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Acoustic Impedance (Z,) 4 sall da glia

Acoustic impedance is a measure of the resistance of the particles of the density of the medium, and the
velocity of ultrasound in the medium. Acoustic impedance is the opposition of a tissue to the passage of
ultrasound waves and depends on: (352 <> 3al) 45y g o gl) ABUST iy Jad) daglial ulila (& A gual) 48 glaal)
15 aaint s A el (358 ln pal) 5 ) ) A sl (8 o gl A slaal) a3l B o g

* Density of the medium (p)

* Propagation velocity of ultrasound through the medium (v) (sd <lagal)l JLAE) ds s Jacigl) 48U
bl g 4 gl

Mathematically, the acoustic impedance (Z) of a tissue (or any material) is defined as the product of
tissue density (p) and acoustic velocity in that tissue (v): 3) X v (m/s) Z = p (kg/m i 2L sl
o) i 4 A gual) Ao gl g () i) A8LS iy Juals lgoil Ao (53la 5] g)) gracaill Lii gual) 44 gleal)

Acoustic impedance is measured in kgm2s!. The acoustic impedance is important in: 4ol (uld 2
1o Aaga A gual) 4B glaal) jutini | 1- A0 2- ) a LI A gual

1. The determination of acoustic transmission and reflection at the boundary of two materials
having different acoustic impedances. 4 g Cilailan Lagd (iala 3 gaa die (ulSa i) g A gaal) JAH) maas ]
-.’m (13 ol

2. The design of ultrasonic transducers. 532l (358 Sla gally ABUal) Y gaa aranal

3. Assessing absorption of sound in a medium. o sl 2 & gual) (aliatia) ol

The ratio of the intensity of the reflected (1) wave to the incident wave (1;) at the boundary called
Reflection coefficient (R). For an ultrasound wave incident perpendicularly upon an interface, the
fraction R of the reflected energy is: (st Jalaay aal) die Akablial) da gall ) dusSaial) A gal) B Ayl pans
290 Analal) ABU) £ 5o G oAl hanad) o (53908 (S AdBlud) 45 guaal) (358 il gl A gl dpaudlly

R=I,/li=(Z1-Z2/ Z1+Z2)?

Where Z; and Z; are the acoustic impedances of the first and second medium, respectively. The fraction
of the incident energy that is transmitted across an interface is described by the transmission coefficient
T 4galsh) se Ledban ) aly AN Adablad) 4BUal) £ 5o Ciag oy M gill o ALl J oY) Jau gl 435 gaal) Ciladlaall 33 65 ol
Jea ¥ Jalra dansd gz,
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T=4717,/(Z1+Z3)?

Obviously, T+R =1
The body is consisting from a range of materials, such as the air in the lungs and intestinal gas, water,

blood, muscle, fat and bone. Each component of the body has characteristic impedance, which depends
on the nature of this matter in it. Gases have a very low density, and therefore very low acoustic
impedance as shown in table 2.3. 43 gnall < Jd) g il 8 3 5o sall &) sgd) Jia ) gall (1 Ao gana (o andd) (558
Agh 3352 gall Balal) 0da dapd o aaiad 5 jaas dadlaa acad) CligSa (e (9Sa JSly alal) g ¢ gaall g cBlanll g adll g slallg
2.3 0538 (b quiasa b La Vi Aabiie g fn g o il Vi cabiie RIS ) ) S0

A large difference in acoustic impedances of the materials on each side of the boundary is referred to as
acoustic impedance mismatch. In substances with a greater the impedance mismatch there is a greater
amount of energy that will be reflected at the interface or boundary between one medium and another and
a less amount of transmitted energy. 4+ s JS A5 5353 gal) 3) gall 45 gual) il glanal) B ) CiDERY) ) LSS
e (uSaiiu AN AU e ST AaS Ui ¢ SY) A8 glaal) il ade uld M gal) B A guall 48 glaal) (3ial ke Ay 3 gaal)
Al siial) AUl pe S8 AsaS g AT g Jag Cm 3 gaad) g Al pedand)

Table 2.3: characteristic acoustic impedance of air and water.

Substance Characteristic acoustic impedance
Air 429 kgm™s™!
Water 1.43x10° kgm™s™!

The contrast in the ultrasound image is generated by acoustic reflections result of changes in_acoustic

impedance (the speed of sound and density). The brightness of a structure in an ultrasound image
depends on the strength of the reflection, or echo. This in turn depends on how much the two materials
differ in terms of acoustic impedance. The amplitude ratio of the reflected to the incident pulse is related
to the tissue impedance values by: 4255 4 gal) CLulSadY) ddau) gy 45 gl (563 o gal) 5 g B (i) o L) 2
oY) B g8 e A guall (35d Cila gal) 39 A JSugd) £ gha dding | (ABLS g & gual) Aoy At gaall 48 glaal) B ) pill
Ll ) dasaial) dudagil) dmas dpsd Joi 5540 gacal) 48 glacal) Ca (1o il CDER) (e o daing 0,90 1 g s al) )
s b 08 At da glia oy Adabll)

Reflection loss (dB) =20 log (Z:-Z1) / (Z: + Z1)

The greater R, the greater the degree of reflection, i.c., R for a soft tissue interface such as liver and

kidney is 0.01, i.e., only 1% of the sound is reflected and about 99% of the energy is transmitted across
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the interface. Muscle/bone_interface 40% is reflected and for a soft tissue/air interface 99% is
reflected (a1 %1 &) &1 <0.01 & Aty 28l Jia 363 1) Aol dgal gl o) o (ol Ao o @) 3 LS
gl daaailly g %40 Aopauy pllinll/cMudanll ) rbaeal) (uSady Agal gl e A8 (e %99 (N sa JEihy g (uady < ual)
(2 %099 ol ¢ g1/ 93 1 A Al

Even though the reflected energy is small, it is often sufficient to reveal the liver border. Because of the
high value of the coefticient of ultrasound reflection (R) at an air—tissue interface, water paths and various
creams and gels are used during ultrasound examinations to remove air pockets (i.e., to obtain good
acoustic coupling) between the ultrasound transducer and the patient’s skin. With adequate acoustic
coupling, the ultrasound waves will enter the patient with little reflection at the skin surface. = =
B8 Cila sall GulSa) Jalaal Adlad) Al Cusey Sl 3 gan oo CAASH AB1S () o< La LIS Lgll ) Byt duSaial) 43UAY) 0 (e
Cilia gad ¢ L) Apadlgdl ) gall g cilay K1) Calida g Aila <l jlosa aladiad oty Aol g &) 5 O ) pand) dis () A gl
Mag 4 guall (398 i paly LB J saa O (4 (i O 10 el o) i 54 o sl A0 3Y A gl (358 i sl
Alal) i Ao T GalSadl pa i sall ) A geal) (358 il gall Jhdiun cqaadiall (5 gual) ) BY) a2 yal)

Similarly, strong reflection of ultrasound occurs at the boundary between the chest wall and the lungs
and at the millions of air—tissue interfaces within the lungs. Because of the large impedance mismatch
at these interfaces, efforts to use ultrasound as a diagnostic tool for the lungs have been unrewarding. The
impedance mismatch is also high between soft tissues and bone, and the use of ultrasound to identify
tissue characteristics in regions behind bone has had limited success (see figure 19). alSadl &asy (Jiallyg
JaIa Al g 5158 O Al cilgal gl (e Clall dis g Gl g pal) Jlaa (g dgaal) aie 4 gual) (§5b s gall (g 58
dpa Al 31318 45 gual) (368 il gal) aladinl Al gluall 3 ggadl 1 ccilgal ol oda B yul) 48 glaall (Gl ade Caneang Ok
G99 Gl gall aladind o) LaS calliall g 5o )l Aot G Ual adli pa 48 glaall (3ildal ade () LS Ao e cuilS (i )l
(19 JS& Bl 3gaaa lad 4l GlS alial) GilA ghlial) 8 AaaY) pailad paatl 45 pal)
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Figure 19: Reflection at a boundary between tissues.
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This is the basis of ultrasound as different organs in the body have different densities and acoustic
impedance and this creates different reflectors. In some cases, the acoustic impedance can be so great
that all the sound waves energy can be reflected, this happens when sound comes in contact with bone
and air. This is the reason why ultrasound is not used as a primary imaging modality for bone, digestive
tract and lungs. 3 45 ga da glia g 481040 CBUS g 4408 aual) pliae] O Cun A guall (38 Cila gall (bl g 130
O Sy A guall il gl A8 IS ¢4 Al 139 B S 45 gaaal) 48 glaal) (3685 () (S cc¥lad) (g B Adlid clusle (3lay
A oS Al puall (398 Cila gall aladial ade o)y Cund) o2 135 o) g¢dl g allind) pa & gual) (uadly Ladis 138 Ciday g ¢ pusal
O g radagd) Slgall g alliadl dd gf p gual

The discussion of ultrasound reflection above assumes that the ultrasound beam strikes the reflecting
interface at a right angle. In the body, ultrasound impinges upon interfaces at all angles. For any angle
of incidence, the angle at which the reflected ultrasound energy leaves the interface equals the angle of
incidence of the ultrasound beam; that is, (3sd cils sall glad o oMo ] 4t gual) (398 iy gall GulSad) Addlia (i yids
¥ Ay L) 531 gan (e g olly bl A5 guaal) (368 il gl camand) (B Al 4y g) 53 Aaslald) Aganl gl puday 45 pecall

A il gal) pladdi baghos 491 (5 ghaad A o) AaSalal) 45 guall (398 il gal) ABUs Lo ol S5 AN Ay 9 31 (U8 odaghew Ay g) 3
@A) Al gual)

Angle of incidence = Angle of reflection

In a typical medical examination that uses reflected ultrasound and a transducer that both transmits and
detects ultrasound, very little reflected energy will be detected if the ultrasound strikes the interface at
an angle more than about 3 _degrees from perpendicular. A smooth reflecting interface must be

essentially perpendicular to the ultrasound beam to permit visualization of the interface. ) s2x8l) 3

LIS At (At guall (398 il gall CAASH g JiE oA ABU) Jgaa g AmuSadal) A guall (398 il gall addin o2 2 gail)
O e Lgasand) G Ll a3 3 08 03 Ayl Al Al (58 il gall iy puda 1) duaadal) ABU) (e 12 Ji1R)

Al gl snals rlawdl 4 gl (398 Cila gall £lad aa ol JS Baalaia sladal) duslal dga) o) ¢y oS

Ultrasound Contrast Agents 4 sall (498 cila salls (plill) Jal

Ultrasound contrast agents rely on the different ways in which sound waves are reflected from interfaces
between substances. This may be the surface of a small air bubble or a more complex structure.
Commercially available contrast media are gas-filled microbubbles that are administered intravenously
to the systemic circulation. Microbubbles have a high degree of echogenicity, which is the ability of an
object to reflect the ultrasound waves. 4= (<S25 (A) 48U 5kl e 45 gal) (368 o gally (plal) Ja) go datad
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ket 5 gl el Jailaa g Viind ST Ay 515yt 5190 Aol prdaea 138 (1555 B 30 gl o cilgen) sl (30 A gl iy g

O Alle dn A8 Cile\Bdl) adati Ay jlgadl Ay ganll 3 9al0 8 el (b (e Lgdla Al L Bs glaa 488 ciloldd A
.@M\éﬁ‘:‘\éﬁd\uﬁgﬁ;?"‘#‘sJﬁ@J ¢ g all

The echogenicity difference between the gas in the microbubbles and the soft tissue surroundings of the
body is immense. Thus, ultrasonic imaging using Microbubbles contrast agents enhances the ultrasound
backscatter, or reflection of the ultrasound waves, to produce a unique sonogram with increased contrast
due to the high echogenicity difference. Contrast-enhanced ultrasound can be used to image blood
perfusion in organs, measure blood flow rate in the heart and other organs, or other applications as well.
Perfusion is the process of a body delivering blood to a capillary bed in its biological tissue. The word
is derived from the French verb "perfuser" meaning to "pour over or through.") ¢ @aeall 2155 2 (38l )
plaidds 455 gual) (398 il gally o gualll (8 ¢ ANy L Jib anadly dniaall 8 3 ) Ao g A8 B e BAl) (B 3 g gal) S
Babi) aa w8 (g abada LY (A gual) (398 il gal) (pulSd) g (A gual) (558 il gall ALY BT G ay Gl Jalge
cslael) b aal) dyg i g gaall Guliilly 33 Jaall A guall (368 il gall aladiidl Sy Al & gual) (s 0a LA G Gl
il ) adl) Juua g ) ol Alas (o Ay Al Lyl (g AT il gf (g JAY) plae ¥ g ) 8 anl) (305 Jara (il
(" a9l (358 e i MM i) Jadl) (e AR AalS)) g ol gl Alanead] B (5 )

Spatial Resolution ~<s!) 4341)

Spatial resolution is defined as the minimum distance between two objects that are still distinguishable.
The lateral and the axial resolution must be differentiated in ultrasound images. 4lSal) 481 Ciy po ad
b il sall ) gua (o &y sanall g dplad) ABal) (G Gl iy e el (Sl (3 13 Y LS (s ABlusall 501 and) gl
Ao gucal

1. Lateral Resolution ) )8l

Lateral resolution is the minimum separation from other tissue the ultrasound beam can see or
distinguish in a plane perpendicular to the ultrasound beam (Figure 21). The lateral resolution in an
ultrasound beam varies with beam width (diameter of the ultrasound beam) and the area of the focal
zone. Also, it varies in the axial direction, being best in the focus zone. As many array transducers can be
focused in only one plane, because the crystals are arranged in a single line, lateral resolution is
particularly poor perpendicular to that plane. £\»33 (S ) s AY) dadl) (o Jualll SaY) aal) o4 4l 484))
Lo Aiu) Gy (21 JSA) A8 gual) (358 il gall plach g dalatia (s glana (8 L el g Lgtas ) Al guall (398 il gal)
il 431 LeS gl Al A 5 (A el 358 g gl gl ) gl s Dby sl 358 ol sl lach
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a9 (5 giana B W 508 5 (e 48 ghaal) 48U Y gaa (e adad) oY 13RS S ) Al B BB () 9% g <o gaall olaY)
W6 Siuall AN o Gagas (ald JSay Adma ¢ ¢S5 ilad) ABal) ()8 aa) g ol 8 A e <l gl oY 13085 (Jadd
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Figure|21: Lateral Resolution is the minimum separation from other tissue the ultrasound beam can

distinguish in a plane perpendicular to the ultrasound beam.

2. Axial Resolutions s>l )3l

The axial resolution is the minimum separation between structures the ultrasound beam can distinguish
parallel to the beam path (Figure 22). Sometimes this is also called depth resolution. Axial resolution is
most directly affected by the frequency of the transducer. 1t is depending on the pulse length and
improves as the length of the pulse shortens. Wide-band transducers (transducers with a high
transmission bandwidth, e.g., 3—7 MHz) are suitable for emitting short pulses down to nearly one
wavelength Jwss g (s 3) 50l W Jaai 455 gual) (398 il gall pladd (S (A1) JSbgd) Co Juadll Ao aad) (2 4 gaal) A81)
o D adiny  ABUal) Jgaa 03 5 pdilae JS Ay gaal) ABa L | Gand) 483 s Ul 13 o glla) (22 JSAl) Al
& e Ja) @Ual g e @)l dlal) <Y gaa) (Uaill dad g ABUY) Y gaa a8 Al Jgh b pa (pualy g Ayl J gh
LR 2l g 2 sa Job () Juall Bl il laal dalia (A 7-3 (JUal) Jas,

Modern transducers use multiple small elements to generate the ultrasound wave. 1f a single small
element transducer is used the waves radiate from it in a circular fashion as do ripples in a pool. 1f
multiple small elements fire simultaneously however the individual curved wave fronts combine to form
a linear wave front moving perpendicularly away from the transducer face. This system, that is multiple
small elements fired individually, is termed a phased array. 53ia s e palic aal) A3l & gaa padiud
(s i gl Jn LaS iy i3 Ayl A g il gl (I8 cdal g s el gna i o 13 A gl (5 il gl 53
A g dguy JSE 2a 4 A1 Liadial) cily gal) Cilgaa o ¥) caalg cdg A Bamia b e palic culaid) 1)) dabud) gaga
ISy 8| oy 3 i ualic 325 (e (580 M) callail) 138 o gtk ABUY Jsaa da g 08 Vg (gagas (S & i dghad
Ada jal) 48 ghiaal) ol ¢(ga8
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Figure 22: Axial resolution is the minimum separation between structures the ultrasound beam can

distinguish parallel to the beam path.

Beam Forming and Transducers 48Uall &Y sae g gladd) Jds

An important characteristic of an ultrasound pulse is its diameter, which is also the width of the ultrasound
beam. The diameter of a pulse changes as it moves along the beam path. The diameter of the pulse is
determined by the characteristics of the transducer. At the transducer surface, the diameter of the pulse
is the same as the diameter of the vibrating crystal. As the pulse moves through the body, the diameter
generally changes. This is determined by the focusing characteristics of the transducer. oailbadl)l (a
WS oad ol dudagil) jhad pady A5 gual) (58 il gal) plad (2 Lyl 529 cla kb g8 45 gual) (598 il gal) dudasll dagal)
oudi ga dagll) jhab (58 (A8 J gan b o A8 J g pailad qua diagil) jhad st oy pladd) jlwa Jgb o
B ) gaal 8 ) (ailiad JMA (ra 3 ynT ol JSa BN ST ol i Gl a5 ey 8 Siguall sl b
Ultrasound Field 4 gal) (368 cila gal) Jlae

An important distinction is made between the near-field (Fresnel zone) and far field (Fraunhofer zone),
figure 23. The near-field is between the transducer and the focus, since the beam initially, is of
comparable diameter to the transducer as the series of ultrasound waves that make up the beam travel
parallel to each other. .23 JS&1) (A sg 9) % dbhaia) dmd) Jlaall g (Jiea 2 Allaia) G 81 Jlanall (s agen Jaal i
JELE 5 geal) b qua g sb LaS AU  paal e b AL clal) b ekl (o ¢3Sl 5 ALY s o o) Jlanal
o) Ly aa (5 3) gilly £ el JSdi Al 45 guall (398 il gal) Al
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Figure 23: Beam Width and pulse diameter characteristics of both Unfocused and Focused
transducers

The far field which can be described the divergent far field beyond the focus, since at some point distal
to the transducer however the beam begins to diverge which will reduce the ability to distinguish two
objects close together (resolution). The border of the beam is not smooth, as the energy decreases away
from its axis. 13y A3l Jgaa (8 Bamy La Ak B AY (58 N ¢ 59 20 liall 2l Jlaally ddua g (S (3 sl Jlaal)
Cua daeli ol dajall agan (ABA) Garal) Legudany G (i B Gmamid (o Sasall e 308 JI6) Laa soldl) B g ladd)
s 8 1y ABUal) (aBlTS

The Focal Zone is the area in the ultrasound beam that has the smallest beam diameter and is the area
a user will get the best side to side (lateral) resolution. The best detail will be obtained for structures
within the focal zone. The distance between the transducer and the focal zone is the focal depth. ikis))
Juansu (Al dhalall 2 g pladll jhb jual o (g giad ) dfgall (58 cilagal) plad & 532 gall dBhial) A 43,50
Adluall |, 38 i) ABdaia JAN JSLgll Jaaliil) Juadi o Jgand) sy (i) by ) Quila e 4By Jud] o aadioal)
Lo Band o &5 dlkaial) g ABUSY J gaa G

The focus zone is the narrowest section of the beam, defined as the section with a diameter no more than
twice the transverse diameter of the beam at the actual focus. If attenuation is ignored, the focus is also
the area of highest intensity. The length of the near field, the position of the focus and the divergence of
the far field depend on the frequency and the diameter (or aperture) of the active surface of the
transducer. In the case of a plane circular transducer of radius R, the near field length (L) is given by the
expression: Lo~ 0.8R%/A i Ao Lgdy ol a9 cdajad) (e and (Gaudal A S i) diaia
Aalaial) gh Ul 358 0 0108 ot g JALad 131 ) 3 0 e A Jall o sl el a6 0B 4333 Y (o 1) il
Ll mhaall (Aaddl) gf) il g a0 80 o sed) Jlaal) ol 58 3 adagay qu Al Jlaall Job aaday | Ao ABESY) ¢
: 2Ly o A1) Jlanall I o« N Gty (g ghuall (g il 4Bl Jgma Al B Bl gl

The divergence angle (x) of the ultrasound beam in the far field is given by the expression:

(sin x)/2 ~0.6 A/R
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The diameter of the beam in the near field corresponds roughly to the radius of the transducer. A small
aperture and a large wavelength (low frequency) lead to a short near field and greater divergence of the
far field, while a larger aperture or higher frequency gives a longer near field but less divergence. The
focal distance, L as well as the diameter of the beam at the focal point can be modified by additional
Socusing. sxS) sl Jshll g 8 pual) Aadll) ga5i Al Jgaa sl Chual pa Ly i gy Al Jia) B pladd) plad 3 g5y
Jshal Uy 8 Ylaa Jamy Ao 008l i s Aatil) o cpa B ) Jlaall Sl se Uiy paaad oy B Jlaa ) (Cadddal) 21 4il)
(ALY S Gl e S A A die pladil) b S g Ay pal) ABleual) Jot (e B ) ) o815

Transducer Focusingdall J saa S i

Transducers can be designed to produce either a focused or non-focused beam. A focused beam is
desirable for most imaging applications because it produces pulses with a small diameter which in turn
gives better visibility of detail in the image. §\x3) 2 Sja & o) 38 ja plad gLy A8l &Y gaa asanal (iS4
Bogal) (A Jualdill Lad) 43 ) 092 b5y Las phua sl i) lidad iy 40Y g gualll) iyl alinal 4 1 g8 ja 38 jall

It is possible to focus the ultrasound beam to cause convergence and narrowing of the beam thus
improves (lateral) resolution. Focusing can be achieved by either mechanical or electric focusing by
electronic means in a phased array element (see Figure 24). &y Ligwll 548 Cila gall flad s 45 Saall (1a
il $lly il gl 91 il Saad] S Ll Gy s 8 L) S Ll GiliaT (Say (i) B Cypeand Ml g o ] ey o LT
(28 JSAY _iil) Luls jal) B piccral) puaaic (4 duig )

il gagall 7 8 Jas g taxa Jlg 2eaa e L agll

By:Mohammed Jabbar Hussein

(a) Unfocused (b) Mechanical (c) Electric focusing
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P T
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Figure 24: Design of Focused transducer
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