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Abstract This technical report summarises the ba-

sics of ultrasound physics in the human body, partic-

ularly, human tissues (e.g., bladder). This report was

prepared to shed light on research performed on ultra-

sound medicine, particularly, A-mode ultrasound. The

researchers are expected to benefit from this report for

their studies conducted on medicine using ultrasound

technologies.
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1 Basics of ultrasound physics with respect to

the human tissues

The wavelength and frequency of US are inversely re-
lated, i.e., US of high frequency has a short wavelength

and vice versa [1]. The propagation/depth of US in

body with respect to the frequency is depicted in Ta-

ble 1. High US frequencies are accompanied by high

attenuation losses because of the short wavelength. In

other words, higher frequency sound waves have a larger

attenuation coefficient and thus are more readily ab-

sorbed in tissue, limiting the depth of penetration of

the sound wave into the body; the lower the frequency,

the less the attenuation and the higher the propaga-

tion/penetration. Higher frequencies are usually applied

to get higher resolution images close to the skin. No

imaging modality is used in our approaches. Therefore,

we employed single element transducers as a transmit-

ter and receiver simultaneously with a low frequency of
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Table 1: Depth of US penetration in the body with

respect to frequency.

Frequency (MHz) 1 2 3 5 10 20
Depth of Penetration (cm) 40 20 13 8 4 2

2.2 MHz to allow a longer range of wavelength to go

a longer distance as shown in Table 1 (notice the dis-

tance, 20 cm for 2 MHz). The wavelength for the soft

tissue in our case: λ = 1540/2.2 ∗ 106 = 0.7 mm where

1540 is the mean velocity of the tissue.

Sound energy is attenuated or weakened as it passes

through the tissue because parts of it are reflected, scat-

tered, absorbed, refracted or diffracted. What we are

interested in most is reflection or echoed pulses in this

study. When a sound wave travels through a tissue with

a uniform density and encounters an interface with a
different density, some of that sound wave bounces back

as an echo [2]. Reflection occurs between two adjacent

tissues/media and the amount of reflection is mainly

related to the acoustic impedance difference of these

two tissues/media; the greater the acoustic impedance

difference, the greater the amount of reflection. The

acoustic impedance (Z) is denoted by Rayl (kg/(s.m2))

and is defined as Z = p.c where p is the density (kg/m3)

of the media, c is the velocity of the media. The acous-

tic impedances of related tissues/media and reflection

of US energy at several interfaces are presented in Ta-

bles 2 and 3 [3] respectively. The reflection at the inter-

face of two media is calculated using the formula, R =

(Z1-Z2/Z1+Z2) [4] where Z1 represents the impedance

value of the proximal side of the interface and Z2 repre-

sent the impedance value of the distal side. No refrac-

tion occurs at the interface if the beam is perpendicular

no matter what the sound speed difference is between

the two materials. On the other hand, during the ap-

plication of US non-perpendicularly, the refraction in-
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Table 2: Acoustic impedance of several media at 37 C◦

(kg/s.m2 ∗ 106).
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Table 3: Reflection of US energy at several interfaces.
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Table 4: Refraction of US at several interfaces.

Interface Transmitted angle Refraction
Bone/soft tissue 10.9 19.1
Muscle/fat 27.1 2.9
Muscle/fluid 28.8 1.2
Muscle/blood 29.2 0.8

creases when the difference between the sound velocities

in two media increases. Soft tissues are mostly (60%)

composed of water and values for average velocity are

similar, varying only about 10% [5]. Therefore, there

are no such large difference throughout the media in the

ROI of bladder as shown in Table 4 [4]. The refraction

between soft tissue (c= 1540) and the fluid/urine (c=

1551) is 1.2◦ for a beam degree angle of sinQi = 28.8

using the formula, Snell's law, sinQt/sinQi = c2/c1
since the velocities in both media are almost same [4],

which makes easier to acquire echoed pulses generated

from the consecutive interfaces.

The Z value of the window of the transducer should

be almost the same Z value of the soft tissue, namely

abdomen for the better transmission of US beams emit-

ted from the transducer. One of the ways is to use

the quarter-wave matching to determine the impedance

value of matching layer with regard to the piezoelec-

tric element to minimize the reflection right in front

of the transducer surface using the single quarter-wave

matching formula, Zmatch =
√
Zt ∗ Zst where Zt is the

impedance value of the transducer and Zst is the impedance

value of the soft tissue. For instance, a piezoelectric

slab has a Z value of 30 x 106 and a soft tissue (e.g.,

abdomen) has a Z value of 1.63 x 106. In this case,

the matching layer on the transducer should have a

Z value of 7.106 to minimize the mismatch as calcu-

lated: Zmatch =
√

Zt ∗ Zst) =
√
(30x106 ∗ 1.63x106) =

7.106rayls , which provides efficient transmission of sound

waves from the transducer element to soft tissue and

vice versa by reducing the reflections at the interface of

transducer/abdomen. Proper matching (Z1−Z2 ≈ 0) is

preferable for the transmission of US wave through the

deep abdomen with very little loss without much reflec-

tion. Alternatively, in a more effective way, a tapered

matching layer in which a number of layers of materi-

als (i.e., multiple matching layers) taper the impedance

from that of the crystal to that of tissue to transmit

100% of the energy into human body as illustrated in

Fig. 1 can be utilized. Time Gain Control function is

employed to adjust the amplitudes as a function of time

by increasing the receiver gain with respect to attenu-

ation as illustrated in 2.

Fig. 1: Plot of impedance vs. position for a piezoelectric

transducer with a tapered matching layer [6].

Fig. 2: Time Gain Control (TGC): The top signal cor-

responds to echoes from equal reflectors, where atten-

uations decreases the amplitude as the distance to the

reflector increases. TGC compensates for attenuation

in tissue by increasing the receiver gain as a function of

time [4].

The intensity of US pulse reduces as it penetrates

through the tissues/media regarding the frequency. Half

value thickness of related tissues/media with respect

to two frequencies, namely 2 and 5 MHz are shown in

Table 5 [3]. Therefore, amplitude of the echoed pulses

decreases with increasing depth and Distance Ampli-
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Table 5: Half value thickness (HVT) is the distance

which reduces the intensity of an US signal to one half of

its original propagated signal in terms of the frequency

and the properties of the tissue/media it propagates.

HVT (cm) Water Urine Muscle Fat air Bone
2MHz 340 ≈ water 0.75 2.1 0.06 0.1
5MHz 54 ≈ water 0.3 0.86 0.01 0.04

Table 6: Properties of several tissues.

Tissue
Sound
velocity (m/s)

Density
(g/cm3)

B/A
Acoust.loss (α)
(dB/(mm.MHzb))

b

Fat 1436 0.928 9.6 0.30 0.9
Muscle 1550 1.060 5.8 0.05 1.1
Blood 1584 1.060 6.0 0.01 1.2
Urine 1551 1.025 6.1 0.00047 1.67
Water 1524 0.993 5.4 0.00014 2.0

tude Correction (DAC) (i.e., Time Gain Compensation)

is employed to amplify the echoed pulses with respect

to distance propagated. Notice the very small acous-

tic loss in urine in Table 6 [7]. Total attenuation is

calculated using the formula, Total attenuation (dB)

= α(dB/cm) ∗ d(cm) where α is attenuation coefficient

and d is the distance.

Fig. 3: Interaction of US beams and the bladder.

The relationship of US beams and the bladder in

broader perspective is illustrated in Fig. 3. This re-

lationship is depicted with respect to empty and full

bladder in Figs. 4 and 5 respectively. The reflection of

the pulsed signal from the anterior wall of the bladder

where the bladder is empty is 99.9%, which illustrates

the difficulty in transmitting emitted pulses beyond the

distal side of the bladder. It is 5% where there is urine

by which a pulsed signal can reach the posterior wall

without any difficulty. Measuring the movement of the

front and back wall of the bladder is a strong indica-

tion of the level of expansion and the amount of urine

inside the bladder. An output example of a phantom

Fig. 4: Interaction of US beams and the bladder with

respect to an empty bladder: a single-element US trans-

ducer and respective propagation and attenuation sig-

nals; the pulsed signal is almost completely reflected

(99%) and the remaining propagated signal after the

anterior wall of the bladder is scattered in all directions

in a non-uniform manner due to emptiness within the

bladder.

filled with urine is given in Fig. 6 to illustrate and un-

derstand this feature of the US physics.

The nonlinearity of the medium through which a

finite-amplitude ultrasonic wave propagates described

in the Goldberg factor [8] which is denoted as

G = 2πfp(1 + 0.5β)/(pc3α) (1)

in which β is the coefficient of nonlinearity which the

generation of higher harmonics depends on it. Acoustic

medium parameters such as the acoustic non-linearity

parameter β are known to be temperature dependent.

[9] indicates the ability of the media to form higher

harmonics to an originally pulse wave of finite ampli-

tude during its propagation away from the wave source;

it is also dependent on frequency f, and the excitation

pressure p. When G is less than unit, the attenuation

dominates the non-linearity, and for any G value above
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Fig. 5: Interaction of US beams and the bladder with

respect to a full bladder: single-element US trans-

ducer and respective propagation and attenuation sig-

nals where the reflection is 5% and propagation signals

after the anterior wall of the bladder do not lose their

strength because the urine inside the bladder causes lit-

tle attenuation

Fig. 6: Phantom test with full of urine and air after the

posterior wall: the signals reflect back and forth with

a very little acoustic loss regarding urine (0.00014 for

urine) and a very big reflection (95%) just like a ping-

pong ball between anterior and posterior wall.

1 the non-linearity takes the lead-according to effective-

ness [10]; fixing the stimulation frequency and the pres-

sure at 3MHz and 1MPa, the G factor gets the value of

Fig. 7: Goldberg number calculated for different media

at a transmit frequency of 3 MHz and acoustic pres-

sure of 1MPa for creating harmonics based on nonlinear

wave propagation.

Fig. 8: Correlation of harmonic components (second

harmonic) to the amount of liquid. The second harmon-

ics with respect to the urine volume in the bladder. a)

full phantom, b) half phantom c)empty phantom, d)

acquired scattered power in dB from image in (a), e)
the image in (b), and f) the image in (c).

104 for urine, and 0.27 for soft tissues of body as shown

in Fig. 7 [7]. This demonstrates more intense nonlinear-

ity behaviour for urine (liquid) than other soft tissues

(solid). Within soft tissues, non-linear processes also

take place, but are attenuated and modified as a result

of different acoustic characteristics, like high acoustic

absorption. The use of harmonics in medicine interac-

tion with contrast agents (e.g., in the veins) creates

higher frequency harmonics (e.g., > 2 times the trans-

mitted frequency) to obtain high resolution of imag-

ing. Second harmonic is usually being used for tissues

because amplitudes of the subsequent harmonics are

decreasing due to significant attenuation on tissues re-

garding very high generated frequencies. The transmit

frequency of the transducer should be set to half of

the centre frequency of the transducer to be able to

receive with the same transducer at the second har-
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Fig. 9: Volunteer measurement: (a) full bladder, (b)

bladder with less urine, (c) corresponding harmonic

measurement in dB.

Fig. 10: Intensity (spatial peak-temporal average) ver-

sus time curve relevant to the production of bioeffects

in mammalian tissue [4].

monic frequency. We already have a natural contrast

agent such as urine (Fig. 7); blood in the veins needs

contrast agents where Goldberg number is too small

when compared to that of urine that does not need

contrast agents to generate harmonics. Therefore, us-

ing only a single element transducer that generates a

diverging beam, the information about the amount of

liquid present in the irregular 3D space of bladder is in-

stantaneously translated, through the physics of US,

nonlinear wave propagation, to the amount of urine

within echoes as depicted in Fig. 8 from a phantom

and Fig. 9 from a volunteer [7], which can measure the

volume of the bladder based on different and complex

shapes of bladder at different filling stages.

Fig. 11: Median section of the pelvis of an adult female

(left) and adult male (right) [7].

2 Safe use of ultrasound in medicine

Most of the standards, guidelines and regulations put

forth by major US organizations about the safe use of

US had been specified before 2000 and these standards

are still being used. These recommendations and guide-

lines offer valuable information to help users apply diag-

nostic US in a safe and effective manner with regards to

diagnostic modalities (e.g., A-Mode, B-Mode, Doppler,

harmonic imaging using contrast agents).

The two biophysical indices given by the ODS (out-

put display standard) are Thermal (measured as the

thermal index, TI is the ratio of acoustical power pro-

duced by the transducer to the power required to raise

the temperature of the tissue by 1 C◦ [11])) and non-

thermal (measured as the mechanical index, MI value is

computed from the peak rarefactional pressure and the

frequency, and is intended to estimate the potential for

mechanical bioeffects). The higher the index value, the

higher the probability for bioeffects occurring; values

of less than 1 are generally considered safe [11]) [11].

The TI provides information about tissue temperature

increase, and the MI provides information about the

potential for cavitation [7]. As a sound beam passes

through tissue, it undergoes attenuation. A significant

fraction of this attenuation is due to absorption which

causes the heat. For low power US, the heat deposited

is quickly dissipated whereas some concern is warranted

with pulsed Doppler and colour flow imaging equip-

ment, where high power levels and time average inten-

sities may give large TI values [12]. The principal non-

thermal (mechanical) interactions deal with the gen-

eration, growth, vibration and possible collapse of mi-

crobubbles within tissue; this behaviour is known as

cavitation; two types of cavitation exist: stable cavita-

tion refers to the creation of bubbles that oscillate with

sound beams; transient cavitation refers to the process

in which the oscillation grows so strong that the bub-

bles collapse violently, producing very intense, localized
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effects [11]. In situations where the TI or MI is greater

than 1, the exposure time in any one location should

be kept as short as possible [12].

Fig. 10 shows the intensity (I) versus time (T) curve

regarding the production of bioeffects in mammalian

tissue according to the experimental results performed

by The American Institute of Ultrasound in Medicine

(AIUM) in 1992. The line (below 100 mW/cm2) di-

vides the data into a region of positive biologic effects

and a no-effect-observed region. The line follows a curve

for intensity, greater than 100 mW/cm2 in which I x

T = 50 J/cm2. Below 100 mW/cm2 findings by using

large beams from unfocused transducers indicate that

none of the effects for which the researches were look-

ing could be produced, no matter how long the expo-

sure is [4]. No bioeffects are observed for the intensity

levels below 100 mW/cm2 even though the exposure

time is increased up to 10 hours. Again, there are no

bioeffects with 1000 mW/cm2 less than 5 min expo-

sure time and with 100000 mW/cm2 for applications of

US in several seconds. For focused transducers, greater

time average intensities are tolerated because any heat

deposited over a small focal area is dissipated easily

to the surrounding unexposed tissue [4]. Taking this

into considering additional experimental results in ad-

dition to the earlier results in 1992, AIUM extended

the observation, claiming that intensities as 1 W/cm2

(dotted line in Fig. 10) have led to no observed effect

in mammalian tissues exposed to highly focused sound

beams [4]. Fig. 10 indicates that diagnostic US pulses,

at least those at high levels and applied for fairly long

exposure time, can cause a bioeffect [4]. The longer

pulses and higher pulse-repetition rates typically used

in pulsed Doppler exposures result in higher average in-

tensities compared to B-mode imaging or A-mode pre-

sentation, and therefore involve a greater risk of pro-

ducing biological effects, particularly from US-induced

heating [13].

AIUM evaluated epidemiologic studies and concluded

that: ’Widespread clinical use over 25 years has not es-

tablished any adverse effect arising from exposure to

diagnostic US’ [14,15].

3 Expansion of the bladder

The urinary bladder is a muscular organ in the pelvis,

just above and behind the pubic bone [7,16]. Urine

is made in the kidneys [16] and transported from the

kidneys to the bladder via two ureters, which are con-

nected at the back of the bladder; the ureters contain

valves proximal to the bladder to prevent the urine from

flowing back to the kidneys; finally, the urine is trans-

ported outside the body via the urethra [7]. Because

urine passes through the penis, the urethra is longer in

men (8 inches) than in women (1.5 inches) [16]. The

complete system of kidneys, ureters, bladder and ure-

thra is called the urinary system, a part of which is

delineated in Fig. 11.

Conclusion

Non-invasive technologies to diagnose and treat various

diseases have been taking their indispensable places in

medicine for years. Ultrasound technologies have be-

come one of the key pillars of non-invasive smart tech-

nologies using smart mechatronics with Artificial Intel-

ligence (AI) [17]. This study aims to guide researchers

on how to apply ultrasound physics in their studies

properly. Interested readers are referred to [18], [19], [20], [21],

and [22] to discover how to apply ultrasound in medicine

within real-world applications.
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