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Abstract

:

The measurement of bladder volume is crucial for the diagnosis and treatment of urinary system diseases. Ultrasound imaging, with its non-invasive, radiation-free, and repeatable scanning capabilities, has become the preferred method for measuring residual urine volume. Nevertheless, it still faces some challenges, including complex imaging methods leading to longer measurement times and lower spatial resolution. Here, we propose a novel three-point localization method that does not require ultrasound imaging to calculate bladder volume. A corresponding triple-element ultrasound probe has been designed based on this method, enabling the ultrasound probe to transmit and receive ultrasound waves in three directions. Furthermore, we utilize the Hilbert Transform algorithm to extract the envelope of the ultrasound signal to enhance the efficiency of bladder volume measurements. The experiment indicates that bladder volume estimation can be completed within 5 s, with a relative error rate of less than 15%. These results demonstrate that this novel three-point localization method offers an effective approach for bladder volume measurement in patients with urological conditions.
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1. Introduction


Urinary tract diseases are common among the elderly, with the incidence significantly increasing with age [1,2]. In addition, in gynecological treatments, procedures like hysterectomy involve removing ligaments and connective tissues linking the bladder to the uterus, leading to common post-operative complications such as urinary retention and incontinence. Clinical manifestations of urinary retention involve an excessive amount of urine in the bladder that cannot be voided voluntarily, resulting in bladder overdistension and permanent damage to the detrusor muscle. The traditional clinical approach to address this issue involves using urinary catheterization, where a catheter is inserted into the urethra to drain urine from the bladder and, simultaneously, the residual urine volume in the bladder is measured. However, during this process, patients experience significant discomfort and an increased risk of urinary tract infections. Urinary hesitancy, urinary retention, and urinary incontinence are significant factors contributing to urinary tract diseases [3,4]. Hence, the early estimation of bladder volume is especially crucial, serving as an integral component in treating urinary system diseases and assessing treatment effectiveness.



Bladder volume estimation methods include the implantable sensor method [5,6,7,8,9,10,11,12,13,14,15], the bioimpedance tomography method [16,17,18], and magnetic resonance imaging for external imaging [19,20]. Various implantable bladder monitoring systems have been reported to estimate volume based on different physical properties, such as resistance [8], strain [9], pressure [10], capacitance [11], magnetism [12], and transmission into neural activity [13]. Some of these implanted systems have incorporated wireless telemetry technology, employing various power supply methods, including rechargeable batteries [14], radiofrequency waves [15], and acoustic wave radioelectric power transmission. These wireless implanted bladder monitoring systems are promising, but issues such as biofouling, drift, and reduced sensitivity have not yet been addressed. Furthermore, the invasive nature of implanted sensors underscores the critical importance of reliability, as recalibration and replacement post-implantation pose significant challenges. Leonhardt et al. [16] proposed using electrical impedance tomography to estimate bladder volume. The average conductivity index derived from electrical impedance tomography images quantifies bladder filling. Li et al. [17] found a strong linear correlation between the average conductivity index and bladder volume, indicating the ability of electrical impedance tomography to differentiate bladder urine volume. Although bioelectrical impedance techniques are simple and non-invasive, unreliable skin-electrode contact, various factors causing impedance fluctuations, and the need to use numerous electrodes for positioning pose challenges in electrode placement and may cause discomfort. Magnetic resonance imaging for bladder volume monitoring offers the advantages of non-invasiveness and high-resolution imaging. Heavily T2-weighted turbo spin-echo sequences describe the total amount of fluid in the volume within a few seconds [19]. Heverhagen et al. [20] utilized a 1.0-Tesla magnetic resonance scanner (Magnetom Expert, Siemens, Erlangen, Germany) to acquire a T2-weighted sequence with a 7-s acquisition time in 30 healthy volunteers. A histogram algorithm was used to evaluate pre- and post-voiding image fluid volumes, and the bladder volume was calculated from the difference between the pre- and post-voiding image fluid volumes. The measured voided volume was 400 ± 33 mL, while magnetic resonance hydrometry yielded 390 ± 31 mL, confirming the viability of magnetic resonance imaging for evaluating bladder volume. Moreover, Ma et al. [21] introduced a novel approach based on geodesic active contour algorithms to segment the inner and outer boundaries of the bladder wall, which helps to enhance the accuracy of bladder volume estimation. Indeed, despite the higher resolution of magnetic resonance imaging, its high cost and complexity render it less preferred in most cases. In addition, the magnetic resonance imaging method is not suitable for patients with internal metallic medical devices such as pacemakers and artificial joints [22].



Ultrasound imaging has gained increasing attention for bladder volume measurement due to its unique advantages, including non-invasiveness, repeatability, and suitability for large-scale applications [23,24,25,26,27]. McLean et al. [28] employed a 2.25 MHz focused transducer for two-dimensional ultrasound gray scale imaging to estimate bladder volume. The width was obtained by displaying the maximum transverse diameter through the transverse scan, while the height and depth were acquired through a midline longitudinal scan. Subsequently, these three dimensions were multiplied together to derive the bladder volume. While this method is straightforward and convenient, its accuracy is limited by the restricted field of view and resolution, providing only a rough estimation of the bladder volume. With the development of the 3D transducer, 3D ultrasonic volume measurement has attracted the interest of researchers. Baek et al. [29] utilized the 3D US device, Accuvix V20, and its 3D convex probe to obtain three-dimensional images. Subsequently, they employed the planimetry method using the continuous cross-sectional areas of these three-dimensional images to measure the volume of the ultrasound images. Their research demonstrates that 3D ultrasound volume measurements are more accurate compared to 2D ultrasound measurements [29]. However, these 3D ultrasound probes and related equipment are bulky, expensive, and require extended testing periods, which restricts their widespread adoption in clinical and practical applications. Currently, some wearable miniaturized ultrasonic bladder volume measurement devices employ distinct data processing methods that do not imply the provision of images as output. Instead, they rely on calculating pulse echo attenuation and time of flight. This shift allows for a significant reduction in size and computational time. Niu et al. [30] designed and implemented an ultrasound bladder volume measurement system based on ultrasound echo measurement technology. This system utilizes a novel bladder volume algorithm, estimating bladder volume solely from ultrasound echoes obtained by one phased-array ultrasonic transducer. Measurements conducted in vitro on phantoms using this system demonstrated its accuracy for a bladder volume greater than 100 mL. This method utilizes an ultrasound array transducer to enhance computational accuracy, but it faces challenges such as complex circuitry and high power consumption since each transducer element requires its own transmitting and receiving circuits. Given this, we have investigated a novel non-imaging method, namely the “three-point localization” method, to address the complexities and inaccuracies associated with existing bladder volume calculation methods. This method models the bladder as a sphere, utilizing echo signals to obtain distances from the ultrasound transducer to the bladder in three directions and constructing a triangular prism [31,32]. The approach is relatively straightforward, employing a Field–Programmable Gate Array (FPGA) development platform for bladder volume measurement, thereby significantly reducing the size of the instrument and cutting costs. This method exhibits extensive potential applications in the field of wearable devices.



Here, we introduced a novel bladder volume method known as the three-point localization method. Furthermore, the three-element ultrasound probe was designed based on our innovative bladder volume estimation method. Additionally, an experimental setup for bladder volume estimation that does not require imaging was constructed. Finally, experiments were conducted using water-filled balloons as substitutes for the bladder to validate the feasibility of the three-point localization method in measuring bladder volume.




2. The “Three-Point Localization” Method


We propose a “three-point localization” method for bladder volume estimation. Specifically, ultrasound waves can penetrate the bladder wall, and the bladder wall can reflect ultrasound waves. When estimating bladder volume, we approximate the bladder as a sphere [33,34]. The ultrasound probe is positioned directly above the bladder. It emits ultrasound waves in three directions towards the bladder and receives echo signals from the bladder in each direction. By determining the time taken for the echo signal to travel in each direction, we can obtain the distance from the ultrasound probe to the bladder wall in that direction. Ultimately, by combining the distances from the ultrasound probe to the bladder wall in these three directions, the bladder volume can be determined. The schematic diagram of the “three-point localization” method is depicted in Figure 1a. Note that the method is designed solely for fully spherical bladders. The details are as follows.



First, the distance of the ultrasound echo from the ultrasound probe to the bladder in each direction is determined. In the   i  -th direction, the time interval for the reflection signal from the upper wall of the bladder (first echo signal), from emission to reception, is denoted as ∆t′i. Meanwhile, the time interval for the reflection signal from the lower wall of the bladder (second echo signal) in the same direction, from emission to reception, is denoted as ∆ti. If the propagation speed of ultrasound in the bladder fluid is   S  , then the distance traveled by the first echo signal in this direction can be expressed as:


     h ′    i   = S ×   1   2     ∆   t ′     i    



(1)







The distance traversed by the second echo signal in this direction can be expressed as:


    h   i   = S ×   1   2     ∆ t   i    



(2)




where   i   ≥ 1.



After obtaining the distance of the ultrasound echo from the ultrasound probe to the bladder in each direction, the “three-point localization” method is simplified as shown in Figure 1b. The ultrasound probe is equivalent to one vertex, the three ultrasound beams represent three edges, and the reflection points to three vertices. Consequently, the paths of ultrasound propagation within the bladder can be regarded as a triangular prism model. According to the principles of geometry, a triangular prism can circumscribe a sphere [31,32], so the volume of the bladder can be approximated by the circumscribed sphere volume of this triangular prism.



In this model, the probe is positioned above the bladder, and its distance to the bladder is denoted as h. Assuming that when ultrasound signals are emitted from the probe (designated as point P) towards the bladder in three different directions, the intersections of each direction with the upper wall of the bladder are labeled A′, B′, and C′, and the intersections with the lower wall of the bladder are labeled A, B, and C, respectively. The distance from the ultrasound probe to the lower wall of the bladder represents the transmission distance of the second echo signal. Therefore, the transmission distances of the second echo signal in the three directions are denoted as     h   1    ,     h   2    , and     h   3    , corresponding to PA =     h   1    , PB =     h   2    , and PC =     h   3    , respectively. The angles between PA and PB, PB and PC, and PC and PA are denoted as   α  ,   β  , and   γ  , respectively.



With AB =   l  , BC =   m  , and AC =   n  , applying the Law of Cosines, we obtain:


    l   2   =     h   1     2   +     h   2     2   − 2   h   1     h   2     cos  ⁡  α    



(3)






    m   2   =     h   2     2   +     h   3     2   − 2   h   2     h   3     cos  ⁡  β    



(4)






    n   2   =     h   3     2   +     h   1     2   − 2   h   3     h   1     cos  ⁡  γ    



(5)







Within the base triangle, ABC, the intersection of two perpendicular bisectors is the center of the outer circle O1, through the point O1 for OD  ⊥  AB and intersects the line AB at point D. The bladder can be regarded as the circumscribed sphere of a triangular prism, implying that the distances from the sphere’s center O to points A′, B′, C′, A, B, and C are equal. Furthermore, drawing a line ‘a’ from point O1 perpendicular to triangle ABC, we observe that point O lies on line ‘a’, and OA = OB = OC.



A spatial coordinate system is established. Let the coordinates of A and B be (0,0,0) and (  l  ,0,0), respectively, and ∠BAC =   θ  , then the coordinate of point C is (  n   cos  ⁡  θ    ,   n   sin  ⁡  θ    , 0). Let the coordinates of point P be (    x   p    ,     y   p    ,     z   p    ), according to the equation:


      x   p     2   +     y   p     2   +     z   p     2   =     h   1     2    



(6)






        x   p   − l     2   +     y   p     2   +     z   p     2   =     h   2     2    



(7)






        x   p   − n   cos  ⁡  θ       2   +       y   p   − n   sin  ⁡  θ       2   +     z   p     2   =     h   3     2    



(8)







The coordinate of point P (    x   p    ,     y   p    ,     z   p    ) can be obtained.



Let the radius of the outer circle of triangle ABC be   r  , then   r =   m   2   sin  ⁡  θ      . The coordinate of the outer circle center O1 is (    l   2    ,      r   2   −     l   2     4     , 0).



Let the coordinate of the center of the sphere O be (    l   2    ,      r   2   −     l   2     4     ,   q  ), where   q   represents the coordinate of the sphere center O on the z-axis, describing its position along the z-axis in the spatial coordinate system. According to the OP2 = (  R   +   h  )2, we can conclude that:


  q =   1   2   z   p           h   1     2   − l   x   p   −   y   p    4   r   2   −   l   2    − 2 R h −   h   2      



(9)







Based on     R   2   =   r   2   +   q   2    , we can determine the radius of the bladder sphere to be   R  . Consequently, the bladder volume (V) is given by:


  V =   4   3   π   R   3    



(10)








3. Preparation of a Triple-Element Ultrasound Probe


The attenuation of ultrasound waves varies across different organs and tissues, and the energy attenuation of ultrasound is directly proportional to its frequency. To achieve the objectives of ultrasound examinations, varying ultrasound frequencies are applied for different organs and tissues. The standard frequency range for ultrasound examinations typically falls within the range of 2 MHz to 13 MHz [35]. For tissues with greater depth, a lower operating frequency, such as 2~5 MHz, is selected to achieve deeper penetration. Tissues with higher density and greater surface attenuation coefficients require ultrasound frequencies below 2 MHz. When examining small organs or tissues, ultrasound frequencies typically chosen are equal to or greater than 10 MHz. Given the relatively small, fluid-filled nature of the bladder, we selected the ultrasound probe with a central frequency of 3 MHz for this research.



Based on the three-point localization method, we have designed a corresponding triple-element ultrasound probe. Figure 2a shows a front view of the ultrasound probe, which consists of three ultrasonic transducers, each with the same dimensions. The ultrasonic transducer is composed of the matching layer, the piezoelectric layer (PZT) [23,36,37], and the backing layer E-solder 3022 (Von Roll Isola, New Haven, CT, USA) [38]. Among them, the second matching layer is made of epoxy [38], while the first matching layer consists of epoxy and ZrO2. For detailed information on the transducer materials, see Supplementary Table S1. The ultrasound emitting surface is highlighted by the red circle. Furthermore, the top view of the ultrasound probe is presented in Figure 2b, where it can be seen that the centers of the ultrasound array elements are located on the same circumference and ∠1 = ∠2 = ∠3. We can see the cross-section of the ultrasound probe from Figure 2c. Figure 2d displays the physical image of the ultrasound probe. The physical representation of the ultrasound element is illustrated as a red box inside Figure 2d. The structure of a single array element is cylindrical, with specific dimensions of 1 cm in diameter and 1.6 cm in height. The three transducers are driven individually. The characterization results of electrical impedance and pulse-echo testing for the ultrasound transducer are presented in Supplementary Figures S1 and S2, respectively. It can be seen that the central frequency of the transducer is 3 MHz.




4. Experimental Setup


The experimental setup for bladder volume estimation consists of three main parts: an FPGA development platform, ultrasonic transmission and reception circuits, and a triple-element ultrasound probe. Firstly, the FPGA development platform is employed to generate control signals to drive the ultrasound transmission circuit, store ultrasound echo signals, and compute bladder volume. The core board model of the FPGA development platform is AC7100 (ALINX, Shanghai, China), based on XILINX’s ARTIX-7 series chip XC7A100T-2FFGG484I. The advantages of this core board include a fast processing speed, ample storage capacity, and high bandwidth, making it well-suited for applications such as image processing, high-speed data communication, and rapid data processing. Secondly, the ultrasound transmission and reception circuits play a vital role. The ultrasound transmission circuit generates high-voltage pulse signals of ±90 V to excite the ultrasound probe. The ultrasound reception circuit utilizes a voltage gain of 40 dB to amplify the ultrasound echo signals and then filters out higher-order harmonic components from the echo signals and performs analog-to-digital signal conversion. The ultrasound transmission circuit here mainly consists of two components: MOS field-effect transistors and a driving circuit. The ultrasound reception circuit primarily comprises an analogue-to-digital conversion chip and an amplification and filtering circuit centered around operational amplifiers. Additionally, the direct current (DC) power supply provides power to both the FPGA and the ultrasound transmission and reception circuits. Lastly, there is the ultrasound probe. A schematic diagram of the measurement setup is shown in Figure 3a. In our research, the FPGA development platform was used for signal processing, which allowed us to fully leverage the advantages of FPGA technology, such as its small size, low power consumption, and stable performance, in achieving our research goals of miniaturizing the ultrasound detection system, reducing power consumption, and enhancing accuracy. The design of the FPGA program is depicted in Figure 3b. Control signal generation is determined via an electronic switch. The key debouncing module is responsible for mitigating the impact of electronic switch jitter on the program. Simultaneously, upon generating control signals, the data acquisition module initiates the reception of digital echo signals, writing data into random access memory (RAM) through a FIFO read-write control module. The serial port transmission module sends the data from the RAM to a master computer where the received data is reconstructed into echo signals for validation. Additionally, the volume calculation module computes the bladder volume. The results of the volume calculation are displayed using the result display module.



The FPGA development platform controls the operation of the entire system using the electronic switch integrated into the platform. During the high-level period of the control signal, the ultrasound transmission circuit generates high-voltage pulse signals that can drive the ultrasound probe, causing it to emit ultrasound waves. Ultrasound waves have strong directionality and can propagate in a specific direction [39]. When ultrasound waves encounter surfaces of organ tissues with different acoustic impedances, they undergo reflection, refraction, and scattering [40,41]. Since the ultrasound transmission circuit and ultrasound reception circuit share the same ultrasound probe, ultrasound echoes generate polarities opposite charges on the two opposing surfaces along the polarization direction of the ultrasound probe. This results in a weak voltage signal on the ultrasound probe’s surface through the piezoelectric effect. The ultrasound reception circuit amplifies and filters this small voltage signal and then collects it as a digital signal through an analog-to-digital conversion chip, saving it in the memory of the FPGA. The FPGA performs signal processing on the ultrasound echo in order to extract useful information and finally obtain the volume of the bladder. Note that the key information extracted from the ultrasound echo signals is the peak of these two echo signals. Here, we can extract the signal envelope of the ultrasound signal, which not only simplifies the process of extracting echo signal peaks but also accelerates the operation speed of the FPGA. The envelope extraction algorithm is a mature signal-processing technique that has been applied in various fields. Given the clear and smooth envelope achieved through the Hilbert demodulation method, effectively emphasizing the regularity, periodicity, and frequency traits of the original signal, additional optimization steps are deemed unnecessary. Therefore, in this study, we employ a Hilbert Transform-based demodulation algorithm to extract the signal envelope of ultrasound signals [42].



The definition of the Hilbert Transform is as follows: given a continuous-time signal   x   t     and the impulse response of a linear system denoted as   ℏ =   1   π t    , the output response,     x   h   ( t ) ,   of this signal through the linear system is the Hilbert Transform of   x   t    . This can be mathematically represented as:


  H [ x   t   ] =   x   h   ( t ) =   1   π     ∫  − ∞   + ∞      x ( τ )   x − τ     d τ  



(11)







The ultrasound signal is a narrow pulse signal, denoted as   s ( t )  , and     s  ^  ( t )   is its Hilbert Transform. Therefore


    A   t     =      s ( t )   2   +   s  ^  ( t )   2     



(12)




where     A   t       is the envelope that we require.




5. Results and Discussion


The bladder is a vital organ in the human body, located within the abdominal cavity. Its primary function is to store urine. In adults, the bladder typically holds 350 mL to 500 mL of urine, with a maximum capacity of 800 mL. When filled with urine, it assumes a spherical shape, with its radius generally ranging from 7.13 cm to 9.38 cm. Here, we used a water-filled balloon to simulate the real measurement environment of the bladder, as shown in Figure 4a. The angle set between the ultrasound transducers,    α   =   β   =   γ   = 10°, is determined by their geometric considerations. A narrow angle between the transducers might cause the ultrasound beams to run parallel, leading to confusion in their emission and reception. Conversely, if the angle is too wide, it might result in at least one ultrasound transducer emitting waves that do not pass through the bladder, significantly limiting the measurable range of bladder volumes. The ultrasound probe was positioned 2 cm above the balloon and aligned with the center of the balloon, and the balloon was submerged in a water tank. Note that here, the probe transmitted the sound wave by water. We conducted volume measurements on a balloon with a volume of 120 mL. Figure 4b exhibits the ultrasound echo signal and the envelope of the echo signal extracted by the FPGA using the Hilbert Transform demodulation algorithm. The red line represents the echo signal, while the black line illustrates the envelope of the echo signal. Within the envelope signal, we can identify two peak points corresponding to the ultrasound signal. Let us assume that the times of these two peak points are denoted as       t   ′     1     and     t   1    . Using Equations (1) and (2), we can determine the distance of the ultrasound echo signal from the ultrasound probe to the bladder. With the ultrasound echoes from three different directions, we can obtain three propagation distances:     h   1    ,     h   2    , and     h   3    . By employing Equation (3) through Equation (10), we can calculate the bladder volume V. The FPGA will display the specific volume value on a digital tube. In this experiment, the bladder volume was measured to be 135 mL. The entire process, from pressing the electronic switch on the FPGA development platform to displaying the volume, takes a total of 5 s.



Furthermore, we conducted ten tests, sequentially measuring the volumes of balloons with capacities of 120 mL, 160 mL, 200 mL, 240 mL, 280 mL, 320 mL, 360 mL, 400 mL, 440 mL, and 480 mL. Figure 4c presents the results of the measurements compared to the true values for different volumes. The black line in Figure 4c represents the theoretical volume, while the red line represents the experimental measurement. It can be observed that the theoretical and experimental values are in close agreement.



An error analysis of the experimental data was conducted. The absolute error     ε   a     can be expressed as follows:


    ε   a   = | x − a |  



(13)




where   x   is the bladder volume measurement value and   a   is the true bladder volume value.



The relative error     ε   r     is the percentage ratio of the absolute error to the true value, which can be represented as:


    ε   r   =     ε   a    /  a    



(14)







By substituting the measured values of the bladder volume and the true values into Equations (13) and (14), we can obtain the relative error for each experiment, as shown in Figure 4d. It is clearly observed that the relative error rate stabilizes at 10%, achieving the goal of system accuracy. Currently, the estimation of bladder volume commonly relies on 2D or 3D ultrasound imaging methods. However, the clarity of the bladder contour in ultrasound images can impact the accuracy of bladder volume measurements, and this process is highly dependent on the technical proficiency of the operator. Additionally, the cost and size of ultrasound probes used for 3D imaging are substantial. In contrast, the ultrasonic measurement method proposed in this study does not require imaging, significantly reduces the instrument size, lowers the costs, and shortens the testing time.



The experiment we conducted did not consider the impact of the human abdominal adipose tissue on the measurements. The bladder, located beneath the abdomen, is insulated from the skin surface by a layer of fat, which significantly attenuates ultrasound waves. In our subsequent research, we plan to introduce a layer of material between the ultrasound probe and the balloon that can simulate the impact of the fat layer on ultrasound, thereby further enhancing the experimental design. Additionally, bladder volume is subject to individual variations, and different individuals may exhibit different conditions. When a patient’s bladder volume is excessively large, the bladder volume estimation method proposed in this paper may introduce significant measurement errors. We will conduct further studies in our subsequent work to meet the needs of a more diverse patient population. In this study, we mainly provide a feasible method to measure bladder volume




6. Conclusions


In summary, we introduced an innovative three-point localization method for calculating bladder volume. Based on the proposed method, we designed a matching three-element ultrasound probe with a central frequency of 3 MHz, achieving the objective of a single probe emitting ultrasound waves in multiple directions. Utilizing an FPGA development platform for signal processing allowed us to fully leverage the advantages of FPGA technology, including its small form factor, low power consumption, and stable performance. Additionally, the Hilbert Transform-based demodulation algorithm was used to extract the envelope of the ultrasound signal, which reduces the difficulty and accelerates the speed of signal processing. The measurement results for different bladder volumes indicate that the three-point localization method can accurately measure bladder volume, with a stable relative error rate of 10% and a measurement time of under 5 s. In conclusion, this work preliminarily investigated the viability of the three-point localization method for estimating bladder volume.
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Figure 1. (a) Schematic diagram of the “three-point localization” method. (b) Triangular prism model. 
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Figure 2. Schematic illustration of the three-element ultrasound probe. (a) Front view, (b) Top view, and (c) Cross-sectional view of the three-element ultrasound probe. (d) A physical image of the ultrasound probe and a detailed view of the transducer element. 
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Figure 3. (a) Schematic diagram of the experimental setup for bladder volume estimation. (b) Overall design of FPGA program. 
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Figure 4. The measurement of bladder volume. (a) The experimental schematic diagram for measuring bladder volume using ultrasonic probe. (b) The ultrasound echo signal and the envelope of the echo signal. (c) The measured values and true values for different bladder volumes. (d) The relative error in bladder volume measurement. 
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