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Abstract—Thermochromic test bodies are promising tools for qualitatively evaluating the acoustic output of ultra-
sound physiotherapy systems. Here, a novel phantom, made of silicone mixed with thermochromic powder mate-
rial, was developed. Additionally, a procedure was developed to evaluate the stability and homogeneity of the
phantom in a metrologic and statistical base. Twelve phantoms were divided into three groups. Each group was
insonated by a different transducer. An effective intensity of 1.0 W/cm2 was applied to each phantom; two oper-
ators performed the procedure three times in all phantoms. The heated area was measured after image processing.
No statistical difference was observed in the heated areas for different samples or in the results for different
operators. The heated areas obtained using each transducer were statistically different, indicating that the ther-
mochromic phantom samples had sufficient sensitivity to represent the heated areas of different ultrasonic trans-
ducers. Combined with the evaluation procedure, the phantom provides an approach not previously described in
the literature. The proposed approach can be used to quickly assess changes in ultrasonic beam cross-sectional
shape during the lifetime of ultrasound physiotherapy systems. (E-mail: avalvarenga@inmetro.gov.br or http://
www.inmetro.gov.br) � 2016 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Therapeutic ultrasound is widely used in physiotherapy
treatment protocols because of its thermal and mechan-
ical effects on biological tissues (Merrick et al. 2003;
Speed 2001). The technical standard IEC 61689
(International Electrotechnical Commission [IEC]
2013a) describes, in a wide sense, the criteria to be
considered while evaluating the performance and toler-
ability of physiotherapy equipment. The main quanti-
ties whose measurement methods and performance
requirements are governed by this standard are effec-
tive radiating area, acoustic power and acoustic inten-
sity. The standard technique for measuring these
quantities is expensive and complex because it requires
an acoustic tank equipped with a positioning system
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for scanning the acoustic field and a radiation force
balance to perform power measurement. All existing
measurement methods are intended to be used by
metrology laboratories (IEC 2013a).

A different approach is proposed in the technical
specification IEC TS 62462 (IEC 2007), which estab-
lishes alternative methods for checking the performance
of ultrasound physiotherapy devices during their lifetime.
This specification describes qualitative methods that final
users (e.g., physical therapist) should perform periodi-
cally to ensure, with a considerable margin of safety,
that the equipment remains reliable after commissioning.
According to IEC TS 62462, previous quantitative assess-
ment is necessary to establish a baseline for future qual-
itative analyses (IEC 2007).

The previous evaluation of ultrasonic equipment
used in physical therapy in terms of the values of its
output quantities according to, for instance, IEC 61689
(IEC 2013a), does not necessarily guarantee its consistent
behavior throughout its lifetime. This fact has been
validated by many studies conducted in several countries
(Artho et al. 2002; Ferrari et al. 2010; Guirro and Santos
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2002; Hekkenberg et al. 1986; Ishikawa et al. 2002; Pye
and Milford 1994; Schabrun et al. 2008), highlighting the
importance of the periodic verification of therapeutic
ultrasound devices. From a clinical point of view, the
use of devices that conform to technical standards and
are in reliable operating condition is ultimately the
basis for reliable treatment.

Measurement methods described in IEC TS 62462
cover the necessity of performing periodic tests on ultra-
sonic devices. However, new, fast and reliable qualitative
methods are under study. A promising research field is
the study of thermochromic materials, typically used in
the construction of test bodies (e.g., phantoms, sheets or
tiles). This type of material is susceptible to heating, re-
sulting in color changes that create tiny spots. Depending
on the construction of a test body and the temperature
gradient within it, it is possible to observe a color change
on its surface. When an ultrasonic field irradiates a mate-
rial, the temperature rises because of absorption. There-
fore, considering the absorption properties of the test
body constructed using a thermochromic material, one
could expect to visualize a color change related to the
temporal-average intensity derived from the ultrasonic
pressure field. Cook and Werchan (1971) presented the
first work on ultrasound field mapping by direct radiation
on a thermochromic sheet. Other studies have reported
the use of these materials, wherein the heating pattern
of the acoustic field is visualized in a plane parallel
to the transducer face (and, therefore, perpendicular to
the propagation beam direction) (G�omez et al. 2006;
Macedo et al. 2003; Martin and Fernandez 1997).
Butterworth et al. (2012) developed a reusable absorber
composed of polyurethane layers and thermochromicma-
terial that changes its color starting from 30�C to evaluate
therapeutic ultrasound equipment. They produced two
types of the reusable absorber: a double-layer type, in
which the thermochromic material was added to the layer
with the highest acoustic absorption, and a triple-layer
type, in which the pigment was added to the intermediate
layer. The results obtained with the latter were a good
qualitative match to measurements made by hydrophone
scanning over the same transducers.

In this article, we propose a new test body (phantom)
to be used in the biologically relevant hyperthermia tem-
perature range, that is, above 45�C. The phantom is made
of a simpler matrix (compared with those described in the
literature) that combines silicone with thermochromic
powder material; the phantom can be easily prepared
and is reusable. Additionally, a procedure is developed
to evaluate the short-term stability and homogeneity of
the phantom in a metrologic and statistical base. Com-
bined with the evaluation procedure, the phantom pro-
vides a new approach that has not been reported in the
literature so far. The applicability of the proposed
approach can be extended to clinical practice, for
instance, as an alternative or addition to those described
in IEC TS 62462 (IEC 2007).
METHODS

Thermochromic material
The phantoms were prepared using silicone RTV

615 (General Electric), which contains a solution of
two products, RTV 615A and RTV 615B. A small
amount of thermochromic material with a color-
variation temperature of 45�C (ChromaZone, Thermo-
graphic Measurements, Honiton, UK) was mixed with
the silicone. RTV 615 B was mixed with the thermo-
chromic material powder, and then, the mixture was
sieved to avoid formation of an agglomerate of the ther-
mochromic powder. The sieved material was further
mixed with RTV 615A, and the mixture was degassed
in a vacuum chamber for approximately 1 h. The
degassed mixture was placed in molds over a leveled
surface for drying and solidification for approximately
12 h at room temperature (25�C). Twelve samples
were produced for this study, all 4.756 0.05 g in weight,
3.7 6 0.1 cm in diameter and 0.40 6 0.05 cm in thick-
ness. The attenuation (1.4 6 0.1 dB/cm at 1 MHz) and
speed of sound (1016 6 6 m/s) were determined at
Inmetro’s Laboratory of Ultrasound.
Ultrasound system
Two 3-MHz ultrasound physiotherapy treatment

heads (named transducers A and B, both with a nominal
diameter of 25 mm) and a 3.5-MHz circular single-
element transducer with a nominal diameter of 25.4 mm
(A380 S, Panametrics-Olympus-NDT, Waltham, MA,
USA; named transducer C) were used in the study.
Some physical therapy systems have unstable voltage
output, so all transducers were driven by a function gener-
ator (AFG 3252, Tektronix, Beaverton, OR, USA) con-
nected to a radiofrequency (RF) amplifier (E&I 3200L,
Electronics and Innovation, Rochester, NY, USA).
The system was calibrated to generate an intensity of
1.0 W/cm2 for each nominal central frequency of the
transducers. The effective radiating area was determined
by undertaking a raster scan of the acoustic field in a plane
perpendicular to the beam alignment axis, at a distance of
3 mm from the output face of the treatment head, using a
hydrophone, according to the procedure specified in IEC
61689 (IEC 2013a). The power was calibrated using a
radiation force balance according to IEC 61161 (IEC
2013b). All uncertainties were determined according
to JCGM 100:2008 (Bureau International des Poids et
Mesures [BIPM] 2008).

According to Blackstock (1966) and Beyer (1960),
the total harmonic distortion is less than –25 dB for an
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effective intensity of 1.0 W/cm2 and a propagation
distance of 14 mm (between the transducer face and the
phantom), indicating the absence of non-linear propaga-
tion during the heating experiments.
Thermal activation, image generation, acquisition and
processing

The proposed phantom is intended to be used for
visual inspection without the mandatory aid of any cam-
era or image capture device. However, to accurately
quantify the thermal effect, that is, the color change
over the phantom surface, a protocol for thermal activa-
tion and image evaluation was developed. Image evalua-
tion comprised a capture procedure and subsequent
image processing based on morphologic operators. Ther-
mochromic phantom images were captured using a digi-
tal camera at the time instants 0 and 30 s. This time
interval was defined empirically to produce the desired
heating pattern and preserve the reversibility of the ther-
mochromic pigment. The images were collected using
the following procedure:

1. The digital camera is positioned on the tripod,
ensuring that the height is fixed throughout the exper-
iments (it is positioned 15 cm away from the
phantom).

2. A plastic adapter is coupled to the transducer (Fig. 1),
so that the phantom is 14 mm away from the trans-
ducer face; care is taken to orient the transducer in
the same manner for every repetition.

3. The gap between the adapter and transducer is filled
with distilled water at a temperature of 21�C
(maximum variation of60.1�C). The water layer pro-
vides ultrasonic coupling between the transducer face
and phantom and also insulates the phantom from the
conductive (non-acoustic) heating effects.
Fig. 1. Schematic of the experimental setup.
4. The thermochromic phantom is placed on the top of
the adapter, making sure that there are no air bubbles
under the phantom.

5. One initial picture (reference image) is taken at 0 s.
6. The generator is turned on.
7. After 30 s, the generator is turned off, and a second

picture (final image) is taken.

An image processing procedure, developed in MAT-
LAB (The Mathworks, Natick, MA, USA), was used to
determine the region and respective geometric area pro-
duced by the heating. The image processing procedure,
based on a morphologic filter (Soille 1999), follows these
steps:

1. Images acquired at 0 s (reference) and 30 s (final) are
converted to gray scale.

2. The reference image is segmented using a set of
morphologic filters to detect the surface area of the
thermochromic phantom (without color change).

3. The pixel size is determined based on the actual
dimensions of the thermochromic phantom.

4. The heated region is segmented using an image pro-
duced by subtracting the reference image from the
final image and a sequence of morphologic filters.

5. The area of the heated region is determined (in square
centimeters).

Regular fluorescent light bulbs were used to illu-
minate the room where the experiments were per-
formed. It is worth emphasizing that as the analysis
is relative, the type of illumination is not a major issue.
However, considering the quantitative analysis pre-
sented here, it is important to carry out the measure-
ment under the same light conditions to ensure
adequate comparison between images acquired at
different times. If the phantom is used for visual in-
spection without the aid of any image capture device
or image processing, variations in light conditions
will not be significant.
Statistical analysis
A procedure was defined to evaluate the homoge-

neity among different samples of the thermochromic
phantom, as well as the effect of the operator on the
measurement. First, the 12 phantoms were randomly
separated into three groups with four samples each.
Each group was used with each one of the three trans-
ducers used in this study: transducer A (samples
A1–A4), transducer B (samples B1–B4) and transducer
C (samples C1–C4). Two operators repeated the image
capture protocol three times (rep1, rep2 and rep3) for
each group of phantoms and the respective transducer.
It is worth emphasizing that the experiments were
completely independent; disassembly and re-assembly
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were performed between repetitions and the samples
inside a group were tested alternately.

The homogeneity among samples from the same
group (intragroup test) was evaluated with the c2 test
(a 5 0.05) for each operator independently. The c2 test
is used to assess whether different samples are suffi-
ciently homogeneous and stable to reproduce the heated
area. Thus, considering that the samples were homoge-
neous, the results obtained within each group were com-
bined. The F-test was applied to assess whether the
results for each operator had homogenous variance,
and the t-test for the difference between two means
(a 5 0.05) was used to analyze whether there was a sta-
tistical difference between the results achieved by each
operator (intergroup for different operators). Finally, the
results achieved by each operator were combined,
yielding an average result for each transducer (overall
intergroup).
Overlap area ratio
The overlap area ratio is used to assess the super-

position degree among areas from the three different rep-
etitions for the same sample, yielding an estimate of the
repeatability of the obtained area shape. The overlap ratio
is calculated as

overlap ratio5
Arearep1XArearep2XArearep3
Arearep1WArearep2WArearep3

(1)

where Arearepn represents the area of the heated region at
repetition n for a specific sample, and symbols X and W
represent the intersection and union among the areas,
respectively. This quantity is assessed for each sample
in each group (A–C) and for each operator.
RESULTS

Effective radiating area (AER), output power (P) and
effective intensity (Ie) values for the three transducers
studied are summarized in Table 1, with the respective
expanded uncertainties (U). Examples of mappings
performed to determine the effective radiating area are
illustrated in Figure 2.
Table 1. Effective radiating area (AER), output power
(P) and effective intensity (Ie) for the three transducers
studied, with the respective expanded uncertainties

U (k 5 2)

Transducer
AER

(cm2)
UA

(cm2) P (W) UP (W)
Ie

(W/cm2)
UI

(W/cm2)

A 2.71 0.26 2.700 0.090 1.00 0.10
B 3.03 0.12 3.032 0.080 1.000 0.050
C 4.60 0.18 4.57 0.11 0.993 0.050
As described under Statistical Analysis, two opera-
tors (1 and 2) repeated three times (rep1, rep2, rep3) the
heating experiments with the different phantom samples
(A1–A4, B1–B4, C1–C4). To illustrate qualitatively the
homogeneity among different samples of the thermochro-
mic phantom, as well as between operators on the
measurement, examples of heating patterns obtained
for different samples and operators are provided in
Figures 3–5.

In Figure 3a, one can see the heated area produced
by transducer C at the second repetition (rep2) performed
by operator 1, using sample C3. For the same sample C3,
the heated area obtained at the first repetition (rep1)
performed by operator 2 is illustrated in Figure 3b. An
example of the heated area obtained by operator 1 using
a different sample (C4) is found in Figure 3c. The area
contours obtained from the three repetitions performed
by operators 1 (white, red, and green) and 2 (blue, yellow,
and cyan) for sample C3 are illustrated in Figure 3d. In
Figure 3e, the area contours achieved by operator 1 using
different samples (C3: white, red and green; C4: blue,
yellow and cyan) can be seen.

Considering transducer B, one can see in Figure 4a
the heated area produced at the third repetition performed
by operator 1, using sample B4. For the same sample B4,
the heated area obtained at the first repetition performed
by operator 2 is illustrated in Figure 4b. An example of
the heated area produced by a different sample (B3)
is provided in Figure 4c. The area contours obtained
from the three repetitions performed by operators
1 (white, red and green) and 2 (blue, yellow and cyan)
for sample B4 are illustrated in Figure 4d. The area
contours achieved by operator 1 using different samples
(B3: white, red and green; B4: blue, yellow and cyan)
are presented in Figure 4e.

Figure 5a illustrates the heated area produced by
transducer A at the first repetition (rep1) performed by
operator 1, using sample A4. For the same sample A4,
the heated area obtained at the third repetition performed
by operator 2 is illustrated in Figure 5b. An example of
the heated area produced by a different sample (A3) is
provided in Figure 5c. The area contours obtained from
the three repetitions performed by operators 1 (white,
red and green) and 2 (blue, yellow and cyan) for sample
A4 are in Figure 5d. Finally, the area contours achieved
by operator 1 using different samples (A3: white, red
and green; A4: blue, yellow and cyan) are presented in
Figure 5e.

Figure 6 illustrates the relationship between the
heated area values and respective effective radiating
areas.

The heated area values for all samples, with the
respective overlap ratios, are summarized in Table 2. c2

tests revealed that all samples from the same group



Fig. 2. Examples of the beam cross-sectional area 0.3 cm from the face of the treatment heads: (a) transducer A, (b) trans-
ducer B, (c) transducer C. Measurements were performed according to IEC 61689 (IEC 2013a).

Thermochromic phantom for qualitative analysis of US physiotherapy systems d R. M. COSTA et al. 303
(intragroup test) were homogeneous (p , 0.01) for each
operator independently. Hence, it was possible to calcu-
late the mean area and respective standard deviation
among the samples from the same group for each
operator. These results are summarized in Table 3;
the F-test indicated that the variances between the two
operators were homogeneous (intergroup for different
operators). Consequently, the variances were combined,
and the t-test for the difference between two means
Fig. 3. (a) Example of a region heated in sample C3 achieved
(b) Example of result obtained by operator 2, for the same sa
different sample (C4). (d) Area contours obtained from the th
green) and 2 (blue, yellow and cyan) for sample C3. (e) Area

(C3: white, red and green; C4
(a 5 0.05) indicated no statistical difference between
the results achieved by each operator, that is, the overall
intergroup (Table 3). Finally, the results achieved by
each operator were combined, and the final mean area
for each transducer was determined with its respective
standard deviation at intermediate measurement preci-
sion (Table 4). For the definition of ‘‘intermediate mea-
surement precision,’’ please refer to JCGM 200:2012
(BIPM 2012).
by operator 1, at second repetition, with transducer C.
mple C3. (c) Example of the heated area produced by a
ree repetitions performed by operators 1 (white, red and
contours obtained by operator 1 using different samples
: blue, yellow and cyan).



Fig. 4. (a) Example of a region heated in sample B4 achieved by operator 1, at second repetition, with transducer B.
(b) Example of result obtained by operator 2 for the same sample B4. (c) Example of the heated area produced by a
different sample (B3). (d) Area contours obtained from the three repetitions performed by operators 1 (white, red and
green) and 2 (blue, yellow and cyan) for sample B4. (e) Area contours obtained by operator 1 using different samples

(B3: white, red and green; B4: blue, yellow and cyan).
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DISCUSSION AND CONCLUSIONS

Transducer C gives a regular circular pattern, and the
results obtained using different thermochromic phantom
samples are quite similar (Fig. 3e); this similarity is
confirmed by the high values for overlap ratio (.0.88).
Moreover, transducer C yields the largest AER value and
heated area. As previously mentioned, this transducer is
not a typical physiotherapy treatment head, but an NDT
transducer.

Transducer B does not give a circular heating
pattern, which is in agreement with its respective beam
cross-sectional area (‘‘bitten cookie’’ pattern in Fig. 2b).
One can also observe the reproduction of this heating
pattern at different repetitions for different operators
(Fig. 4d) and also for different thermochromic phantom
samples (Fig. 4e). Moreover, despite the non-circular
heating pattern, the values of the overlap ratio are higher
than 0.83. It is noteworthy that care was taken to orient
the transducer in the same manner for every repetition.
Transducer A gives the lowest heated area, as well as
the lowest AER value.
In assessing transducer A, one can note a small
intensity reduction in the top right region of the beam
cross-sectional area (Fig. 2a). Despite this reduction in in-
tensity, area reduction does not appear clearly in the heat-
ed region; the heated area seems to have a slightly oval
shape (Fig. 5). By comparing this result with that ob-
tained for transducer B, one could also expect the heated
area to have a ‘‘bitten cookie’’ pattern (Fig. 2b). However,
it is clear that the intensity reduction in the top right
region of transducer A is less intense than that observed
for transducer B. In addition, the beam cross-sectional
area obtained by mapping the transducer using a hydro-
phone has higher resolution than the area obtained by
using the thermochromic phantom.

It can be observed that the overlap ratio values for
transducer A are smaller than those for the other two
transducers; in addition, the standard deviation of the
heated area for transducer A is higher. Assessment of
the AER values listed in Table 1 reveals that transducer
A has higher expanded uncertainty than the other
transducers. This is an indication that the repeated



Fig. 5. (a) Example of a region heated in sample A4 achieved by operator 1, at second repetition, with transducer A.
(b) Example of result obtained by operator 2 for the same sample A4. (c) Example of the heated area produced by a
different sample (A3). (d) Area contours obtained from the three repetitions performed by operators 1 (white, red and
green) and 2 (blue, yellow and cyan) for sample A4. (e) Area contours obtained by operator 1 using different samples

(A3: white, red and green; A4: blue, yellow and cyan).
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Fig. 6. Scatter plot revealing the relationship between heated
area and effective radiating area. Vertical bars represent stan-
dard deviation from heated areas (see Table 4), and horizontal
bars represent the combined uncertainties from effective radi-

ating areas (see Table 1).
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measurements of AER for transducer A tend to present
high dispersion among the results obtained. This disper-
sion seems to be reflected in the results achieved using
the thermochromic phantom.

General results indicate that different thermochro-
mic phantom samples produce heated area values that
are not statistically significantly different. In addition,
no statistical difference is observed between the results
achieved by two operators (Table 3) for all transducers.
These results suggest that different thermochromic phan-
tom samples have homogeneous behavior and tend to
produce no statistically different results for a specific
ultrasonic transducer assessed. Moreover, values of the
heated area obtained for each transducer differ statisti-
cally, indicating that the thermochromic phantom
samples have sufficient sensitivity to represent the
heated areas of ultrasonic transducers with different
characteristics.

The National Physical Laboratory (UK) has
developed an acoustically absorbing tile containing a sin-
gle thermochromic pigment, which changes color in
response to the heating produced by the time-averaged in-
tensity generated by ultrasound physiotherapy treatment
heads (Butterworth et al. 2012). Zauhar et al. (2015)
used the same thermochromic tile described by
Butterworth et al. (2012) to estimate the effective radi-
ating area of nine ultrasound physiotherapy treatment
heads. They assumed that the local time-averaged acous-
tic intensity at each pixel is proportional to the square of



Table 2. Areas of the heated region for transducers A–C with respective standard deviations, achieved by operators 1 and 2

Transducer Sample

Operator 1 Operator 2

Mean area (cm2) Standard deviation (cm2) Overlap ratio* Mean area (cm2) Standard deviation (cm2) Overlap ratio*

A 1 1.23 0.05 0.88 1.19 0.13 0.76
2 1.27 0.11 0.76 1.21 0.15 0.71
3 1.26 0.04 0.79 1.23 0.15 0.75
4 1.47 0.03 0.89 1.28 0.21 0.71

B 5 1.60 0.13 0.83 1.60 0.10 0.84
6 1.64 0.01 0.89 1.68 0.06 0.83
7 1.58 0.02 0.87 1.63 0.03 0.83
8 1.63 0.03 0.87 1.65 0.05 0.84

C 9 3.96 0.13 0.93 3.73 0.10 0.94
10 3.77 0.19 0.90 3.85 0.25 0.88
11 3.89 0.19 0.89 3.75 0.16 0.91
12 3.77 0.05 0.94 3.79 0.10 0.92

* Respective overlap ratio among the three repetitions for each sample is also presented.
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the acoustic pressure integrated along the optical path.
Then, they determined AER directly from the images
acquired from the thermochromic tile using the calcula-
tion described in IEC 61689 (IEC 2013a). Zauhar et al.
(2015) state that the differences between the AER values
obtained experimentally and those specified by the manu-
facturer are lower than 25%, with the AER value obtained
using the thermochromic material tending to underesti-
mate the declared AER.

The heated area values obtained in our work are
lower than the respective effective radiating area (AER)
determined as described in IEC 61689 (IEC 2013a) using
the field mapping facility (compare Tables 1 and 4).
Hence, we believe that the proposed procedure cannot
be employed for the direct determination of AER.
However, the two values are highly correlated (Fig. 6),
suggesting that the proposed procedure could be used
as a quick test to qualitatively assess possible changes
in system performance. The heating pattern could be
recorded during the acceptance test of the ultrasound
physiotherapy device and used as a reference for future
tests. It is important to note that AER is not related to
the output power of an ultrasound system, whereas the
heating area, as proposed in the present work, is related
to the output power. This is primarily the reason why
Table 3. Mean area of samples from the same group for

Transducer

Operator 1 Operator 2

Mean
area (cm2)

Standard
deviation (cm2)

Mean
area (cm2)

Standard
deviation (cm2)

A 1.31 0.11 1.23 0.14
B 1.62 0.06 1.64 0.07
C 3.85 0.16 3.78 0.15

* The calculated F-values are smaller than the F-tabulated value, indicating
the calculated t-values are smaller than the t-tabulated value, indicating that n
operators. n1, n2 and n3 are the degrees of freedom for the tests.
the regression line in Figure 6 does not cross the (0, 0)
point, that is, the origin of the coordinate system of the
graph. Moreover, if the main parameters used in the pro-
posed procedure (e.g., insonation time and output power)
vary, it is not possible to assume or theoretically preview
the regression behavior.

The results in Table 4 indicate the importance of
effectively using the entire evaluation procedure. Future
tests should have results lying within the confidence inter-
val of the mean values presented in Table 4. If a future test
fails to accomplish this, one could suspect that the ultra-
sonic output of the equipment is not the same as it was
during determination of the heated area values. This dif-
ference could be due to variation in its effective radiating
area, its output power or both.

Zauhar et al. (2015) reported that the repeatability
and reproducibility of results depend on the force applied
to the treatment head coupling. To mitigate this issue,
they proposed use of a weight of known mass in their
work. However, this problem seems to be more pro-
nounced in treatment heads with curved shapes, where
it is hard to apply sufficient weight to achieve adequate
repeatability. In our study, this problem did not exist
because water was used as the coupling medium between
the surface transducer and thermochromic phantom,
each operator and respective standard deviations*

F Tabulated
(a 5 0.05, n1 5 11,

n2 5 11) F Calculated

t Tabulated
(a 5 0.05,
n3 5 22) t Calculated

3.5 1.59 2.4 1.48
1.09 0.88
1.10 1.09

that the variances between the two operators are homogeneous, whereas
o statistical difference exists between the results achieved by different



Table 4. Mean areas obtained by combining the results
from both operators and respective standard deviations at

intermediate measurement precision

Transducer

Both operators

Mean area (cm2) Standard deviation (cm2)

A 1.27 0.12
B 1.63 0.06
C 3.81 0.16
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which facilitates the use of transducers with any surface
shape. Nevertheless, the procedure described herein is
applicable only if an adapter is used for each shape of
the treatment head. Here, it is important to clarify that
no standing waves were observed during the experiments
once less than –17 dB of the signal was reflected (the
acoustic impedance of the phantom was approximately
1.2 MRayl).

The present work used repeatability and intermedi-
ate precision measurement conditions rather than repro-
ducibility (BIPM 2012). In this regard, a test body was
studied for a specific application, including its homoge-
neity and short-term stability. Subjacent aspects such as
the camera, illumination condition and room temperature
would not influence the capability of the phantom to
change its color in response to temperature rise. The re-
sults experimentally and statistically indicated the phan-
tom’s capability to reproduce its behavior in repeatability
conditions.

Future work will involve additional studies applying
the proposed procedure as a quick test to assess changes
in ultrasonic beam cross-sectional shape during the life-
time of ultrasound physiotherapy systems. Another
possible application of the thermochromic phantom is
its use as a fast-track analysis tool in an ultrasonic trans-
ducer production line, eliminating the need for digital im-
age analysis; however, further development is required to
validate this application.
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