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ABSTRACT

Objective: The study aims to investigate the standardized, traceable dose amounts that will create the desired therapeutic physiological change 
in the tissue and prevent the risk of tissue damage in the light of metrology principles

Methods: In the study carried out in TÜBİTAK National Metrology Institute Medical Metrology Laboratory, a muscle phantom simulating the 
acoustic properties of muscle tissue was created and thermocouples were placed in it. Ultrasound at different intensities and durations at 1 
MHz frequency was applied to the phantom. The temperature changes measured by the thermocouples were recorded. Each measurement 
was repeated three times and averaged

Results: 14 minutes application at 1 W/cm2 density, 10 minutes application at 1.5 W/cm2 density, ~7 minutes application at 2 W/cm2 density, 
and ~4 minutes application at 2.5 W/cm2 density have been achieved for the temperature range needed to produce therapeutic effect.

Conclusions: In order to achieve the therapeutic effect, the ultrasound doses used in the procedure should be checked. Measurements in multi-
layer phantoms would be useful in future research.
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Investigation of Therapeutic Ultrasound Dose on Muscle 
Phantom: An Experimental Study Investigation of Therapeutic 
Ultrasound Dose

1. INTRODUCTION

Therapeutic ultrasound is an accepted therapeutic agent in 
reducing pain and spasm in tissues. It is a high-frequency 
current that is preferred because of its thermal and 
mechanical effects on deep tissues, and it is a frequently 
used, easy-to-apply, and economical electrotherapy 
modality (1–3). As a result of the absorption of ultrasound 
in the tissues, mechanical vibration and sonic energy are 
transformed into heat energy in proportion to the intensity 
of ultrasound. Due to the increase in temperature in the 
tissue, circulation increases, the inflammatory process 
improves and an analgesic effect occurs (4). To achieve the 
beneficial therapeutic effect, the tissue temperature must 
be kept between 40-45°C for at least 5 minutes. Destructive 
consequences occur when the local tissue temperature 
exceeds 45°C (5)

Despite its widespread use, there are conflicting results in 
the literature regarding the therapeutic effect of therapeutic 
ultrasound. In previous studies to investigate the effectiveness 
of ultrasound, the duration of application differed, a standard 

dose data was not found, and quantitative information 
supporting the effectiveness of application protocols 
recommended for different clinical conditions was not 
presented.(6–10) Treatment plan is based on the clinician’s 
individual experience. As a result, therapeutic ultrasound 
applications do not include standardized, comparable dose 
concepts supported by traceable measurements. The lack 
of accurate dose information makes it difficult to determine 
dose-response curves and to create effective treatment plans 
(11). This can lead to excessive or inadequate treatment of 
the tissue and even to the patient’s harm.

Test materials that can describe the special characteristics 
of human tissues in ultrasound applications are called 
phantoms (12). It is used to test US systems or to investigate 
the interaction of sound waves with tissue. There are many 
phantoms in the literature that mimic human tissue. To 
develop measurement techniques and validate theoretical 
models, tissue-mimicking phantoms should have acoustic 
and thermal properties equivalent to human tissues Speed 
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of sound, attenuation coefficient, and acoustic impedance of 
phantom and the tissues must be similiar. (11,13,14)

This study was planned due to the lack of a clear framework 
for therapeutic US applications in the literature. The aim of 
the study is to investigate the standardized, traceable dose 
amounts of therapeutic ultrasound that will create the desired 
therapeutic physiological change in the tissue and prevent the 
risk of tissue damage with reference to the temperature increase 
on the muscle phantom in the light of metrology principles.

2. METHODS

This research was conducted in the TÜBİTAK Metrology 
Institute Medical Metrology Laboratory from April 8, 2018 
to December 31, 2020. The study was conducted under 
the conditions required for the competence of the test 
and calibration laboratories. All instruments to be used in 
measurements were calibrated at first. The algorithm with 
the study progress steps is given in Table 1.

Table 1. Study algoritm

Construction of muscle phantom

Measurement of the acoustic properties of the phantom

Forming the phantom container and inserting thermocouples into it

Pouring the phantom into the container and waiting for it to cool

Applying ultrasound to the phantom

Recording the measured temperature values

2.1. Construction of Muscle Phantom and Measurement of 
the Acoustic Properties

Materials to be used in phantom construction were prepared 
and their masses were measured. Agarose powder (A9539-
500G Sigma-Aldrich, USA), degassed water, aluminum 
powder Al2O3 (Nanokar, Turkey), and glycerin (Cleanmaster, 
Turkey) were used to prepare the muscle phantom.

Speed of sound, attenuation coefficient, and acoustic 
impedance are the most essential acoustic properties of soft 
tissue phantoms. The attenuation coefficient and speed of 
sound of the phantom was then measured ten times and 
averaged. In the speed of sound and attenuation coefficient 
measurements, a digital storage oscilloscope (Tektronix TDS 
2002C, USA) and a pulser receiver (Panametrics Model 5052 
PR, USA) were used, as well as 1 MHz probes (M639 SMN2M5, 
Meccasonics LTD, UK). Calculations of density and acoustic 

impedance were carried out. Uncertainty calculations are 
important in determining how much information is missing 
from a measurement result JCGM 100: 2008 GUM was used 
to guide the uncertainty measurements (15). The factors 
affecting the speed of sound and attenuation coefficient 
measurements results were identified. The components of 
the uncertainty budget were determined. Measurement 
uncertainty was calculated. It was possible to calculate 
expanded uncertainty, U, by taking the square root of the 
number of the variances and applying a coverage factor k=2, 
which corresponds to a coverage probability of approximately 
95% for normal distribution.

2.2. Preparation of Phantom Container and Insertion of 
Thermocouples

A phantom container of 58x108x74 mm was drawn with 
the SolidWorks application. The center of the area where 
the ultrasound will be applied was determined. The spaces 
where the thermocouples will be placed were drawn at a 
depth of 3 cm from the phantom surface, to the center of 
the application area and 1cm and 2cm from this point. Then 
the phantom was removed from the 3D printer (Zaxe X1-Plus 
ZAXE) and 3 connectable 10 kOHM NTC type thermocouples 
were placed in the spaces. Thermocouples are directly 
connected to the temperature measurement device

2.2.1. Pouring the Phantom Into the Container

The level where the muscle phantom will be pour was 
marked on the container. The prepared muscle phantom was 
poured into the container where the thermocouples were 
placed and left to cool.

2.3. Dose Calculations

Acoustic dose is defined as the energy deposited per unit 
mass of a medium supporting an acoustic wave (16). The 
minimal amount of energy that was determined to be 
beneficial for therapeutic ultrasound was 2250 Joules each 
session. For the calculation of the energy required during the 
ultrasound application, given formula is used (17).
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2.4 Applying Ultrasound To The Phantom 

Before the measurements, it was checked whether the device to be used in the study applies the 

power that appears on the it’s screen.. The device used was PUG, a portable ultrasonic power meter 

created by TÜBTAK UME Medical Metrology Laboratory. Then phantom container placed in the 

experimental setup.  

 

Multi-Channel Temperature Measurement Device (Model 1, 2019) which provides its energy via USB, 

was connected to the computer. Data can be read and commands can be entered on the screen. The 

software of the Temperature Measurement Device was developed in TÜBİTAK UME Medical 

Total energy per session (Joules) = Intensity (W/cm2) x time (seconds) x US head size (cm) 

2.4. Applying Ultrasound to the Phantom

Before the measurements, it was checked whether the 
device to be used in the study applies the power that appears 
on the it’s screen.. The device used was PUG, a portable 
ultrasonic power meter created by TÜBTAK UME Medical 
Metrology Laboratory. Then phantom container placed in the 
experimental setup.

Multi-Channel Temperature Measurement Device (Model 1, 
2019) which provides its energy via USB, was connected to the 
computer. Data can be read and commands can be entered 
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on the screen. The software of the Temperature Measurement 
Device was developed in TÜBİTAK UME Medical Metrology 
Laboratory, and the data can be transferred to Excel as raw data 
from this software interface (https://www.ume.tubitak.gov.
tr/en/laboratuvarlarimiz/projects-18, accessed: 25.09.2021). 
They can be read instantly directly from the screen display.

To mimic human muscle tissue, the phantom must be held 
at 37°C (18) . A temperature system was created to bring the 
phantom’s temperature to 37°C. The thermocouple measuring 
the temperature of the system working with electricity was 
prepared using the heating resistor that provides heating and 
prevents the temperature from dropping below 37°C and the 
screen showing the set temperature

In the measuring setup, a phantom cup containing 
thermocouples was mounted. The phantom was fitted with 
the apparatus (with the size of two times of the transducer 
head) prepared in accordance with the effective radiating 
area (ERA). With the temperature control mechanism, 
the phantom’s temperature was raised to 37 °C. The 5 cm 
ultrasound head of the ultrasound device with an ERA of 4 
was used (Chattanooga Intelect Mobile Ultrasound).

In line with the times calculated by the dose measurements, 
ultrasound was applied at a frequency of 1 MHz and 
in continuous mode. The application started when the 
value measured by the thermocouples showed 37°C. The 
ultrasound head was moved at a speed of about 4 centimeters 
per second. Degassed water was used as coupling agent. 
The value measured by the thermocouples was recorded by 
applying at a density of 1, 1.5, 2, 2.5 watt / cm2 for different 
durations. Each measurement was taken three times and the 
average was calculated. The temperature of the phantom 
was expected to decrease to 37 ° C after each measurement. 
The therapeutic dose was described as the intensity and 
duration that enabled the temperature to rise above 40 ° C 
for 5 minutes. The parameters that will affect the results of 
the temperature measurements were determined and the 
uncertainty value of the temperature measurement results 
was calculated.the experimental set up is given in figure 1

Figure 1. Temperature measurement set up by the ultrasound 
application

3. RESULTS

3.1. Results of Measurement of Acoustic Parameters of 
Muscle Phantom

The mass ratios of the materials used in phantom 
construction are given in Table 2. The acoustic parameters 
of the phantom we constructed are reported in Table 3. The 
acoustic properties of muscle tissue are included in the Table 
3 too (19).

Table 2 Materials and mass ratios used in phantom construction

Material Composition ratios (%) – by mass
Distilled Water 81.5
Agarose 1.5
Aluminum Powder (Al2O3 0,3µm) 7
Glycerin 10

Table 3. Acoustic parameter of muscle phantom and muscle tissue

Acoustic parameter

Result of 
measurement

(mean± standard 
deviation)

Muscle tissue 
(19)

Speed of sound (m/s) 1549.8±3.89 1547
Attenuation coefficient (dB/cm 
MHz)

1.14 ±0.08 1.09

Acoustic impedance (MRayl) 1.632 1.62
Density (kg/m³) 1053.5 1050

3.2. Results of Temperature Measurement with Ultrasound 
Application

Temperature data depending on different time and intensity 
after ultrasound applications are given below. In al figures 
T1, T2 and T3 show the temperatures measured by the 
thermocouples.

T1. Thermocouple in the center of the application area

T2. Thermocouple placed 2 cm away from T1

T3. Thermocouple placed 3 cm away from T1

The temperature changes caused by the application of 
ultrasound at 1Mhz frequency and 1 W/cm2 intensity in the 
phantom depending on time are given in Figure 2.

In the 10-minute and 12-minute applications, the temperature 
increased to 40 °C but in only 14 minutes of application, it 
remained above 40 °C for 5 minutes.

Figure 3 shows the temperature changes in the phantom 
generated by ultrasound at 1Mhz frequency and 1.5 W/cm2 
intensity as a function of time.

In 7 minutes of application, the temperature rise is 
approximately 2 °C. The temperature did not rise above 40 °C. 
In the 8-minute application, the phantom temperature rose 
above 40 °C after approximately 7 minutes of the application 
and remained above 40 °C until the 11th minute. In the 
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10-minute application, the phantom temperature remained 
above 40 °C for more than ten minutes.

Figure 4 depicts the temperature fluctuations in the phantom 
as a function of time caused by ultrasound at 1Mhz frequency 
and 2 W/cm2 intensity.

According to the graphic data in Figure 4, the peak 
temperature value of the 6-minute application is 39.2 °C. 
With the 7-minute ultrasound application, the phantom 
temperature reached 40 °C in the 6th minute. When it 
drops below 40°C again, it is ten minutes. After 8 minutes 
of application, the time it stays above 40°C is more than ten 
minutes.

The temperature changes caused by the application of 
ultrasound at 1Mhz frequency and 2.5 W/cm2 intensity in the 
phantom depending on time are given in Figure 5.

As seen in Figure 5, an increase of 2.45°C was achieved 
with a 3-minute application. In the 4-minute application, 
the phantom temperature remained above 40 °C for 
approximately four and a half minutes. In the 5-minute 
application, the temperature remained above 40 °C for five 
minutes.

Figure 2A

Figure 2B

Figure 2C.

Figure 2. Time-dependent temperature changes at a density of 1 
W/cm2. A. At 10 mins application B. At 12 mins application C. At 14 
mins application

Figure 3A

Figure 3B.
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Figure 3C.
Figure 3. Time-dependent temperature changes at a density of 1,5 
W/cm2 A. At 7 mins application B. At 8 mins application C. At 10 
mins application

Figure 4A.

Figure 4B.

Figure 4C.
Figure 4. Time-dependent temperature changes at a density of 2 W/
cm2 A. At 6 mins application B. At 7 mins application C. At 7 mins 
application

Figure 5A.

Figure 5B.
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Figure 5C.
Figure 5. Time-dependent temperature changes at a density of 2,5 
W/cm2 A. At 3 mins application B. At 4 mins application C. At 5 mins 
application

Depending on the applied density, the times required for the 
therapeutic effect at 1 MHz frequency are given in the Table 4

Table 4. Intensity and time at which the therapeutic effect occurs

Intensity (W/cm2) Time (min)
1 14

1,5 8
2 6-7

2,5 4-5

3.4. Temperature Measurements’ Uncertainty

The sources of standard uncertainty and the resulting combined 
standard uncertainty of temperature measurements during 
ultrasound application are listed in Table 5.

Table 5. Uncertainty Budget for Temperature Measurements

Sources of uncertainty Error%
Probability 
Distribution

Divisor Uncertainty%

Error of measurement 
system (Thermocouple 
system)

0.02 Normal 2 0.01

Environment 
temperature change and 
fluctation

0.05 Rectangular 1.73 0,03

Probe positionning error 0.08 Rectangular 1.73 0.05
Water temperature 
change

0.02 Rectangular 1.73 0.01

Thermocouple 
positioning

0.09 Rectangular 1.73 0.05

Distance change between 
probe-thermocouple

0.08 Rectangular 1.73 0.05

Repeatibility 0.09 Rectangular 1.73 0.05
Reproducebility 0.10 Rectangular 1.73 0.06
Loss of phantom’s 
properperties

0.10 Rectangular 1.73 0.06

Combined Uncertainty 0.13
Expanded Uncertainty= U (k=2) 0.26

4. DISCUSSION

In light of the principles of metrology, the study intends to 
investigate the standardized, traceable dose quantities that 
will produce the required therapeutic physiological change in 
the tissue while avoiding the danger of tissue harm. For this 
purpose, phantom simulating muscle tissue was created and 
its acoustic properties were measured. Then, 1, 1.5, 2, 2.5 
Watt/cm2 intensity ultrasound was applied to this phantom 
at a frequency of 1 MHz and the time to create a therapeutic 
effect was determined.

Phantom construction is guided by Gutierez et al. (20). 
They have used graphite powder as a scatter agent in their 
work but we used aluminum powder. The scattering ratio 
used was changed until the phantom best reflected the 
acoustic properties of the muscle tissue. Phantom’s speed of 
sound, attenuation coefficient was measured ten times and 
averaged. Mast’s data were used as a basis for our research 
(19). The speed of sound was 1549.8±3.8 m/s (U=6.7), which 
was consistent with the Mast’s data, 1547 m/s. According to 
Mast , the attenuation coefficient of muscle tissue is 1.09 dB 
/ cm MHz, while various values such as 1.1 dB /cm MHz have 
been reported in the literature (21). These figures are similar 
to the attenuation coefficient we measured at the end of the 
investigation, 1.14±0.8 dB / cm MHz (U =0.55). The acoustic 
impedance and density of muscle tissue, according to Mast, 
are 1630 MRayl and 1050 kg/m3, respectively. The muscle 
phantom’s acoustic impedance (1.632 MRayl) and density 
(1053,5 kg/m3) values were computed extremely near to the 
reference values. The table does not include the standard 
deviation in acoustic impedance and density calculations 
because it is so small. this phantom is appropriate for use in 
ultrasonic measurements.

1 MHz and 3 MHz frequencies are used in therapeutic 
ultrasound applications. Since the muscle tissue is located 
deeper, 1 MHz frequency application, which penetrates 
deeper, is preferred. There are different data on the amount 
of depth 1MHz penetrates. Watson states that 1 Mhz 
penetrates to an average of 4 cm depth, since tissue densities 
are different in humans (22). Cisowska-Adamiak et al showed 
that 1 MHz, has a half-depth penetration in the muscle of 
approximately 1.2 cm (23) As a result of the experiments in 
which we evaluated the temperature increase at different 
depths before starting the this study, we noted that the 
maximum temperature increase was 3 cm. Therefore tissue 
temperatures were measured at 3 thermocouple locations at 
3 cm depths from the phantom surface.

One of the reasons for the use of continuous ultrasound 
is to increase the temperature that will create a biological 
effect in the tissue. Contrary to its name, thermal dose is 
time dependent (16) Therefore, the formula suggested by 
Hougton was used. The application time to meet the amount 
of energy required for effective treatment was calculated 
by placing the density and area of the device head into 
the formula. Ultrasound was applied to the phantom at 
times below and above the value found as a result of the 
calculations and temperature changes were observed.
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The temperature measurement system has a measurement 
error of ±0.2 °C. The system takes a measurement every two 
seconds. The graphs show changes on a minute basis. The 
deviations seen in the graphs are thought to be caused by 
these factors. The application head movement was made to 
be approximately 4 cm/sec. No timer was used since the head 
movement speed had no effect on the temperature increase 
and all applications were made by the same person (24). 
Again, since the coupling agent used during the application 
did not affect the temperature change, water, which did 
not cause deterioration on the phantom surface, was used 
instead of gel (25).

It has been observed that the time required to exceed 40 °C 
at the end of 1W/cm2 application should be 10 minutes and 
the application time should be 14 minutes for the therapeutic 
effect to ocur, in this study. Myrer et al. placed a thermocouple 
in the posterior calf and applied 1 W/cm2 ultrasound for 
10 minutes and showed that the temperature increased 
by about 6 °C (26). Draper et al. recorded a temperature 
increase of 3.5 °C in the medial triceps surae muscle at the 
same dose (27). In our study, an increase of 3.03 °C (U=0.26) 
was achieved after 10 minutes of application. This difference 
is thought to be caused by skin and adipose tissue in vivo 
studies.

As a result of our experiments, the time required for a 
therapeutic effect in 1.5 W/cm2 applications was found to 
be approximately 8 minutes. It has been shown in previous 
studies that ultrasound is not effective in lower duration 
applications (28) Ebadi et al in which they investigated the 
effectiveness of ultrasound in patients with frozen shoulder, 
they applıed to the patients ultrasound for 6 minutes at an 
intensity of 1.5 W/cm2. They showed that ultrasound did 
not have any effect on pain, range of motion and function 
(7). Yıldırım et al. compared the results of 4 and 8 minutes 
of application and concluded that 8 minutes of application 
was more effective in reducing pain and increasing the ability 
to carry out activities of daily living in patient with knee 
osteoarthritis. (29). These data support the results of our 
study, although it shows that the application times in the 
previous studies should be reviewed.

 Test results from this study show that the time required for 
the application of 2 W/cm2 is approximately 7 minutes. In 
the application of 2 W/cm2, the rate of temperature increase 
in the tissue is 0.38 per minute (30). When we look at the 
graphic data given in the figure, it is seen that this speed 
is 0.43 in our study. This difference is considered by our 
study made from a single-layer pantom. But measurement 
uncertainty must also be taken into account.

Although it was stated that therapeutic ultrasound 
applications were performed at an intensity of 0.2-3 W/cm2, 
it was seen that the intensity of 2.5 was not preferred in the 
study. If this application is to be preferred, according to the 
results of our data, it is thought that the application of 4 
minutes at this intensity is more reliable and the applications 
performed over a period of time may cause tissue damage.

Since ultrasound applications are used in musculoskeletal 
problems, muscle phantom was preferred. Although the 
acoustic values of the muscle phantom meet the values given 
in the literature for soft tissue (including skin, fat, fascia, 
muscle), it would be more appropriate to use multi-layered 
phantoms in order to be more precise and simulate the 
human body in the best way (19). In this respect, the use of 
a single-layered phantom is seen as a limitation of our study. 
In this respect, the use of a single-coil phantom is seen as a 
limitation of our study.

5. CONCLUSION

In this study, the doses required to reach the temperatures 
that will reveal the therapeutic effect in ultrasound 
applications were investigated. This study is experimental 
study and it was made in accordance with metrology 
principles in terms of determining the factors affecting 
the measurement results and giving the uncertainty value. 
Therefore, the results can be considered as reliable. In order 
to achieve the therapeutic effect, the ultrasound doses used 
in studies should be checked.

Phantoms are more used in high intensity focused ultrasound 
applications. In this regard, they can be used also in 
measuring the effıcıency of the physiotherapy devices as well 
as for dosing in physiotherapy. Measurements in multi-layer 
phantoms would be useful in future research.

Conflict of interest: The research is not financed, and the 
authors have no conflicts of interest to report.

REFERENCES

[1]	 Baker KG, Robertson VJ, Duck FA. A Review of Therapeutic 
Ultrasound : Phys Ther [Internet]. 2001 Jul 1 [cited 2020 Jan 
6];81(7):1351–8. Available from: https://academic.oup.com/
ptj/article-abstract/81/7/1339/2857679

[2]	 Lioce EEAN, Novello M, Durando G, Bistolfi A, Actis MV, 
Massazza G, et al. Therapeutic Ultrasound in Physical Medicine 
and Rehabilitation: Characterization and Assessment of Its 
Physical Effects on Joint-Mimicking Phantoms. Ultrasound 
Med Biol. 2014;40(11):2743–8.

[3]	 Rodriguez E, Ramírez Ramírez C. Effects of therapeutic 
ultrasound on pain intensity and quality of life in persons with 
knee osteoarthritis. Physiotherapy. 2015;101.

[4]	 Paliwal S, Mitragotri S. Therapeutic opportunities in biological 
responses of ultrasound. Vol. 48, Ultrasonics. 2008. p. 271–8.

[5]	 Watson T. Ultrasound in contemporary physiotherapy practice. 
Ultrasonics. 2008;48(4):321–9.

[6]	 Balci TO, Turk AC, Sahin F, Kotevoglu N, Kuran B. Efficacy of 
therapeutic ultrasound in treatment of adhesive capsulitis: A 
prospective double blind placebo-controlled randomized trial. 
J Back Musculoskelet Rehabil. 2018;31(5):955–61.

[7]	 Ebadi S, Forogh B, Fallah E, Babaei Ghazani A. Does ultrasound 
therapy add to the effects of exercise and mobilization in 
frozen shoulder? A pilot randomized double-blind clinical trial. 
J Bodyw Mov Ther [Internet]. 2017;21(4):781–7. Available 
from: https://doi.org/10.1016/j.jbmt.2016.11.013



601Clin Exp Health Sci 2022; 12: 594-601 DOI: 10.33808/clinexphealthsci.950896

Investigation of Therapeutic Ultrasound Dose Original Article

How to cite this article: Gun N, Karaboce B, Yurdalan SU. Investigation of Therapeutic Ultrasound Dose on Muscle Phantom: 
An Experimental Study Investigation of Therapeutic Ultrasound Dose. Clin Exp Health Sci 2022; 12: 594-601. DOI: 10.33808/
clinexphealthsci.950896

[8]	 Rehman U, Rehman S. Effectiveness of Mobilization with 
Movement with and without Therapeutic Ultrasound in 
Rehabilitation of Idiopathic Adhesive Capsulitis. J Riphah Coll. 
2013;1(1).

[9]	 Cakir S, Hepguler S, Ozturk C, Korkmaz M, Isleten B, Atamaz 
FC. Efficacy of Therapeutic Ultrasound for the Management of 
Knee Osteoarthritis. Am J Phys Med Rehabil. 2014;93(5).

[10]	 Zhang C, Xie Y, Luo X, Ji Q, Lu C, He C, et al. Effects of therapeutic 
ultrasound on pain, physical functions and safety outcomes 
in patients with knee osteoarthritis: A systematic review and 
meta-analysis. Clin Rehabil. 2016;30(10).

[11]	 Status R. Publishable JRP Summary Report for JRP HLT03 DUTy 
Dosimetry for ultrasound therapy. 2012;(March):2–3.

[12]	 Vardaki MZ, Kourkoumelis N. Tissue Phantoms for Biomedical 
Applications in Raman Spectroscopy: A Review. Biomed Eng 
Comput Biol. 2020 Jan;11:117.959.722094810.

[13]	 Zeqiri B, Scholl W, Robinson SP. Measurement and testing of 
the acoustic properties of materials: A review. Metrologia. 
2010;47(2).

[14]	 Culjat MO, Goldenberg D, Tewari P, Singh RS. A review of tissue 
substitutes for ultrasound imaging. Ultrasound Med Biol. 
2010;36(6):861–73.

[15]	 Joint Committee For Guides In Metrology. Evaluation of 
measurement data — Guide to the expression of uncertainty 
in measurement. Int Organ Stand Geneva ISBN [Internet]. 
2008;50(September):134. Available from: http://www.bipm.
org/en/publications/guides/gum.html

[16]	 Hpa. Health Effects of Exposure to Ultrasound and 
Infrasound Report of the independent Advisory Group on 
Non-ionising Radiation [Internet]. Environmental Hazards. 
2010. Available from: http://www.hpa.org.uk/web/
HPAweb&HPAwebStandard/HPAweb_C/126.502.8759717

[17]	 Alexander LD, Gilman DRD, Brown DR, Brown JL, Houghton 
PE. Exposure to Low Amounts of Ultrasound Energy Does Not 
Improve Soft Tissue Shoulder Pathology: A Systematic Review. 
Phys Ther. 2010;90(1):14–25.

[18]	 González-Alonso J, Quistorff B, Krustrup P, Bangsbo J, Saltin 
B. Heat production in human skeletal muscle at the onset of 
intense dynamic exercise. J Physiol. 2000;524(2):603-15.

[19]	 Mast TD. Empirical relationships between acoustic parameters 
in human soft tissues. Acoust Res Lett Online. 2000;1(2000):37–
42.

[20]	 Gutierrez MI, Lopez-Haro SA, Vera A, Leija L. Experimental 
Verification of Modeled Thermal Distribution Produced by a 
Piston Source in Physiotherapy Ultrasound. Biomed Res Int. 
2016;2016.

[21]	 Singh RS, Culjat MO, Grundfest WS, Brown ER, White SN. 
Tissue mimicking materials for dental ultrasound. J Acoust Soc 
Am. 2008;123(4):EL39–44.

[22]	 Watson T. Therapeutic Ultrasound. http://www.electrotherpy.
org [Internet]. 2015;(2012):1–18. Available from: http://
www.electrotherapy.org/assets/Downloads/Therapeutic_
Ultrasound_2015.pdf%0Ahttp://www.electrotherapy.org

[23]	 Cisowska-Adamiak M, MacKiewicz-Milewska M, Szymkuć-
Bukowska I, Hagner W, Beuth W. Ultrasound therapy: Dose-
dependent effects in LBP treatment. J Back Musculoskelet 
Rehabil. 2019;32(2):339–43.

[24]	 Weaver SL, Demchak TJ, Stone MB, Brucker JB, Burr PO. Effect 
of Transducer Velocity on Intramuscular Temperature During 
a 1-MHz Ultrasound Treatment. J Orthop Sport Phys Ther 
[Internet]. 2006;36(5):320–5. Available from: http://www.
jospt.org/doi/10.2519/jospt.2006.2157

[25]	 Gulick DT, Ingram N, Krammes T, Wilds C. Comparison of 
tissue heating using 3 MHz ultrasound with T-Prep® versus 
Aquasonic® gel. Phys Ther Sport. 2005;6(3).

[26]	 Myrer JW, Measom GJ, Fellingham GW. Intramuscular 
Temperature Rises with Topical Analgesics Used as Coupling 
Agents during Therapeutic Ultrasound. J Athl Train. 
2001;36(1):20–6.

[27]	 Gallo JA, Draper DO, Brody LT, Fellingham GW. A comparison 
of human muscle temperature increases during 3-MHz 
continuous and pulsed ultrasound with equivalent temporal 
average intensities. J Orthop Sports Phys Ther. 2004;

[28]	 Analan PD, Leblebici B, Adam M. Effects of therapeutic 
ultrasound and exercise on pain, function, and isokinetic 
shoulder rotator strength of patients with rotator cuff disease. 
J Phys Ther Sci. 2015;27(10).

[29]	 Yildiriim MA, Uçar D, Öneş K. Comparison of therapeutic 
duration of therapeutic ultrasound in patients with knee 
osteoarthritis. J Phys Ther Sci. 2015;27(12).

[30]	 Draper DO, Ricard MD. Rate of Temperature Decay in Human 
Muscle Following 3 MHz Ultrasound: The Stretching Window 
Revealed. J Athl Train. 1995;


