without 

the use of multi-element ultrasonic phased arrays. Since 

the heart of humans and other large living organisms is 

located deep in the body, the frequency range usually 

does not exceed 10 MHz, the angular aperture of the 

probing ultrasonic beam is narrow, and the spatial 

resolution is in a millimeter range. Higher resolution has 

been achieved in ultrasound examination of the heart of 

small animals such as mice and chickens [9−12]. 

Recently, high frequency echocardiography has been 

successfully applied in a wide range of works devoted to 

adult Zebrafish [13−15]. At the same time, it was shown 

that sonography of Zebrafish model at the embryonic and 

larval stages of development can be considered very 

promising for cardiological research [16−17]. Since the 

size of the fish heart at early stages of development is in 

the range of 200–300 μm [18], high frequency single 

element focused transducers were used in these works to 

ensure sufficient resolution. Due to short ultrasonic 

pulses with a central frequency in the range of 

50−100 MHz and a wide angular aperture of the focused 

beam, the transverse and longitudinal resolution of the 

device was about 20 μm. This value is compatible with 

the typical size of the blood cells (7 μm) which give a 

strong stochastic reflected signal. Their velocity usually 
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does not exceed 10 mm/s, and the Doppler frequency 

shift in this case is too small for direct measurement in 

the spectral domain. The generation of 

echocardiographic signals from the Zebrafish larvae has 

been partly discussed in our previous work [19].  

Typically echocardiographic signals are recorded in 

the M-scan format s(t, T) [2, 3], where the “fast” time-of-

flight t is associated with the propagation of the 

ultrasonic waves and the “slow” observation time T is 

associated with to the motion of the cardiac tissue. To 

determine the flow velocity, it is sufficient to measure the 

delays of ultrasonic echoes reflected from moving blood 

cells and, knowing the speed of sound in the liquid, 

calculate their displacement over a certain time 

interval T [2]. The delay can be obtained by isolating the 

pronounced echoes from others and using, for instance, 

the zero-crossing method. This approach is quite 

straightforward, but very often it is not possible to find a 

wavelet suitable for the analysis in the area of interest, 

especially using a fully automated software procedure. 

A more advanced method of flow velocity estimation 

is based on the correlation approach. The relative delay 

of successive responses can be determined from the time 

shift of the peak of the one-dimensional cross-correlation 

function between one-dimensional or two-dimensional 

windowed data sets [2, 3]. This method has been 

successfully applied to study blood flow in fish larval 

hearts [16, 20], however a more reliable result could 

potentially be achieved using a two-dimensional 

autocorrelation approach [21].  

It is shown that the velocity can be estimated from the 

phase of the two-dimensional autocorrelation function in 

the vicinity of its central lobe. This method is based on 

the assumptions that the velocity of moving cells does not 

change along the axis of the ultrasound beam and that its 

angular aperture is narrow. The efficacy of the two-

dimensional autocorrelation technique was confirmed in 

a study of adult Zebrafish with a heart size of 

1–2 mm [22]. Since moderate frequencies and angular 

apertures were used in this work, the assumptions made 

in developing the signal model should be considered 

acceptable. For small organism, highly focused high-

frequency ultrasonic transducers are used, and the blood 

velocity varies with defocus distance, therefore the 

autocorrelation approach needs to be verified. In this 

paper, we present an autocorrelation method developed 

to estimate the blood flow velocity in the heart of fish at 

the larval stage of development. 

2 Experiment 

A high-frequency ultrasonic scanner was used to study 

the fish larval hearts in vivo (Fig. 1(a)). The device was 

equipped with a single element focused ultrasonic 

transducer with a central frequency of 75 MHz and a 

bandwidth of 65%. The angular aperture of the 

transducer was 40°, which provided a lateral resolution 

of approximately 20 μm. The transducer was excited by 

short (5 ns) electrical pulses and the signals reflected by 

the object were converted into digital form after filtration 

and amplification and stored in the computer. The 

position of the transducer relative to the object under 

study was controlled by a precise 3-axis mechanical 

scanner. To detect the temporal behavior of the heart at 

each transducer position (x, y), M-scans s(t, T) were 

recorded for several seconds. The sampling periods of the 

digitized M-scans for the variables t and T were δt = 2 ns 

and δT = 0.2 ms, respectively. A more detailed 

description of the ultrasonic scanner can be found 

elsewhere [23]. 

In the experiment, sturgeon larva aged 3 days after 

hatching (Fig. 1(b)) was placed in an immersion cell 

filled with water. To immobilize the animal, a solution 

tricaine methane sulfonate (MS-222) at a concentration 

of 0.168 mg/L was used for anesthesia. The sagittal plane 

of the larva was oriented perpendicular to the z- axis of 

the transducer.  

An example of M-scan s(t, T) taken at point O of the 

heart (Fig. 1(b)) is shown in Fig. 2(a) as a grayscale 

image. The data are presented for one period of heart 

rhythm T0 = 0.454 s. Several echo signals can be 

recognized in the images, the delays of which change 

with time T. The echoes M1, M2 are generated by the 

layered tissue of the myocardium, they show the 

upper and low walls of the heart chamber, respectively. 

 
  

(a) (b) (c) 

Fig. 1 (a) Scheme and (b) appearance of the experimental setup, (c) optical image of the heart area of the sturgeon larva.  
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The positions of these echoes change with time T in 

accordance with the heart contraction. Numerous noise-

like B echoes result from scattering of the ultrasound 

probe wave by moving blood cells. Fig. 2(b) shows an 

enlarged fragment of this response, indicated in Fig. 2(a) 

by the yellow rectangle. The local slope of the wavelets 

B is proportional to the flow velocity V [2]. Indeed, 

during a time interval ΔT, blood cells, moving in the 

vertical direction and acquiring a delay Δt, travel a 

distance of Δz = 0.5C∙Δt, where C ≈ 1500 m/s is the 

sound velocity in the tissue. Therefore, the velocity V can 

be estimated using a simple equation: 

 
1

2V C t T


   . (1) 

 
(a) 

 
(b) 

Fig. 2 (a) M-scan s(t, T) recorded at the ventricle of the 

sturgeon larva. (b) Enlarged fragment of the scan marked 

in the (a) image with a yellow rectangle. B, M1, M2 are 

echo signals generated by blood cells, the upper and low 

walls of the heart chamber, respectively; Δt is the delay 

acquired by blood cells when moving along the red 

dotted line during the time interval ΔT. 

The size of the blood components, mainly red blood 

cells, is about 5−10 μm, therefore there are 

approximately 10 reflectors in the resolution volume. The 

interference of the echoes from these randomly 

distributed cells forms a stochastic response B. Since the 

orientation and position of the reflectors change over 

time, the coherence duration is limited. Therefore, it is 

often impossible to find a wavelet that maintains integrity 

over the interval ΔT and to reliably estimate the delay Δt. 

A more robust estimate of the flow velocity can be 

obtained using a two-dimensional autocorrelation 

approach. 

3 Theoretical Model of the Signal 

To find the responses from the blood flow received by 

the ultrasonic transducer, the following assumptions can 

be accepted. The blood elements can be considered as 

point reflectors; their number is large within the focal 

volume. In the two-dimensional autocorrelation 

approach proposed in Ref. [21], it was assumed that the 

ultrasonic beam is wide, without a clear focal zone; and 

the spatial distribution of the velocity is axially 

symmetric and does not change along the axis. In the case 

of the tightly focused beam (Fig. 3), the signal  , ,h t r z  

received from the reflector depends on time t and 

position  ,r z . The reflectors move at a velocity of 

 , rbV V V , where V and rV  are the vertical and radial 

components of the velocity vector. In a layer with a 

thickness of 2Δz and a center z = za, the velocity remains 

approximately constant during the observation time 

interval T T  . Since the velocity of the blood cells is 

much less than the velocity of ultrasound waves in the 

tissue C, the response from the i-th moving particle can 

be written as follows:  

   0 0, , ,i ri i is t T a h t r V T z z VT    , (2) 

where ai is the reflection coefficient of the i-th particle, 

and  0 0,i ir z  is its initial position at the moment T=0. 

The output signal is a sum of wavelets given in Eq. (2) 

whose response are in the time-of-flight interval 

at t t   , where 12a at z C  and 12t zC    . 

 
Fig. 3 The focal area of an ultrasonic beam containing an 

ensemble of moving particles. V and Vr are the vertical 

and radial components of the velocity; za and 2Δz are the 

position and the thicknes of the layer, respectively. 
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The wave fronts of the ultrasonic beam in the vicinity 

of the focus are approximately parallel to the focal 

plane [24], therefore motion of the particle along vertical 

axis z causes a delay of the reflected signal 12VTC  . On 

the contrary, lateral motion does not change the signal 

delay, but it can change the amplitude of the signal. Since 

the delay is the same for all particles in the layer, the sum 

of their responses can be written as a two-dimensional 

convolution:  

   00 0

2
, , ,i ri r i

i

VT
s t T a h t r V T z z t

C


   
      

  
 , (3) 

where δ() is the Dirac delta function. The function hr 

shows the changes in the amplitude and delay of the 

temporal response h(t) of the i-th reflector caused by its 

lateral displacement. The amplitude of the function hr 

decreases smoothly as za deviates from the focal plane 

z = 0. The lateral displacement also causes amplitude 

variations determined by the profile of the ultrasonic 

beam. The duration of this response is limited by the 

travel time of the particle across the beam δr/Vr. 

Typically, the z-axis is oriented approximately along the 

blood flow so that Vr<<V, and the particle remains inside 

the ultrasonic beam for the observation time interval ΔT. 

Summing the responses over the entire ensemble of the 

reflectors yields a stochastic function g(t, T), and the 

output signal can be represented within the intervals Δt, 

ΔT as follows:  

       
2

, , t T

VT
s t T g t T t w t w T

C


  
    

  
, (4) 

where the window functions wT(T) and wt(t) cut out the 

data region intended for processing. In the observation 

intervals ΔT, Δt, the signal behavior is determined by the 

liner delay factor. This relationship given in Eq. (4) is 

equivalent to the signal model developed under other 

assumptions [18]. Using the methodology presented in 

this work, the following results can be obtained. The 

autocorrelation function A(t, T) of a signal s(t, T) can be 

found by taking the inverse Fourier transform of the 

signal power spectrum [25]: 

      1, , ,A t T F S S      , (5) 

where the symbol * denotes the complex conjugation 

operation, and the frequencies ω, Ω are associated with 

the time variables t, T. The spectrum of the signal (Eq. 5) 

is equal to:    

       
2

, ,
V

S G W W
C

 

  
             

  

, (6) 

where G, Wω, WΩ are spectra of g, wt, wT, respectively. In 

the case of infinite window functions wt, wT the 

convolution with Wω, WΩ in Eq. (6) can be omitted, and 

the spectrum S(ω, Ω) is equal to 0 everywhere in the (ω, 

Ω) domain, except for the line 12VC   . Therefore, 

the variable Ω can be considered as the Doppler 

frequency shift obtained by the component of the probing 

wave with frequency ω due to reflection from the moving 

scatterer. The slope of this line depends on the velocity V, 

similarly the orientation of the components in the signal 

s(t, T) and in its autocorrelation function A(t, T) also 

depends on V. To estimate this slope, one can use the 

partial derivatives of the autocorrelation function with 

respect to the variables t and T.  

In the case of infinite data windows, based on the 

definition of the Fourier integral and the properties of the 

delta function, the value of the derivative with respect to 

t of the autocorrelation function at the center (0, 0) is 

equal to:  

 

   

0, 0

2
2

,

2
2 , .

t
t T

A t T
r

t

V
i G d

c

 







 



  
        

  


 (7) 

The partial derivative with respect to T can be 

obtained in a similar way:  

 

0, 0

, 2
T t

t T

A t T V
r r

T C 


 


. (8) 

Eq. (8) shows that the ratio of the coefficients rT and 

rt is proportional to the velocity V. In the case of finite 

data windows, the spectrum S(ω, Ω) is smoothed due to 

the convolution given in Eq. (6), and Eq. (7) is invalid. 

However, it has been shown [21] that the coefficients rT 

and rt are the averaged values of the frequencies ω and 

Ω, respectively, and the relation given in Eq. (8) is 

applicable for estimating the velocity V.  

It should be noted that digital calculation of 

derivatives of noisy experimental data may be unstable. 

However, since the amplitude and phase φ(t, T) of the 

autocorrelation function are even and odd functions, 

respectively, the following approximation is valid: 

 
 

 

 
 

0, 0 0, 0

, ,
0,0

,0
0,0 ,

t T t T

A t T t T
iA

t t

t
iA

t



 



   

 
 

 



 (9) 

where δt is the sampling period of the time-of-flight t. 

Using a similar relationship for the derivative with 

respect to the time T, Eq. (8) can be rewritten: 

 

 

0,

2 ,0

T t
V C

t T

  

  





, (10) 

where δT is the sampling period of the time T. Thus to 

estimate the velocity V at a specific point in the (t, T) 

domain it is sufficient to calculate the phase of the 
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autocorrelation function at two adjacent points shifted by 

intervals δt, δT.  

4 Data Processing Algorithm 

The experimental digital M-scan is a sampled version of 

the real valued signal presented as an n-by-m array

 ,nms s n t m T    , where n and m are indexes related 

to the variables t and T, respectively. Before calculation 

of the autocorrelation function, the input data are 

converted to analytic signal  nm nm nmr s iH s  , where i 

is the imaginary unit, and H{} is the Hilbert transform 

with respect to n. To find the values of the autocorrelation 

function  ,0t

nmA


 and  0, T

nmA


 at the lags (δt, 0) and (0, δT), 

respectively, first the element-wise products of the array 

rnm and its shifted and complex conjugate copies are 

calculated: 

 

 

10

( 1)

01

( 1)

,

.

nm nm n m

nm nm n m

D r r

D r r









 

 
 (11) 

The signal power is calculated in a similar way: 

 00

nm nm nmD r r  . (12) 

To find the values of the autocorrelation function, it 

is necessary to average the products given in Eq. (11) in 

sliding two-dimensional windows. This operation can be 

implemented using a low-pass two-dimensional finite 

impulse response filter wnm:  

 

 

 

,0 (10)

0, (01)

0,0 (00)

,

,

.

t

nm nm nm

T

nm nm nm

nm nm nm

A D w

A D w

A D w





 

 

 

 (13) 

The spatio-temporal distribution of the velocity Vnm 

can be obtained using the discrete version of Eq. (10):  

 
 

(0, )

( ,0)
.

2

T
nm

nm t
nm

C t A
V

T A





 


 

 (14) 

The proposed algorithm is absolutely robust, since the 

output values Vnm can be calculated for all n and m for 

any input data snm. However, in many areas of the (n, m) 

domain there are no reflections from blood cells, and the 

signal-to-noise ratio is low. To exclude false results, the 

maximum value of the autocorrelation function 
 0,0

nmA  is 

compared with a certain threshold A0. To mask these 

unreliable values the output is reset to 0: Vnm = 0, if
 0,0

0nmA A . 

It should be noted that the algorithm is 

computationally efficient. Indeed, it is sufficient to 

calculate only 3 values of the autocorrelation function 

given in Eq. (13) for each output value Vnm. In the case of 

a boxcar window wnm, basically only Nf ∙Mf sum 

operations are required, where Nf, Mf are the window 

sizes. In contrast, in the one-dimensional cross-

correlation algorithm, it is necessary to calculate the 

correlation function and find its peak for each point in the 

(t, T) domain. 

The implementation of the two-dimensional 

autocorrelation approach presented in the works [21, 22] 

is based on demodulation of received signals and digital 

processing of quadrature components. In the present 

work, the bandwidth of the signal is wide, so the analog 

demodulation is ineffective. The velocity estimation 

accuracy is expected to remain the same since both 

algorithms are mathematically equivalent. However, 

additional threshold processing provides greater stability 

of results for small larval hearts, where it is difficult to 

locate cardiac chamber boundaries and exclude areas 

with low signal-to-noise ratio.  

5 Results and Discussion 

The estimated spatio-temporal distribution of blood flow 

velocity V is shown in Fig. 4. The calculation was 

performed using the input M-scan data shown in Fig. 2. 

The velocity value is color-coded according to the color 

scale shown on the right side of the picture. The threshold 

was equal to A0 = 0.36∙Amax, where Amax is the global 

maximum of the autocorrelation function 
 0,0

nmA . The 

window sizes were set equal to Nf = 16 and Mf = 20. 

These numbers correspond to the window (32 ns) by 

(4 ms) indicated in the (t, T) domain by a blue rectangular 

(Fig. 2(b)). This window is small enough compared to the 

time range t (≈600 ns) and the heart rhythm period 

T0 = 0.454 s to correctly show the change in velocity V 

depending on the vertical position and the phase of the 

heart contraction.  

At two intervals of the time T = (0.12−0.15) s and 

T = (0.2−0.24) s (Fig. 4) the blood flow is directed 

downwards, where the velocity reaches a peak value of 

V ≈ –15 mm/s. At the intervals T = (0−0.12) s, 

(0.15−0.2) s and (0.41-0.45) s, the movement of blood 

cells is slowed down. During a short time interval 

T = (0.35−0.37) s and in the time-of-flight interval 

t = (0.38−0.41) μs, a strong upward flow is observed with 

a peak velocity of +15 mm/s. Outside the cardiac 

chamber, where the time-of-flight t < 0.15 μs or t > 0.55 

μs, the signal is weak, the autocorrelation function is less 

than the threshold A0, and the output was set to 0. Overall, 

the behavior of the calculated blood flow velocity is in 

good agreement with the original M-scan (Fig. 2).  

The blue graph in Fig. 5 shows the calculated velocity 

V(T) taken at time t = 0.385 μs along the red dashed line 

(Fig. 4). The calculation was repeated using the 2D 

window sizes increased from Nf ∙Mf=16∙20 to 

Nf ∙Mf=32∙40 gives (red graph). These windows, 

superimposed on the measured data s(t, T) are presented 

in Fig. 2(b) as blue and red rectangles, respectively, to 

illustrate their relative sizes. It can be concluded that a 
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larger window decreases the level of fluctuations, but 

also reduces the resolution due to data smoothing.  

The velocity V(T) was also estimated by directly 

applying Eq. (1) to the raw data s(t, T). Measurement of 

Δt and ΔT was not possible in all points in the (t, T) 

domain due to the stochastic nature of the signal. 

Successfully obtained velocity estimates are presented in 

Fig. 5 as green crosses. There is good agreement between 

these values and the results of the autocorrelation 

approach which confirms correctness of the proposed 

algorithm. 

 
Fig. 4 The velocity V(t, T) calculated using M-scan 

shown in Fig. 2.  

 
Fig. 5 Velocity V(t0, T), t0 = 0.385 μs. The window sizes 

are 32 ns  4 ms and 64 ns  8 ms (blue and red graphs, 

respectively). Velocity V estimated using Eq. (1) (green 

crosses).  

6 Conclusion 

In this work, an algorithm for processing high-frequency 

echocardiographic signals recorded using a focused 

single-element ultrasonic transducer is developed. The 

algorithm can be used to estimate the spatiotemporal 

distribution of blood flow velocity in the hearts of small 

animals, such as fish larvae. To obtain sufficient 

robustness of the estimation, it is based on two-

dimensional autocorrelation analysis of stochastic 

echocardiographic signals. It is shown that to obtain the 

value of velocity at a specific point of the heart and for a 

specific moment of the cardiac period, it is sufficient to 

calculate only two values of the autocorrelation function. 

The data used for the calculation are cropped by a local 

two-dimensional window. The window size is a trade-off 

between resolution and estimation accuracy. The 

algorithm is absolutely robust, but it is possible to obtain 

incorrect values outside the cardiac chambers where the 

signal to-noise ratio is low. To avoid this, the output 

value is excluded if the maximum of the autocorrelation 

function is less than a certain threshold. The developed 

technique is verified using echocardiographic signals 

measured in vivo in sturgeon larvae. However, it can also 

be applied to other species with small cardiovascular 

systems that require the use of a single element focused 

transducer to obtain high spatial resolution. 
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Sciences (STC UI RAS), protocol #1/25, dated 

24 February 2025. 
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