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				Reflection and scattering

				
					Reflection

					Reflection and scattering are the two mechanisms that
						produce echoes and so create the information shown in the ultrasound
						display.

				

				As with light, the word “reflection” is used to describe the
					interaction of ultrasound with relatively large and smooth surfaces. (Think of
					light reflecting from glass.) “Scattering” refers to the interaction of
					ultrasound with small structures (red blood cells, capillaries, etc) within the
					tissues. (Think of light scattering from the tiny water droplets in a fog.)

				Before we can discuss reflection, we must first introduce the
					concept of the acoustic impedance (sometimes called
					the characteristic impedance) of a tissue. It is defined as:

				
					



	
	


	
	


	


				

				where z is the acoustic impedance, ρ is the density of the
					tissue (i.e. the weight per unit volume) and c is the ultrasound propagation
					speed. The units for acoustic impedance are called Rayls.

				Acoustic impedance is a useful concept because it is a measure
					of how the tissue “appears” to the ultrasound. Two tissues with similar acoustic
					impedance values will appear similar to the ultrasound, while tissues with very
					different impedances will look very different. If two tissues happened to have
					the same value of acoustic impedance they would look identical to the
					ultrasound. It is important to realise that tissues may look very similar on
					ultrasound and yet be totally different histologically. As an example, pus can
					look very similar in an ultrasound image to soft tissue.

				How is this related to reflection? Consider the three
					situations shown in Figure 2.7 (a), (b) and (c). It is clear that the amount of
					energy reflected is determined by the degree to which the acoustic impedances in
					the two tissues are different. 

				
					[image: reflection 1.eps]
					 

					Figure 2.7 (a). Total reflection of the ultrasound
						energy at an interface between two tissues with a very large acoustic
						impedance difference (e.g. a soft-tissue - air interface). All of the energy
						is reflected and none is transmitted into the second tissue. The interface
						will be seen in the image as a strong linear structure.

				

				 

				
					[image: reflection 2.eps]
					Figure 2.7 (b). Total transmission of the ultrasound
						energy when the two tissues have identical acoustic impedance (i.e. z1 = z2). No energy is reflected and so there will be no echo – the
						interface will not be seen in the ultrasound image.

				

				 

				
					[image: reflection 3.eps]
					Figure 2.7 (c). Partial reflection of the energy when
						the two tissues have somewhat different impedances (e.g. a liver tissue -
						fat interface). A fraction of the energy is reflected and the remainder
						transmitted. The interface will be seen in the image but it will not be as
						strong as in the total reflection case.

				

				Mathematically the fraction of the ultrasound energy reflected
					is given by the following equation, where z1 and
						z2 are the acoustic impedances in the first
					and second tissue respectively:

				
					

	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
		
		
		
	
	
		
		
	
	
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
	
	
		
		
	
	
		
		
		
		
		
		
	
	
		
	
	
		
	
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
	


				

				R is called the “reflection coefficient” of the interface (or
					sometimes the “intensity reflection coefficient”). Since the quantities in
					brackets are squared, it is easy to show that the reflection coefficient for a
					given interface will be the same no matter which way the ultrasound is passing
					through it (i.e. regardless of whether the ultrasound is going from tissue 1
					into tissue 2 or vice versa). 

				Thus, for example, if R = 0.01 this means that 1% of the
					transmitted energy reaching the interface will be reflected and so 99% will be
					transmitted into the second tissue. It also means that any echoes returning from
					within the second tissue will lose 1% of their energy due to reflection as they
					pass through the interface on their way back to the transducer due to reflection
					from the interface. 

				It can also be shown mathematically that R is virtually 1.0
					when z1 and z2 are
					very different (as in Figure 2.7 (a)) and R = 0 when z1 = z2 (as in Figure 2.7 (b)). This
					will be explored in the exercises at the end of this section.

				Since energy cannot be created or destroyed, the sum of the
					reflected and transmitted energies must always be equal to the incident energy.
					Taking advantage of this fact, it can be shown mathematically that the
					“transmission coefficient” T must be given by:

				
					

	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
	
	
		
		
	
	
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
	
	
		
		
	
	
		
		
		
		
		
		
	
	
		
	
	
		
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
		
	


				

				(If you enjoy mathematics, you can check that this is correct.)
					So far the discussion of reflection has focussed on the special situation where
					the ultrasound is incident on the interface at right angles (i.e. at an angle of
					90° to the interface); this is termed “perpendicular incidence”. 

				What about the more general situation?

				When the incidence is not perpendicular,
					the reflected ultrasound does not travel back to the transducer (see Figure
					2.8). As a result:

				
					When the incidence is not perpendicular the echo from an
						interface will not be detected and so it will not be seen in the image.

				

				(The equations for the reflection and transmission coefficients
					will also become more complex, but this is beyond the scope of this book.)

				
					[image: specular_reflection.eps]
					Figure 2.8 Geometry for the reflection of ultrasound
						from a smooth interface. The broken line is a reference line drawn at right
						angles to the interface. The “incident angle” θi is always equal to the “reflected angle”
							θr. This
						is the same geometry as for light reflecting from a mirror and hence it is
						called “specular” (mirror-like) reflection.

				

				
					Scattering 

					The word “scattering” describes the interaction of
						ultrasound with small structures (such as red cells and capillaries) in the
						tissues (see Figure 2.9). 

				

				
					[image: scattering.pdf]
					Figure 2.9 Scattered energy is sent in all directions.
						This means that the appearance of a scatterer is independent of the
						direction of incidence of the ultrasound. This is different to reflection,
						which is very dependent on the direction of the incident ultrasound.

				

				It differs from reflection in two important
					ways:

				•scattered energy is distributed in
					all directions, whereas reflected ultrasound goes in a single direction;

				•the scattered energy is generally
					much weaker than reflected energy and so the echoes due to scattering are
					generally displayed in the image as low- to mid-level grey tones.

				If you look at a typical ultrasound image you will
					see that the majority of the echo information in the image comes from scattering
					from within tissue, not reflection from interfaces between different tissues. 

				Thus the nature of the scattered echoes and their appearance in
					the image are very important.

				You will also notice that scattering produces a random granular
					echo texture in the image. To understand why this happens, consider Figure 2.10. 

				
					[image: scattering_1.eps]
					Figure 2.10 At one instant of time the transmitted
						pulse will “see” a volume of tissue (shown in light blue); the transducer
						will receive echoes from any scatterers that are within this volume. In soft
						tissue there will generally be a large number of scatterers within the
						volume, and the echo signal seen by the transducer will be the sum of the
						signals from all these scatterers.

				

				This shows that at each instant the echo signal coming from
					soft tissue is actually the sum of the echoes from a number of individual
					scatterers that lie within the ultrasound pulse. Since these scatterers are
					randomly positioned relative to each other, their echoes will add together
					randomly. This causes the echo signal received by the transducer to have a
					random variation in its amplitude. This phenomenon is termed “speckle” and it
					gives rise to the “echo texture” that we see in ultrasound images.

				
					The size and distribution of echoes in the speckle pattern
						do not represent the actual location of individual scatterers in the tissue.
					

				

				Speckle is a random process that is only indirectly related to
					the distribution of the scatterers. 

				To highlight this, consider Figure 2.11. This is an image of an
					ultrasound “phantom” – a test object made of a gel material containing
					scatterers and designed to look like liver tissue when scanned. (The strong
					white echoes come from “point targets” that are used to check measurement
					accuracy and other aspects of equipment performance; they will be discussed in
					chapter 10.)

				Notice how the echo texture varies with depth. Close to the
					transducer the texture is quite fine-grained whereas at greater depths it is
					much coarser. The phantom material, however, is uniform throughout the phantom,
					highlighting the fact that the speckle does not directly reflect a tissue
					property.

				
					[image: phantom_speckle.jpg]
					Figure 2.11 Scan of an ultrasound phantom (test
						object) showing speckle.

				

				
					Suggested activities

					1. Calculate the reflection coefficient at a tissue interface
						for which z1 = 1.5 × 106 and z2 = 1.5
						× 104 (i.e. the two impedance values
						differ by a factor of 100). Note that the reflection coefficient is almost 1
						(or 100%) meaning that virtually all the energy is reflected. Repeat the
						calculation with z1 and z2 interchanged.

					2. Calculate the reflection coefficient at a tissue interface
						for which z1 = 1.5 × 106 and z2 =
						1.51 × 106 (i.e. there is a minimal
						difference between the two impedances). Note that the reflection coefficient
						is small, which means that very little energy is reflected.

					3. Calculate both the reflection coefficient (R) and the
						transmission coefficient (T) for an interface with z1 = 1.5 × 106 and z2 = 1.8 × 106 (a moderate difference in impedance). Show that (R + T) =
						1.

					4. Carefully examine scans of different anatomical areas and
						identify which echoes are caused by reflection and which are caused by
						scattering. Note the differences in appearance of the two types of echo.

					5. Scan a region within a liver from two different directions.
						Carefully compare the speckle patterns – can you see a difference?

				

			

		

	
		
			
				Compound imaging

				Why was compound scanning introduced? 

				As Figure 12.1 shows, conventional scans (sometimes referred to
					as “simple” scans to differentiate them from compound scans) usually provide
					incomplete information regarding tissue boundaries. 

				
					[image: compound_7.pdf]
					Figure 12.1 This diagram shows how a transverse scan
						of a blood vessel embedded in soft tissue might look in a conventional
						(simple) scan. Note that only the top and bottom of the vessel wall are well
						displayed due to specular reflection. The dots represent speckle from soft
						tissue scattering.

				

				As explained in chapter 2, this is due to the fact that only
					echoes from surfaces which are close to perpendicular to the beam will return to
					the transducer. Echoes from surfaces at other angles relative to the beam will
					be reflected away from the transducer and so they will not be seen in the image. 

				Compound scanning was introduced to address this limitation.
					Its principle is shown in Figure 12.2. 

				While this diagram shows only three images for simplicity, up
					to nine images may be used in practice, each with a different beam direction.
					The user is generally able to alter the number of images used by the machine to
					create the compound image.

				
					[image: array_construction_17d.pdf]
					Figure 12.2 In a compound scan several images are
						formed in rapid succession and combined to form a single “compound” image.
					

				

				Figure 12.3 shows two important consequences of compound
					imaging. The first is that curved surfaces (such as the walls of the blood
					vessel in the diagram) will be more completely displayed in the compound image
					than they were in the simple scan.

				
					[image: compound_6.pdf]
					Figure 12.3 Both the echoes from the vessel wall and
						the speckle from soft tissue will be different in each image. The result is
						that the compound image will show a more complete image of the vessel wall
						and the speckle will be smoother.

				

				A second advantage of compound imaging relates to the speckle
					pattern from soft tissues. The process of combining several different images
					together leads to a more uniform speckle pattern. It appears smoother to the eye
					and so it will be less distracting than the coarser speckle found in a
					conventional (simple) scan. 

				This is important. Smoothing the speckle improves the user's
					ability to see subtle variations in the tissues and so it improves the contrast
					resolution. 

				Figures 12.4 and 12.5 show two clinical examples of the use of
					compound scanning.

				
					[image: paed_hip_simple.jpg]
					Figure 12.4 (a) Conventional image of a paediatric
						hip.

				

				 

				
					[image: paed_hip_compound.jpg]
					Figure 12.4 (b) In this compound image of the same
						patient the tissue speckle is considerably less distracting and the tissue
						boundaries and fascia are better seen.

				

				 

				
					[image: pop.jpg]
					Figure 12.5 (a) Simple scan of a popliteal artery.

				

				 

				
					[image: pop_comp.jpg]
					Figure 12.5 (b) Compound scan of the same artery.
						Again the speckle is substantially smoother and tissue boundaries are better
						seen in the compound image.

				

				A third consequence of compound imaging relates to image
					artifacts. 

				As we saw earlier, many artifacts are directed parallel to the
					beam direction (e.g. shadowing, enhancement, edge shadowing, reverberation,
					ring-down, comet-tail). This means that their position will be different in each
					of the images that go to make up the compound image. As Figure 12.6 shows, the
					result is that they will be far less visible in the compound image than in a
					simple scan.

				
					[image: compound_8.pdf]
					Figure 12.6 This diagram shows enhancement due to a
						blood vessel. When the three images are combined, the enhancement will be
						reduced since it is in a different position in each of the individual
						images.

				

				A useful way to think of this effect is as follows: each image
					is made up of a “true” image plus artifactual echoes. When the images are
					combined to produce the compound image, the “true” image will be the same in
					each case and so it will be reinforced; the artifacts will be different in each
					image and so they will be diminished in the compound image. Figure 12.7 is a
					clinical example showing marked reduction of enhancement due to compound
					imaging.

				
					[image: breast_abscess_simple.jpg]
					Figure 12.7 (a) Simple scan of a breast abscess. There
						is obvious enhancement due to the lower attenuation in the abscess.

				

				 

				
					[image: breast_abscess_compound.jpg]
					Figure 12.7 (b) It is difficult to see the enhancement
						in this compound image of the same abscess.

				

				Much the same is true of other image artifacts. Beamwidth and
					sidelobe effects will be also different in each of the individual images and so
					they too will be reduced in the compound image.

				At this point it may seem that compound imaging has so many
					advantages that it should be the standard mode of operation. It improves the
					visualisation of tissue boundaries, reduces distracting speckle and reduces most
					artifacts.

				Unfortunately it has two major disadvantages. Most obviously,
					the frame rate and temporal resolution are substantially worsened due to the
					fact that each displayed image requires the acquisition of up to nine standard
					images. (As mentioned previously, the frame rate displayed on the machine may be
					misleading since it may show the number of simple scan images acquired each
					second, rather than the number of compound images.)

				Less obvious is the fact that some artifacts (e.g. the
					enhancement in Figure 12.7) are valuable and their loss or reduction in the
					compound image may not be desirable. Given these two considerations – the
					reduced frame rate and loss of useful artifacts – compound imaging is generally
					regarded as a secondary imaging mode and so it is used selectively.

				
					Suggested activities

					1. Experiment with compound scanning in several different
						application areas. 

					2. Acquire simple and compound scans of the same anatomy and
						compare them. Note any improvements in the images and any changes in
						artifacts.
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