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Abstract	 Introduction: Ultrasound biomicroscopy (UBM) is a technique for generating high-resolution images, with 
frequencies from 20 MHz to 100 MHz. For example, it has been used in animal research related to models of 
injury and diseases that mimic human conditions. With a three-dimensional ultrasound (3D) image system, an 
organ can be viewed at various angles and the volume estimated, contributing to an accurate diagnosis. This 
work refers to the generation of 3D-UBM images, employing a 35 MHz ultrasound system, from multiple 
two-dimensional (2D) images. Phantoms were used to validate the technique and to determine its reliability 
of volume measurements. Additionally, the technique was used to obtain 3D images of the rat gastrocnemius 
muscle. Methods: Four different phantoms were used and ten acquisition sequences of 2D-images acquired 
for each one. Thereafter, 5 volume segmentations were performed for each acquisition sequence, resulting 
in 50 measured volumes for each phantom. The physical volumes of all phantoms were used to validate the 
technique based on the coefficient of variation (CV) and the intraclass correlation coefficient (ICC). Images 
of the gastrocnemius muscle were acquired and the partial volume quantified. Results: The CV and ICC 
confirmed the reliability of volume measurements obtained by segmentation. Moreover, cross-sectional 2D 
images of rat hindlimb were obtained, allowing to identify the gastrocnemius muscle and to partially quantify 
the muscle volume from 3D images. Conclusion: The results indicated that the technique is valid to generate 
3D images and quantify the volume of a muscle compatible with the dimensions of a small animal. 
Keywords: Ultrasound biomicroscopy, 3D image, phantom, gastrocnemius muscle, rat. 

Introduction
Ultrasound Biomicroscopy (UBM) is a technique 

working with ultrasonic frequencies from 20 MHz to 
100 MHz to generate high-resolution images reaching, 
at 50 MHz, a typical range resolution of 30 μm in 
biological tissues. UBM has application and relevance 
in various areas of medicine and recent highlights in 
biology research (Alves et al., 2013; Foster et al., 2002; 
Petter-Puchner et al., 2014). In medicine, the most 
significant topics are ophthalmology, dermatology and 
intravascular ultrasound with high-resolution images 
obtained from healthy or diseased tissues without the 
need of an invasive procedure (Foster et al. 2000). In 
biology, UBM is used in animal research involving 
injury and disease models that mimic human conditions, 
for example, rat gastrocnemius and soleus muscles 
response to laceration (Peixinho  et  al., 2011) and 
detection of mouse colon tumor chemically induced 
(Alves et al., 2013).

Likewise conventional imaging ultrasound (US) 
is used in medicine for diagnosis, UBM applications 
are, in general, based on two-dimensional (2D) images. 
Nevertheless, 2D-images are, sometimes, inadequate 
in the situation that requires full dimension organ 

anatomy visualization (Chang et al., 2003). In these 
cases, US 3D-images are advantageous because they 
allow organ visualization through any inspection 
direction (Roellig et al., 2011; Walker et al., 2009). 
Besides, 3D-images also allow determining, for 
instance, an organ volume.

Reports on the application of 3D-UBM imaging are 
scarce. The technique was used, in vivo, to characterize 
the ciliary body function during accommodation 
(Stachs  et  al., 2002). According to these authors, 
2D-US imaging is unable to characterize the ciliary 
body function during accommodation due to the 
accommodative process and the presence of the ciliary 
processes. In another 3D-UBM application, reported 
by Shemesh et al. (2007), high frequency imaging US 
system was used to examine the 3D morphology of 
Streptococcus mutans biofilms grown in vitro. More 
recently, Foster et al. (2011) have obtained 3D-UBM 
image of mouse embryo along the gestation and 
Roellig et al. (2011) also obtained rat embryo 3D-UBM 
image to investigate the exceptionally long gestation 
period of 70 days observed in the mole-rat queen.
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Another area of investigation, in which 3D-UBM 
imaging can provide important contributions, refers to 
the analysis of skeletal muscle architecture parameters, 
such as muscle volume (MV), fiber length (FL) and 
cross sectional area (CSA), in animal models for 
muscle stretching and muscle regeneration following 
an injury. These parameters, with direct influence in 
the muscle function (Lieber and Friden, 2000), can be 
used to assess muscle contracture and to determine the 
changes caused by surgical interventions or specific 
training (Fry et al., 2007; Kawakami et al., 2008). 
So far, no report related with high-resolution 3D‑US 
image of the musculoskeletal system from small 
animals has been found in literature.

Thus, this work was implemented to test the 
feasibility of a 3D-UBM imaging system to generate 
volumetric images of the rat gastrocnemius muscle. This 
imaging system acquires multiple frames of 2D-UBM 
images for posterior 3D conversion, segmentation and 
volume quantification. Initially, the system was tested 
with phantoms, in order to validate the technique and 
determine its reliability on volume measurements 
based on three metrics: the coefficient of variation 
(CV), the intraclass correlation coefficient (ICC) and 
the typical error of measurement (TEM). Thereafter, 
the 3D-UBM imaging system was tested to generate 
volumetric image of the rat gastrocnemius lateral 
muscle and to determine the corresponding volume.

Methods

3D-UBM image generation

Principle

The 3D-UBM images were generated by processing 
2D-UBM images acquired from multiple US parallel 
scan planes equally spaced and employing a commercial 
UBM system. The phantom (or animal) to be imaged 
was positioned over a platform stepped-moved in 
a direction perpendicular to the image scan plane.

2D-UBM imaging system

A UBM system is similar to the conventional 
US B-mode system used in medicine and the main 
difference is in the higher US operating frequency.

The present work used a commercial UBM 
system named CLI’s PC-based Imaging Sub-system 
and developed by Capistrano Labs Incorporated 
(San Clemente, CA, USA). Basically, the machine 
has a PC-based Imaging Sub-system, which consists 
of a computer PCI card that comprises a complete US 
imaging sub-system and includes the servo controller, 
the US pulser/receiver, the envelope detector, the A/D 
(analogic to digital) converter (sample frequency at 

80 MHz) and the scan converter. This card is installed 
in the PCI-express bus of a PC-computer mainframe 
containing an Intel Core i3 2100 processor. This UBM 
equipment operates in a Windows platform and is 
controlled by the Ultraview Software (version 5.93; 
Capistrano Labs, Incorporated, San Clemente, CA, USA). 
It employs a US transducer, made of polyvinylidene 
difluoride piezoelectric membrane (PVDF) with gold 
metallization (C190210; Capistrano Labs, Inc., San 
Clemente, CA, USA), operating at 35 MHz, that is 
connected to the CLI 1500Ti 35‑50 probe, also fabricated 
by Capistrano Labs. The transducer is spherically 
focused with focal distance of 12 mm and aperture 
of 5 mm (fnumber of 2.4). With these specifications, 
typical lateral and axial resolutions are 100 µm and 
42 µm, respectfully (Foster et al., 2002).

The probe is mechanically driven and provides 
20 degrees sector-scan images at a rate of 20 frames/second. 
Each 20 degrees image sector is formed by 256 A-lines, 
each line containing 2048 data points.

Position system

The platform (AS-11550; VisualSonics, Toronto, 
Canada) carrying the specimen to be imaged is 
horizontally mounted over two linear stages (MFA CC; 
Newport, Irvine, California, USA) configured in a 
horizontal XZ-plane. One stage moves in a direction 
(Z-axis) perpendicular to the 2D-UBM vertical image 
plane and each stage has a total course of 25.4 mm, 
a minimum step of 0.0175 µm and can be moved at 
a maximum speed of 2.5 mm/s.

The motion of each stage is controlled by the motion 
controller device (ESP300, Newport, Irvine, California, 
USA), programed, via RS-232 interface, by the same 
microcomputer that contains the Capistrano´s board.

A master program, written in LabVIEW (version 
7.1, National Instruments, Austin, USA) language, 
executes a synchronized control of the 2D-UBM 
system and of the platform motion.

Figure 1 depicts the UBM-2D computer mainframe 
and the main parts (monitor, mouse, etc.), the UBM 
probe with attached transducer, the fixture platform 
and its motion control unit.

Acquisition of multiple 2D-UBM images at 
equally spaced planes

During the 2D-UBM image acquisition, the linear 
stage in the X-axis (parallel to the image plane) 
remains stationary and the one in the Z-axis moves 
in controlled steps. After each step in the Z-axis the 
positioning system remains stopped for a specified 
time and 32 2D-UBM images are acquired and the 
averaged image is determined and stored in a “BS” 
format, which corresponds to the 256 blocks of 
2048 data points consecutively grouped in one vector. 
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Each data point, with value between 0 and 255, is 
represented in ASCII.

The operator sets the step size and the total course, 
and the system determines the number of corresponding 
steps and the maximum possible speed for the linear 
stage action in between consecutive steps. In the 
present case, a 0.2 mm step was chosen.

Once all the step-spaced average 2D-UBM images 
are acquired, the master program executes a routine, 
over every acquired image, for scan conversion, 
from polar to rectangular coordinate system, and to 
construct the corresponding images formed into a 
rectangular frame with typical dimensions of 13 mm 
x 8 mm for width and height, respectively. The newly 
formed 2D-images are stored in “jpeg” format and 
thereafter processed to generate de 3D-UBM image.

It typically takes about 19 minutes for the 
acquisition of 100 step-spaced average 2D-UBM 
images plus the corresponding scan conversion and 
storage in “jpeg” format.

3D-UBM image construction

The set of 2D-images already stored in “jpeg” 
format is converted to “dicom” format usingthe 
Dicomizer (HRZ Software Services LTD, Tel-Aviv, 
Israel) software. Once in the dicom format, then 
the images are used by the TurtleSeg computer 
program (Medical Image Analysis Lab at Simon 
Fraser University, and The Biomedical Signal and 
Image Computing Laboratory at the University of 
British Columbia, Vancouver, Canada) to construct 
the corresponding 3D-UBM image. Subsequently, 
the same TurtleSeg software is used for segmentation 
and volume calculation.

TurtleSeg is an interactive segmentation tool 
originally designed for 3D medical images. A typical 
workflow involves the user to use 2D livewire to 
manually contour, using the mouse, a sparse number 
of different slices of the 3D image. The contouring 
starts by double clicking somewhere on the border 
of the object and using livewire to speed up the 
2D contouring process. So, when the mouse is moved, 
the contour, or “livewire”, automatically follows the 
edge of the object in real time. Left clicking will place 
a “seedpoint”, which has the effect of anchoring the 
wire to that point. As seedpoints are laid along the 
object’s boundary, TurtleSeg learns the appearance of 
the object being contoured, thus causing subsequent 
livewires to become more accurate. TurtleSeg 
implements a feature called spotlight, an automated 
system for automatically directing the user towards 
the next best place to provide input contours.

The full 3D segmentation is built automatically 
using the user-provided information. The segmented 
volume is calculated with the built-in measurement 
features of the software and the final volume value 
(in units of volume) is calculated through a scale 
calibration procedure. The complete 3D image 
construction, considering all the segmentation process 
and the volume calculation, takes about 5 minutes 
when performed by an experienced operator.

Phantoms
Preparation

The phantoms, appropriate for high frequency 
ultrasound, were prepared following the methodology 
described by Ryan and Foster (1997): gelatin powder 

Figure 1. UBM system and animal specimen fixture: (a) computer mainframe with Capistrano UBM board, (b) UBM probe, with the part 
containing the transducer and in contact with the animal right hindlimb surrounded by the closed dashed-line, (c) motion control unit and 
(d) platform over linear stages and with an animal overlaid.

(b)
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(Type A: from porcine skin, G- 2500, Sigma Chemical 
Co., Missouri, USA) was dissolved in boiling water 
in concentrations of 15% by weight and stirred in 
a warm water bowl (approximately 50°C) until all 
clumps had been dissolved. Phantom made with only 
gelatin is anechoic, whereas an echoic one is prepared 
adding silica powder (S-5631; Sigma Chemical Co., 
Missouri, USA) in a 2% by weight concentration. 
The sound speed and attenuation coefficient of 
the phantom containing gelatin mixed with silica 
powder is approximately 1549 m/s and 2.5 dB/mm 
at 35 MHz (Ryan and Foster, 1997).

Four phantoms, with different geometries, were 
prepared. Each one, with an external cylindrical shape, 
consisted of two concentric parts; an outer cylindrical 
part (anechoic or echoic) involving a cylindrical or 
conical shape inner part (anechoic or echoic). The outer 
part was molded using 3 ml (for large phantom) and 
1 ml (for small phantom) syringes (Becton Dickinson, 
Franklin Lakes, USA) that had their extremity, on the 
insertion side of the needle, sectioned transversally 
to the axis of syringe symmetry. The inner part was 
molded using 4 mm out diameter plastic polypropylene 
straw (Frascobel Disposable Plastics, Rio Grande 
do Sul, Brazil), or disposable 25 mm x 0.9 mm and 
25 mm x0.8 mm hypodermic needles (MedGoldman, 
Amazonas, Brazil) or even a 200 μl micropipette tip 
in transparent polypropylene (Plast Labor, Rio de 
Janeiro, Brazil).

These phantoms are named PHxyTf, with “xy” 
representing the echogenicity (0 for anechoic or 
1 for echoic) of outer and inner parts, respectively, 
“T” representing the phantom external diameter (L for 
large or S for small) and “f” representing the inner part 
format (CY for cylindrical or CO for conical). Therefore, 
the four phantoms were named PH01LCY (Figure 2a), 
PH10SCY (Figure  2b), PH10SSCY  (Figure  2c) and 
PH10LCO, (Figure 2d).

Phantom PH01LCY had the outer part molded by 
a 3 ml syringe (composed only of gelatin) and the 
inner part (gelatin mixed to silica powder) molded 
with the flexible straw.

Phantom PH10SCY had the outer part (gelatin 
mixed to silica powder) molded with the 1 ml syringe 
and the inner part, empty, was shaped with 0.9 mm 
diameter needle.

Phantom PH10SSCY was prepared similar to 
PH10SCY, but molding the inner part with a 0.8 mm 
diameter needle.

Finally, phantom PH10LCO, had the outer part 
molded with the 3 ml syringe and the inner part, 
empty, molded with the micropipette tip.

The phantom preparation started with the syringe 
internal wall sprayed with liquid silicone oil, in order 
to facilitate the phantom withdrawal. Thereafter, the 
syringe was positioned vertically, with the bottom 
extremity closed by the plunger, and filled with the 
medium of the phantom outer part. Then, the inner 
part mold was concentrically inserted into the medium 
through the syringe top open side. Thereafter, the 
filled syringe was placed in the refrigerator for about 
12 hours, to wait for the gelatin hardening. After this 
period, the inner part mold was removed and for 
phantom PH01LCY, the inner cavity was filled with 
gelatin mixed with silica powder. The inner cavities 
of the other phantoms were filled with water during 
phantom immersing in a water reservoir prior to 
imaging.

Finally, the phantoms were kept, for 5 minutes, in 
a 5% formalin solution (B. Herzog, Rio de Janeiro, 
Brazil), to increase consistency and prolong their life 
span up to two weeks, preventing fungi formation. Even 
though, all phantoms were used in the experiments 
immediately after the removal of formalin solution.

Figure 2. Main accessories used to prepare phantoms (a) PH01LCY, with outer part (gelatin) molded by a 3 ml syringe and the inner part 
(gelatin mixed to silica powder) molded with the flexible straw, (b) PH10SCY with the outer part (gelatin mixed to silica powder) molded by 
the 1 ml syringe and the inner part, empty, shaped with 0.9 mm diameter needle, (c) PH10SSCY similar to PH10SCY, but molding the inner 
part with a 0.8 mm diameter needle and (d) PH10LCO with the outer part molded by the 3 ml syringe and the inner part, empty, molded with 
the micropipette tip.
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Phantom imaging
Before starting the acquisition of the multiple 

2D-UBM images of the phantom, a metal wire 
(0.3mm  in diameter) was transversally inserted at 
the two ends of the phantom in order to mark the 
start and end points for image acquisition. Then, the 
phantom was fixed to a plastic structure attached to 
a small aluminum plate, to prevent buoyance, and 
immersed into distilled water contained in a plastic 
reservoir placed over the platform, as observed in 
Figure  3a. The water temperature was monitored 
with a thermo‑hygrometer digital meter (mth-1362w; 
Minipa, São Paulo, Brazil) and ranged from 22 to 
25 °C during image acquisition.

In order to validate the 3D-UBM system reliability 
to measure volumes, through the phantom imaging, 
10 acquisition sequences of multiple 2D-UBM images 

were performed for each phantom. The total number 
of frames acquired in each sequence varied from 60 to 
120, depending on the phantom length. In between 
each acquisition sequence of the same phantom, the 
wires were removed and re-introduced and the distance 
between them (representing the phantom length) was 
measured 5 times with the digital caliper (Digimess; São 
Paulo, Brazil), as presented in Figure 3b. The measured 
phantom length and diameter were used to determine 
its physical volume, which in turn was compared with 
the volume calculated from the segmented 3D-UBM 
images, named segmented volume. The TurtleSeg 
program was executed 5 times over each acquisition 
sequence of multiple 2D-UBM images obtained for 
the same phantom, and therefore, 50 (10 acquisitions 
x 5 volume segmentations) volume measures were 
obtained for each phantom.

Figure 3. (a, b) Experimental set up used to acquire 2D-UBM images of the phantoms. (a) Phantom held to a plastic structure attached to a 
small plate of aluminum inside reservoir filled with distilled water. (b) Wires inserted at the extremities of the phantom and the measurement 
of distance between them with a digital caliper. (c, d) Experimental set up used to acquire 2D-UBM images of the rat hindlimb. (c) The 
animal positioned over the platform. (d) Detail of the rat hindlimb involved with a plastic bulkhead and covered with ultrasonic gel, with 
the ankle in a neutral position (90°) and internal rotation of the hip.
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In vivo imaging of rat gastrocnemius muscle

All of the experimental protocol involving the 
animals (5 Wistar rats) was performed in compliance 
with the recommendations of and approval of the 
Institutional Care and Animal Use Committee of 
Federal University of Rio de Janeiro (Permit number: 
LABCE07-09/13).

Prior to image acquisition, the rat was anesthetized 
with an intraperitoneal injection of ketamine 
(10‑15 mg/kg) and xylazine (50-75 mg/kg), and had 
its legs tricotomized. Thereafter, the animal was 
placed in a prone position over the platform, as in 
Figure 3c, with internal hip rotation, to ensure better 
alignment of muscle fibers, and the ankle in neutral 
position (90°), as in Figure 3d.

The animal hindlimb to be imaged was surrounded 
by a plastic bulkhead and fully covered with 
water‑based ultrasonic gel (Ultrex gel; Farmativa 
Indústria e Comércio Ltda, Rio de Janeiro, Brazil) 
for acoustic coupling. The plane of 2D-UBM image 
was aligned perpendicularly to the longitudinal axis 
of the gastrocnemius muscle.

Multiple 2D-UBM images were acquired as the 
platform moved, perpendicularly to the image plane, 
in steps of 0.2 mm. After the acquisition of multiple 
UBM frames in 2D, the images were analyzed and 
compared with the one of each leg in a rat anatomical 
atlas (Takamasa  et  al., 2001). It was possible to 
identify and contour the edges of the medial and lateral 
gastrocnemius of both legs. The total course of the 
linear stage was not enough to scan over the entire 
gastrocnemius muscle of the animals and therefore, 
only the partial muscle volume was possible to be 
determined.

Validation of the 3D-UBM system

The validation of the UBM method to provide 
the volume of the 3D generated images was based 
on the comparison between segmented and physical 
volumes the phantoms.

Statistical analysis

The statistical analyzes over the volumetric 
data was conducted using the commercial statistical 
software SPSS 20.0 (IBM SPSS, Chicago, IL, USA).

The normal distribution of the volumetric 
measurements was assessed by Kolmogorov-Smirnov 
test. Also, the parametric one-way ANOVA for repeated 
measures, with Bonferroni correction, was used to 
verify the differences between the repeated 5 volumetric 
measures from the same imaging acquisition sequence 
and also among the 10 volumetric measures obtained 
during the 10 imaging acquisition sequences.

Reliability and variability of the measurements 
were determined by ICC or TEM and the CV, 
respectively. The t-test was performed to evaluate 
significant differences between the means of physical 
and segmented volumes. The significance level was 
set to p ≤ 0.05. The estimated error, calculated by 
TEM as suggested by Hopkins (2000), was used to 
validate the technique.

Results

Segmentation and generation of 3D images

Phantoms

Typical 3D-UBM images of the phantoms are 
illustrated in Figures 4a-d. Also, typical segmented 
volumetric images of the partial lateral gastrocnemius 
muscle from the right hindlimb of a rat are presented, 
with different viewing angles, in Figure 4e.

The images from some animals did not have 
enough contrast between lateral gastrocnemius muscle 
and surround tissue in order to be processed with 
the TurtleSeg software and only 4 image acquisition 
sequences, from the partial right hindlimb of different 
animals, were used to calculate the partial segmented 
volume of the lateral gastrocnemius muscle. The 
measured volumes are: 3.28 mm (rat 2), 1.07 mm 
(rat 3), 2.44 mm (rat 4) and 2.04 mm (rat 5). The 
extent of the hindlimb segmented volume varied 
between the animals, thus the volume obtained also 
varied from one rat to another.

Reliability and validation of volumetric measurements 
for the phantoms

The segmented volumes for all the phantoms 
presented normal distribution. No significant difference 
was found applying ANOVA, with repeated measures 
and Bonferroni correction, for segmented and physical 
volumetric measures repeated five times over the 
same acquisition sequence. However, significant 
differences along the imaging acquisition sequences 
were found for all the phantoms. Table 1 contains 
the mean, standard deviation (SD), CV and ICC for 
the segmented volumes obtained along all the ten 
acquisition sequences and for each of the repeated 
segmentation, from first to fifth, considering all the 
four phantoms. Also included in Table 1 are the same 
metrics for segmented volumes, for all phantoms, 
related to five repeated segmentations and over the 
same acquisition sequence. The ICC for the means in 
Table 1 remained within the range of high reliability 
for all four phantoms.

In general, the CV for the segmented volumes 
obtained along the 10 acquisition sequences was higher 
than the CV for the results obtained along the repeated 
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segmentations over the same acquisition sequence. 
The CV results for the phantom PH10LCO presented 
the highest variation interval, with a minimum value 
of 0.34% for repeated measurements over the same 
acquisition sequence and of 15.99% for the volumetric 

measures obtained along all the ten acquisition 
sequences and for one of the repeated segmentations.

Table 2 reveals the data used to compare segmented 
and physical volumes of the phantoms. The mean 
results were determined from the five measurements 

Figure 4. Typical 3D-UBM images of the four phantoms and for the rat right-side hindlimb lateral gastrocnemius at different view angles, 
generated after segmentation using the TurtleSeg software. (a) PH01LCY, (b) PH10SCY, (c) PH10SSCY, (d) PH10LCO and (e) lateral gastrocnemius.

Table 1. Mean, SD, CV and ICC for the segmented volumes obtained along all the ten acquisition sequences and for each of the repeated 
segmentation, from first to fifth, and also along the five repeated segmentations over the same acquisition sequence, for all the four phantoms.

Segmentation
PH01LCY PH10SCY PH10SSCY PH10LCO

Mean ± SD 
(mm3)

CV 
(%)

Mean ± SD 
(mm3)

CV 
(%)

Mean ± SD 
(mm3)

CV 
(%)

Mean ± SD 
(mm3)

CV 
(%)

1 324.20±14.96 4.61 15.41±1.60 10.41 15.38±1.97 12.85 325.75±52.09 15.99
2 321.67±19.74 6.13 15.26±1.71 11.25 14.99±1.66 11.13 330.84±50.54 15.27
3 322.78±18.48 5.72 15.43±1.47 9.58 15.00±1.88 12.57 327.96±50.06 15.26
4 322.28±15.02 4.65 15.39±1.42 9.26 14.95±1.82 12.23 328.12±51.17 15.59
5 315.77±22.44 7.10 15.06±1.36 9.04 15.04±1.72 11.48 329.16±50.98 14.48
ICC 0.74 0.90 0.92 0.99
Acquisition 
sequence
1 285.77±7.55 2.64 11.32±0.36 3.23 12.29± 0.22 1.88 241.53±1.38 0.57
2 316.61±7.12 2.25 14.96±0.21 1.40 13.17±0.39 3.19 273.50±1.04 0.38
3   311.01±10.60 3.41 15.37±0.29 1.90 13.92±0.23 1.79 284.32±6.29 2.21
4 323.03±4.54 1.40 15.23±0.06 0.44 14.11±0.18 1.35 305.91±2.46 0.80
5 325.56±4.54 4.78 16.69±0.43 2.63 14.24±0.20 1.47 323.64±1.42 0.44
6   309.78±12.19 3.93 16.04±0.32 2.02 15.49±0.73 4.77 326.80±2.61 0.80
7   322.16±10.55 3.27 17.05±0.40 2.36 16.95±0.36 2.16 364.51±4.38 1.20
8 346.04±8.22 2.37 15.23±0.55 0.03 16;02±0.89 5.56 364.68±2.84 0.78
9 334.22±6.00 1.80 15.13±0.45 3.03 16.15±0.51 3.21 389.82±2.66 0.68
10 340.31±3.76 1.10 16.07±0.17 1.08 18.39±0.47 2.59 408.97±1.39 0.34
ICC 0.93 0.97 0.98 0.99
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of segmented volumes (repeated segmentations) and 
of physical volumes (repeated geometric inspections) 
along the ten acquisition sequences. The corresponding 
limiting values, minimum and maximum for the mean 
among the ten acquisition sequences, are in Table 2, 
together with TEM (absolute and relative – with reference 
to the mean of physical volumes) and ICC, for all four 
phantoms. The results of TEM for phantom PH10SCY 
also include the situation where the segmented volume 
of 11.32 mm3 was not considered. Even though it was 
not possible to track possible errors involved in the 
generation of segmented volume of 11.32 mm3 for 
phantom PH10SCY, this value seems to be fortunate, 
incompatible with all the remaining values for the 
segmented volume. Even though, the results for TEM 
and ICC for the phantom PH10SCY must be considered 
taking into effect all the values for the measured 
segmented volumes (11.32 mm3 inclusive).

The t-test indicated statistical significant difference 
between the means of segmented and physical volumes 
for the phantoms PH10SSCY and PH01LCO with the p-value 
of 0.006 and 0.004, respectively. On the other hand, 
the segmented and physical volumes for phantoms 
PH10SCY and PH01LCI presented no statistical significant 
difference, with p-value of 0.14 and 0.29, respectively.

Regarding the technique validation, the volumetric 
measures for phantoms PH10SSCY and PH10LCO presented 
the TEM highest relative values of 9.49% and 10.96%, 
respectively.

The correspondence between segmented and 
physical volumes was also evaluated by means of the 
linear regression analysis. The whole set of segmented 
volumes, related to the four phantoms, is plotted against 
the corresponding physical volumes in Figure 5, together 
with the linear regression line fit by the method of 
least squares (slope = 1.09 and intercept = 0.35 mm3). 
The corresponding Pearson correlation coefficient is  
r = 0.99 (p < 0.0001). The slope, intercept, r and p for 
individual phantoms resulted in 1.03, -3.80 mm3, 0.70 
and 0.02 (PH01LCY), 2.44, -23.24 mm3, 0.50 and 0.14 
(PH10SCY), 0.55, 7.98 mm3, 0.23 and 0.52 (PH10SSCY) 
and 4.14, -821.47 mm3, 0.90 and 0.0006 (PH10LCO).

Discussion
The 3D-UBM system employed in the present 

study was implemented mainly to obtain 3D US images 
of small animal organs close to the skin (maximum 
depth on the order of 10-12 mm). The method was 
tested imaging the rat gastrocnemius muscle, whose 
typical dimensions are about 20 mm length, 10 mm 
width and 3.4 mm thickness (Peixinho et al., 2014). 
The 3D image was contained in a volume with typical 
dimensions for length, width and thickness of 25.4 mm, 
13 mm and 8 mm, respectively. These dimensions are 
compatible with those for the rat gastrocnemius, except 
for the total length that is small for larger animals. The 
image height depends on the transducer field of view, 
0.8 mm in the present case. Of course, this is not an 
appropriate specification to generate an image with 
height larger than 0.8 mm. Even so, the gastrocnemius 
muscle, with typical thickness of 3.4 mm, was easily 
identified in the images. Moreover, this restriction 
can be overcome using transducers with larger fnumber.

A common approach to test and validate US imaging 
instrumentation is by means of phantoms (Barber et al., 
2009; Ryan and Foster, 1997; Weller et al., 2007). 

Table 2. Comparison between segment and physical volumes, including minimum and maximum results for mean, and TEM and ICC, for 
all four phantoms.

 PH01LCY PH10SCY PH10SSCY PH10LCO

Physical volume
mean (mm3) 294.21-330.50 15.30-16.45 12.10-14.45 259.18-296.01
Segmented volume
mean (mm3) 285.77-346.04 11.32-17.05 12.29-18.39 241.53-408.97
TEM 
absolute (mm3) 8.29 1.01 (0.53**) 1.23 35.99
relative* (%) 2.63 6.41 (3.38**) 9.49 10.96
ICC 0.79 0.17 (0.25**) 0.29 0.54
*relative to corresponding physical volume mean. **removing the outlier (volume of 11.32 mm3).

Figure 5. Linear regression line fit, by the method of least squares, 
to segmented versus physical volumes of the phantoms (+=PH01LCY, 
●=PH10SCY, =PH10SSCY, □=PH10LCO).
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Likewise, this study aimed to evaluate the 3D-UBM 
system conditions to generate images with compatible 
dimensions of rat gastrocnemius muscle and therefore 
its appropriateness to reproduce volumetric values 
similar to test objects such as phantoms. In this regard, 
four phantoms were prepared for this work, two of 
them cylindrical and with a diameter smaller than the 
thickness of the gastrocnemius muscle in a rat with 
approximately 230 g (PH10SCY and PH10SSCY with mean 
length/diameter of 16.37/0.9 mm and 16.28/0.8 mm, 
respectively). The other two phantoms were larger 
(PH01LCY, and PH10LCO with mean length/diameter of 
23.75/4.1 mm and 24.07/2.0 mm (smaller diameter) 
and 5.6 mm (larger diameter), respectively).

The measured segmented volumes for the larger 
phantoms presented satisfactory results. Regarding 
the comparison of the five measures determined over 
the same acquisition sequence of the same phantom, 
the volumetric results had no significant differences, 
presenting ICC results within the range of greater 
reliability for the four phantoms (Table 1). On the 
other hand, the comparison of volumetric measures 
acquired along the 10 acquisition sequences for the 
same phantom leads to differences in all phantoms, 
indicating that phantom dimensions changed during 
first to the last acquisition sequence in the experiment. 
Nevertheless, the reliability of such measurements 
remained, being justified by high values of ICC and low 
values of CV values (Table 1). The larger phantoms, 
PH01LCY and PH10LCO, had the largest variation 
(growth) of their volumes over the acquisitions. 
For phantom PH10LCO, the measured mean volume 
changed from 241.53 to 408.97 mm³ in between first 
and last acquisition sequences. An explanation for the 
phantom volume to change, as time passed, may be 
due to water absorption, as the phantom remained 
immersed in water. In general, the experiment with 
each phantom lasted 20 minutes and therefore the 
10 acquisition sequences lasted more than 3 hours. With 
the phantom immersed in water throughout this time, 
it has changed its size, resulting in volume increase. 
Furthermore, the conical phantom also deformed in 
shape, with its axis of symmetry bending slightly at 
the end of the experiment.

This volume change of the phantom during the 
acquisitions may have influenced the corresponding 
TEM value of 35.99 mm³, which represents 10.96% of 
error, as well as the reliability since the ICC found, 
although within the confidence intervals, was low (0.54).

The t-test indicated significant differences (between 
the physical and segmented volumes) only for the 
phantoms PH01LCO, and PH10SSCY. The reason for this 
result, regarding the phantom PH01LCO, may reside 
in the large variation in the physical structure of the 

phantom during the experiments, once the external 
diameters at the micropipette tip extremities did 
not match with corresponding diameters measured 
at the 2D-UBM images. Because of this fact, the 
diameters on the 2D-UBM images corresponding to 
the extremities were measured based on the software 
ImageJ (National Institutes of Health, Bethesda, MD, 
USA) and the phantom physical volume determined 
assuming a conical geometry. Of course, assuming 
the phantom conical introduces another error, once 
its shape changed during the experiments. This 
may explain why the 4 square marks, related to the 
largest physical volumes plotted in Figure 5, deviate 
considerably from the regression line.

Regarding phantom PH10SSCY, the discrepancy 
between physical and segmented volumes revealed 
by t-test is believed due to assuming the phantom with 
cylindrical geometry, which in fact was not. A needle 
with 0.8 mm in diameter molded the phantom and 
when it was removed the bevel caused a laceration 
in the inner phantom wall, removing extra material 
and resulting in the phantom volume larger than 
the one calculated from a cylindrical geometry 
with 0.8 mm in diameter. Therefore, the segmented 
volume tended to be larger than the physical volume. 
Only the results of segmented volumes for the larger 
phantoms (PH01LCY and PH10LCO) remained within 
the reliability range even with low ICC values of 
0.79 and 0.54, respectively. This fact suggests that 
more homogeneous volumetric measurements are 
attained with larger phantoms.

Regarding the results for the two smaller 
phantoms (PH10SCY, and PH10SSCY), although the 
absolute differences were low and in the same range 
of values as reported by Barber et al. (2009) and Mac 
Gillivray et al. (2009), who compared measurements 
obtained by magnetic resonance imaging (MRI) with 
3D-US, the corresponding values for TEM resulted in 
percentages of 6.41 and 9.49% respectively, and low 
reliability levels (ICC = 0.17 and 0.29, respectively). 
Corresponding values of ETM and ICC for phantom 
PH10SCY changed to 3.38% and 0.25 with segmented 
volume of 11.32 mm3 disregarded. These results 
are still better than those of Delcker  et  al. (1999) 
who investigated the average deviation in the 
volume measurement of small muscles and found 
a 10% difference between the volume obtained by 
freehand 3D-US and by the method of water column 
displacement. Barber  et  al. (2009) considered the 
3D‑US system valid to measure large muscle volumes 
in their validation study of the same technique and 
confirmed the tendency to overestimate the volume 
measured using MRI just by 1.1%. Barber et al. (2009) 
seem to have reason to believe that the errors found 
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for larger structures are smaller than those found for 
smaller structures and may even be ignored when it 
comes to morphological measurements.

Currently, the literature reports studies employing 
methodologies similar to the one in the present work, 
but using US with low frequencies and applied to human 
research (Barber et al., 2009; Delcker et al., 1999; 
Infantolino et al., 2007; Weller et al., 2007).

Barber  et  al. (2009) proposed to validate and 
verify the reliability of the volume measurement 
for the human gastrocnemius muscle, in vivo, using 
3D-US from multiple 2D scans. They compared the 
US results to MRI and demonstrated accuracy and 
repeatability of the relatively large volume muscle 
measurements, with a measurement error less than 2%, 
which can be neglected to estimate muscle strength 
from morphological measurements. However, for small 
muscles, the authors emphasize that this error can be 
greatly increased, as in the study by Delcker et al. (1999), 
who found a percentage deviation of measurements 
ranging from 0.3% to 19.4% when compared the hand 
muscle volume of cadavers obtained by 3D-US and 
hydrostatic weighing.

Weller et al. (2007) determined the volume of the dog 
biceps femoris, a mid-size muscle when compared to a 
human one, in vivo and using a freehand 3D‑US image 
reconstructed from multiple 2D images. In comparison 
with the results obtained by CT, they concluded that 
the 3D-US promotes precise and accurate results, and 
rated the technique as an innovator in the objective 
to determine muscle volume in vivo. The same was 
observed in MacGillivray et al. (2009) study, in which 
3D-US images of the femur and the rectus femoris 
were generated from multiple cross‑sectional panorama 
images of the middle thigh. These authors found a 
mean difference of 0.53 cm3 between the volumes 
measured by 3D-US and MRI. This is a relative low 
value when compared to 3.33 cm3 of the study with 
dogs (Weller et al., 2007). MacGillivray et al. (2009) 
also observed that the in lower thigh portions, or 
even in subjects with member size smaller than the 
mean (for the elderly, for example), the difference 
between the volumes measured by 3D-US and MRI 
increased. However, the authors did not consider these 
differences, assessing the 3D US as an acceptable 
method to reproduce muscle skeletal volume. This 
observation seems to confirm the hypothesis of finding 
minor errors in larger structures.

There are also works in the literature using high 
frequency 2D-US images to analyze small animal 
biological tissues. The muscle architecture analysis 
of rat muscle, for example, has been performed by 
Peixinho et al. (2011, 2014). However, until now no 

reports have been found related to 3D-UBM imaging 
of muscular structures of these small animals.

The present study demonstrates that the 3D-UBM 
technique was valid for obtaining the volume of structures 
with dimensions similar to the rat gastrocnemius muscle. 
Additionally, the partial volume of this muscle was 
measured in 4 animals, which proved the technique 
ability to generate 3D images of the rat skeletal 
muscle. Future works must consider increasing the 
total platform course, to include the proximal muscle 
insertion in the 3D-UBM image.

Furthermore, the images obtained with the 
3D-UBM system did not undergo any processing. As 
Forsberg et al. (2010) mentioned, processing techniques 
based in non-stationary adaptive filtering, to remove 
speckle and noise, may improve the image quality, 
keeping its structure and allowing error the reduction 
when measuring the volume from segmented images. 
The improvement for edge detection will facilitate 
determining the volume of a given region of interest, 
enabling future work such as the monitoring of tissue 
regeneration in rat injured skeletal muscle.

One of the major advantages for the generation 
of 3D-US images is the possibility to determine the 
volume of organs or lesion site. This has implications, 
for example, in treatment planning, as also in monitoring 
tumor response to therapy. Although MRI is considered 
the gold standard for direct measurement of volume 
and muscle length in vivo, it is costly and requires 
more examination time. In addition, patient sedation 
is need in some cases and this turns the use the 3D-US 
more favorable for the same purposes.

The 3D-UBM system was tested with phantoms 
having segmented volumes larger than the volumes 
measured for rat partial lateral gastrocnemius, 
i.e., 15 mm3 versus 1.07 mm3 (rat 3). Even so, the 
3D-UBM system is still appropriate to deal with 
phantoms having smaller volumes, once the volume 
results from a combination of cross-sectional area 
and length. Therefore, it suffices with phantoms, 
likewise PH10SSCY, being shorter. Figure 6 illustrates 
the correspondence between the cross-sectional areas 
of phantom PH10SCY and of the lateral gastrocnemius 
at different locations along the muscle. The phantom 
cross-sectional area is compatible with the muscle 
cross-sectional area in the muscle extremity region. 
In addition, the phantom cross-sectional diameter is 
close to the muscle thickness at the mid of the muscle.

The total cost for the instrumentation used in the 
present work to generate 3D-UBM images amounted 
roughly to US$50,000.00, without considering the 
cost for software implementation and the expenses 
to import the equipment. A commercial UMB system 
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able to generate 3D images, as well to acquire Doppler 
signals, roughly amounts to US400,000.00.

The results obtained in the present study indicate 
that the 3D-UBM system is able to generate 3D images 
of structures with dimensions similar to those of the 
tested phantoms.

The technique used in this work was able to quantify 
the volume of different phantoms, with a relative 
reliability better than 11%. Even though, suitable 
volume determination was obtained just on larger 
phantoms, when comparing the means of segmented 
and physical volumes. It was also possible to image 
the rat gastrocnemius, identifying the muscle limits 
and determining the partial muscle volume, which 
justifies the originality of the work, since reports of 
3D-US images from rat gastrocnemius were not found 
in the literature. Other studies are needed to improve 
the technique, although it provided images of small 
structures and quantified their volumes.
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