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The greyscale imaging performance of a total of 17 preclinical transducer/scanner combinations were measured over a period of 10 years. These comprised nine single element transducers and eight array transducers with nominal central frequencies ranging between 15 and 55 MHz, and were from four commercially-available preclinical ultrasound scanners. Performance was assessed using a single figure of merit, the resolution integral, using measurements acquired from images of a test-object, the Edinburgh Pipe Phantom. Two further parameters were derived from the resolution integral: characteristic resolution and depth-of-field. Our results demonstrate that 1) resolution integral values of the array transducers were greater than single-element transducers, and 2) the array transducers demonstrated greater depths of field than the single-element transducers of the same nominal frequency. Moreover we demonstrate that use of this single figure-of-merit enabled identification and quantification of changes in imaging performance of preclinical transducers over a 10-years period.
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INTRODUCTION
Preclinical ultrasound is a real-time imaging technique providing high resolution data on soft tissue structures within small animals. The footprint of a preclinical ultrasound scanner is typically less than 1 m2 and even with a scanning platform and anaesthetic rig, its space requirements are relatively small compared to other preclinical imaging techniques such as magnetic resonance imaging (MRI) and positron emission tomography (PET) scanners. Moreover, the lack of ionising radiation has resulted in preclinical ultrasound scanners becoming a key component of biological research facilities where they are used to phenotype animals and monitor the serial progression of disease. To ensure robust imaging data sets are obtained, regular measurement and monitoring of the imaging performance of these scanners is important, especially if degradation in imaging performance is gradual rather than a step-change. However, the commercial test-objects that are routinely used to measure the performance of clinical ultrasound scanners do not have sufficiently small targets to adequately measure the imaging performance of these high resolution preclinical scanners. In addition, commercial test-objects are composed of tissue-mimicking materials (TMM), designed and manufactured to acoustically mimic soft tissue at frequencies routinely used in clinical imaging. These materials are often uncharacterised at frequencies greater than 20 MHz [1, 2].
More recently several groups have developed in-house test-objects, with small targets embedded within them to measure the imaging performance of high frequency transducers and scanners. One such example describes the development of a novel anechoic-sphere phantom with spheres of diameters between 0.10 and 1.09 mm embedded into slabs of TMM [3]. This enabled a comparison of the imaging performance of an in-house 40 MHz annular array transducer and two commercial 40 MHz transducers. Another approach used two 0.3 mm diameter monofilaments to measure a single figure of merit based on lateral resolution and used this to assess clinical scanners up to 15 MHz [4]. Our group previously reported the use of the Edinburgh Pipe Phantom (EPP) to measure the imaging performance of both clinical and high resolution preclinical ultrasound scanners using a single figure-of-merit called the resolution integral (R) [5–7]. We demonstrated the ability of this parameter to differentiate between transducers for different clinical applications and to detect changes in imaging performance [8, 9]. To measure the resolution integral of preclinical ultrasound scanners, a variation of the EPP test object, was manufactured in-house [10]. The phantom consists of a perspex box containing a block of agar-based TMM [11], within which a series of cylinders (pipes) of diameters ranging from 350 µm to 8 mm and angled at 40° to the vertical were moulded during the manufacturing process.
Once the agar had set, the pipes were filled with fluid composed of water/glycerol and antibacterial solution with speed of sound 1540 ms−1. This fluid was also used to acoustically couple the transducer to the surface of the phantom. The addition of a series of smaller pipes down to 45 µm diameter and characterization of the TMM up to 50 MHz [12, 13] extended the utility of the EPP to preclinical ultrasound scanners and provided a means to objectively assess the imaging performance of high resolution scanners using the resolution integral [14].
Resolution Integral
The resolution integral is a dimensionless figure-of-merit and is defined as the ratio of the penetration depth of an ultrasound beam to the ultrasound beam width in a particular medium. High performing transducers will be associated with large penetration depths and narrow beam widths resulting in large resolution integral values.
Measurement of the resolution integral using the EPP has been described elsewhere [6] and is briefly summarised here. The transducer is coupled to the surface of the EPP and an image of a pipe is centred in the scan-plane. The controls are optimised so that the pipe can be visualised as superficially as possible and the distance from the top of the pipe to the transducer surface is measured visually by the user. The lower section of the same pipe is then scanned, centred in the scan-plane and the image is again optimised to determine the maximum depth that the pipe can be visualised. The difference between these two measurements corresponds to the ordinate (y-value, L) of one data-point on the resolution integral curve (Figure 1). The abscissa value (x-value, α) is the reciprocal of the effective diameter of each pipe. The effective diameter is equal to the geometric mean of the pipe dimensions in the imaging and elevation plane and is equal to d/ [image: image] where d is equal to the diameter of the pipe. Pipes are scanned sequentially, with each pipe providing a data-point on the resolution integral graph. Finally, a low contrast penetration (LCP) measurement is taken within the TMM. The LCP depth is defined as the maximum depth at which speckle can be identified from system noise. The measurement is undertaken in real-time as it is easier to differentiate speckle from system noise. This value forms the intercept of the resolution-integral curve with the ordinate. The resolution integral is calculated as the area under the curve defined by these datapoints. Two additional parameters are also determined: the characteristic resolution (DR) and depth-of-field (LR). The depth-of-field defines a depth over which there is optimal resolution and the characteristic resolution represents the typical (characteristic) resolution within the depth-of-field. These two parameters are calculated from a rectangle, constructed with an identical area to the area under the resolution integral curve, such that the diagonal of the rectangle from the origin to the opposing corner bisects the area under the resolution integral curve. The intercept of the rectangle on the y-axis is the depth-of-field, and the intercept of the rectangle the x-axis is the characteristic resolution (Figure 1).
[image: Figure 1]FIGURE 1 | The graph shows a schematic resolution integral curve with data-points, including low contrast penetration (LCP), characteristic resolution (DR) and depth of field, (LR). The schematic figure on the LHS shows a weakly focused beam with minimum beamwidth D0. Note that the area under the resolution integral curve is equal to R, and the area under the constructed rectangle is also R (=LR/DR).
Typically, to calculate the resolution integral for each transducer, measurements of a minimum of 5 pipes and an LCP measurement are undertaken. Each data-point is the mean of 3 sets of measurements on each pipe. From this data, the resolution integral is calculated and the LR and DR values.
In this brief report, we present the results of the imaging performance of 17 preclinical transducers that have been assessed over the past 10 years using the resolution integral and its associated parameters.
METHODS
All scanners and transducers (Table 1) were assessed within United Kingdom biological research facilities from 2010 to 2020 and all were in use with no visible faults. All but one of the transducers were manufactured by Fujifilm Visualsonics (Toronto, Canada) and the remaining one by S-Sharp Co (Taipei, Taiwan). Of the 17 transducers tested, 9 of the transducers were single-element transducers and the remaining 8 were linear array transducers. Two EPPs were used to undertake the measurements, the second EPP was manufactured in 2015. The phantoms were cross-compared and measurements undertaken using the same transducers on different phantoms were within ±5%.
TABLE 1 | Details of the 17 preclinical ultrasound transducers and their performance measurements. * indicates data that was published previously [14]. Note that for three of the transducers, performance values, obtained in 2020 when the Vevo 770 scanner was decommissioned are also included.
[image: Table 1]The measurement procedure was identical for all transducers and made during scanner acceptance testing, within the loan period of a transducer or during visits to biological research facilities. Measurements were undertaken by the same operator in low ambient lighting similar to levels used when scanning live animals. For each transducer, three measurements of L were undertaken for each pipe diameter and the mean values from each pipe were plotted to form a resolution integral curve (Figure 1).
The performance of three of the Vevo 770 single element transducers were monitored annually over the 10 years period from 2010 to 2020. For the Vevo 770 scanner and Vevo 3100 scanner, annual maintenance checks were undertaken and software was upgraded as prescribed by the manufacturer. For the remaining preclinical scanners and transducers, measurements were undertaken as single measurements and no information was sought on maintenance or software status.
RESULTS
Table 1 shows the 17 commercially available transducers that were assessed. Data for five of the single element transducers and the Vevo 2100 transducers have previously been reported [14] but we include the data here for completeness. This is the first time we report on data from the single element transducers RMV 716, RMV 703 and RMV 712, the Prospect imaging transducer, PB406 (S-Sharp, New Taipei City, Taiwan) and the three linear array Vevo 3100 transducers.
Figure 2 shows the depth-of-field versus characteristic resolution values for all transducers. Note that the gradient of the line connecting each data-point to the origin is equal to the resolution integral since R = LR/DR. All the array transducers have resolution integral values close to R = 50 while single element transducers have R values close to 25. In Supplementary Figures S1, S2 the characteristic resolution and depth-of-field are shown as a function of centre frequency, with smaller (better) characteristic resolution values and smaller depths-of-field associated with higher frequencies. Very similar depths-of-field are recorded for array transducers of the same nominal centre frequency and also for single element probes of the same nominal centre frequency. Table 1 and Figure 3 show the measured values of depth-of-field and characteristic resolution for three single element probes measured over a 10 years period with all three probes showing a shift in characteristic resolution to larger values and an increase in depth-of-field.
[image: Figure 2]FIGURE 2 | Measured values of depth of field and characteristic resolution for 17 preclinical ultrasound transducers Measurements shown are the first set of measurements undertaken for each probe. Note that the gradient of a line from the origin to each of these points is equal to the resolution integral. The three lines indicate resolution integral values of 75, 50 and 25.
[image: Figure 3]FIGURE 3 | Measured values of depth of field and characteristic resolution for three single element preclinical transducers. Data shows results of measurements undertaken in 2010, 2015 and 2020.
DISCUSSION
Commercial test objects are routinely used to objectively assess ultrasound image performance to ensure that clinical ultrasound scanners perform to a predefined standard, to underpin decision making processes for replacement of equipment and as a versatile tool for the assessment of new imaging technologies [7]. For preclinical scanning, test objects have a similar role as changes in imaging performance, especially when gradual rather than a step-change, can result in significant degradation in image quality, spatial resolution and contrast resolution. Such degradation in the performance of ultrasound scanners can adversely affect the accuracy and reproducibility of the measurements acquired and increase the number of animals required to sufficiently power preclinical studies.
In this study, the imaging performance of 17 preclinical ultrasound transducers have been assessed with three transducers assessed over a period of 10 years.
From Table 1 and Figure 2, resolution integral values for single element transducers ranged from 18 to 25 with the three previously untested transducers demonstrating values similar to the single element transducers which had previously been measured.
From Table 1, characteristic resolution of the single element transducers varied by a factor of four from the 131 µm of the RMV708 transducer with a nominal centre frequency of 55 MHz to the 549 µm of the RMV716 transducer with a nominal centre frequency of 17.5 MHz. Despite this relatively wide range of characteristic resolution values, there was a relatively small spread of R values (18–25). For the array transducers, R values ranged from 43 to 58, and were approximately a factor of two greater than the single element transducers, indicating the improved imaging performance of these transducers. For these array transducers, characteristic resolution values varied approximately by a factor of three from 188 µm of the MS550S transducer with nominal centre frequency of 40 MHz–710 µm of the MX201 with a nominal centre frequency of 15 MHz.
Supplementary Figures S1, S2 show the characteristic resolution and depth-of-field respectively as a function of frequency for both single element and array transducers. From Supplementary Figure S2, comparing the 40 MHz single element transducers (RMV704, PB406) to the array probes centred at 40 MHz (MS550D, MS550S, MX550D), it can be seen that the single element transducers exhibited smaller depth of field values compared to array transducers of the same nominal centre frequency. This is due to the stronger focusing at a fixed depth of the single element transducers compared to the dynamic focussing of the array probes. This extended depth of field with array transducers is also evident when scanning small animals. Over the limited depth-of-field of a single element transducer, small objects can be easily resolved (low characteristic resolution) and the transducer performs well. However, outwith the depth-of-field, the ability to resolve objects rapidly decreases and it is necessary to use transducers of different depth-of-fields or acoustic stand-offs. More details of this technique can be found elsewhere [15]. Using an array probe, multiple focal zones can be pre-selected, to optimise the image, extending the depth over which there is optimal characteristic resolution. This shift in scanner development from single-element transducer technology to array-based transducer technology follows the same development path that was undertaken for transducers for clinical imaging where single element transducers commonly used in the 1980s and early 1990s were replaced by array transducers which are now used in almost all areas of clinical practice [16].
The imaging performance of two single element transducers with nominal centre frequencies at 35 MHz (RMV 703 and RMV 712), two at 40 MHz (RMV 704 and PB406) and two at 55 MHz (RMV 711 and RMV 708) were measured. For the two probes at 35 MHz, the RMV 712 had a focal length of 9 mm and the RMV 703 had a focal length of 10 mm. For these two probes, there was limited difference in depth of field measurements (5.9 vs. 6.3 mm—6.3% change) but improved characteristic resolution for the probe with shorter focal-length (234 vs. 287 µm—18%). This improved characteristic resolution for probes with shorter focal-lengths was also seen for the two probes with nominal centre frequencies at 40 and 55 MHz.
In Table 1 and Figure 3 the change in R, characteristic resolution and depth-of-field values for three single element transducers are shown over a 10 years period, with measurements undertaken in 2010, 2015 and 2020. The two 55 MHz probes (RV711 and RMV708) were used infrequently over the 10 years and had the smallest change in R, LR and DR with insignificant change in the parameters occurring over the second 5 years. The RMV704 probe was used routinely over the period and displayed both an increase in depth of field (19%) and characteristic resolution (39%) over the initial 5 years period. This was noted as a gradual deterioration in image quality when scanning mice. The change over the second 5 years was a step-change in imaging performance which predominantly occurred over the period of 1 week, with a further deterioration in resolution integral and characteristic resolution of 14 and 18%, respectively. Interestingly for this probe and also for the RMV 708 probe, over the 10-years period, as the characteristic resolution values increased, the depth-of-field measurements were also found to increase suggesting that the focusing capability of the probes were deteriorating over time.
CONCLUSION
Measurements of resolution integral, characteristic resolution and depth-of-field have been carried out on 17 commercially available high frequency preclinical ultrasound transducers using the Edinburgh Pipe Phantom. The transducers incorporated both single element and array technology and the measurements were carried out over a period ranging from 2008 to 2020. In addition, measurements from three of these transducers were undertaken over a 10-year period. Our results demonstrate that array transducers tend to have R values approximately a factor of 2 greater than single element transducers demonstrating their enhanced performance over greater depths. In addition, single element transducers demonstrated smaller depth-of-field values and enhanced characteristic resolution values compared to array probes of the same frequency. Over a 10-years period, R values were found to decrease and characteristic resolution values increased, indicating a decrease in imaging performance of the probe. For some probes an increase in depth-of-field measurements was also observed. This work, demonstrates that R and its associated parameters, measured using the Edinburgh Pipe Phantom can be used to assess, track and quantitatively compare the imaging performance of preclinical ultrasound transducers. Moreover consistent use of the EPP enabled a means of reliably undertaking quality assurance testing of the preclinical scanners over the period, ensuring that transducers not fit-for-purpose were identified and providing data to underpin justification for replacement transducers and scanners.
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