Ultrasound Imaging

Ultrasound in Medicine

Ultrasound imaging in medicine is an exact analog of radar and sonar. A pulsed (several s) focused beam of high frequency (1-10 MHz) sound is directed into the body. Echos resulting from the reflection of sound by surfaces are subsequently detected. The direction of the initial beam and the time and intensity of the echo are used to determine the locations and reflection coefficients of surfaces in the path of the beam.

Sound is a longitudinal compressional wave propagating in elastic material. The existence of sound is of course an experimental finding but we know that sound should exist by showing that the mechanics of elastic media imply a wave equation, as derived, for example by Cho. The equation of motion is a linear wave equation only in the small amplitude approximation, in which case we have d2p/d2x=1/(dp/d)S d2p/dt2, where p is the pressure and  the density. The velocity of propagation c is then sqrt((dp/d)S)=1/sqrt(Kwhere K is the compressibility. For an ideal gas we have pV constant, then (dp/d)S=p/Neglecting local temperature variation we have c02RT/M where M is the gram molecular weight. Thus c0 varies as sqrt(T) independent of density. We see that sound propagates faster in more elastic materials. At STP c0 is 340 m/s in air and about 1500 m/s in water. It is nearly frequency-independent in any given material including tissue.

Sound is produced by accelerating a mass in contact with the medium of propagation, e.g. a loudspeaker piston. Sound is detected by observing the acceleration of a mass. A sonic transducer can function as both a source and detector. For medical ultrasound we use crystal elements, which are vibrated using the piezoelectric effect. 

Unlike that for the propagation of light in vacuum, the sound equation is intrinsically non-linear. Cho et al. derives the wave equation for the displacement getting d2/d2x=(1+ddx)2/(dp/d)Sd2/dt2, showing that the “propagation velocity” for a wave is not constant but depends upon the spatial derivative. This means that a disturbance changes in shape as it propagates, in particular changing into a shock as shown in Fig. 14-4 of Cho, such that the amplitude abruptly increases at the leading edge of the disturbance.  A sonic boom is a shock. An explosion produces a shock. Ultrasound is used to break brittle objects, e.g. kidney stones; ultrasound cleaning employs shocks to rattle objects. For an ideal gas where (dp/d)S=p/=c02/(1+ddx), the equation is d2/d2x=(1+ddx)/c02 d2/dt2. As discussed by Cho, the distance over which a wave changes into a shock is called the discontinuity distance and is equal to M in a gas where M=u0/c0 is the acoustic Mach number, i.e. the initial particle velocity in units of the speed of sound, and measures the rate at which the gas is deforming. In the linear regime  u=d/dt, p,  all obey the wave equation. A plane wave can be written as u=u0ei(kx-t) where we understand that it is the real part of u that is the physical quantity. In terms of pressure we can write p-p0=(p-p0)0ei(kx-t), where p0 is the ambient pressure.
Just as for any 3 dimensional wave equation, the equation for sound supports spherical waves =f(t-r/c)/r and cylindrical waves =f(t-r/c)/sqrt(r), where  is the displacement , u=d/dt, the density or pressure p. The energy density in a sound wave is the sum of kinetic and potential terms and is given by u2+(p-p0)/(c2)). The energy flux is cThe time averaged energy flux I is equal to ((p-p0)0)2/(2c)The units of pressure are for example N/m2 and those of energy flux J/m/s. However we normally describe sound intensity in terms of dB; i.e. p(dB)=20log10(p/pc) and I(dB)=10log10(I/Ic) where pc and Ic correspond roughly to the threshold of hearing (for audible sounds) of 0.0002 n/m2. 

A sound wave is attenuated exponentially as it passes through a medium. One could parameterize with a linear attenuation coefficient, e.g. I(x)=I0e-2x. However it is more usual to characterize attenuation logarithmically in terms of dB/cm. If the units of  are cm-1, the attenuation coefficient in dB/cm is 20. The attenuation coefficient is strongly dependent upon the material in which sound propagates and increases rapidly with frequency. For soft tissues and blood the attenuation coefficient is approximately proportional to frequency. The attenuation coefficient is very large in bone and air and smallest in biological materials that are nearly water such as cyst liquid. The attenuation of ultrasound as shown in a scan is helpful in tissue identification. However strong attenuation makes it impossible to study deep structures with high frequency (short wavelength) ultrasound.

In performing ultrasound it is critical to use a suitable frequency. If one wishes to penetrate body parts up and greater than 10 cm such as the abdomen one must use frequencies near 1 MHz where the attenuation in soft tissues and fluids is .2-2 dB/cm. We will see that the limit of spatial resolution is then approximately the wave length or 1-2 mm. For smaller body parts such as the eye one can increase the frequency to ~10 MHz allowing corresponding better spatial resolutions.

Sound is reflected and transmitted at surfaces; the former is the basis of diagnostic ultrasound and sonar. The treatment is similar to that for light. For sound the boundary conditions are that the pressure is continuous at the boundary and that the normal component of the particle velocity u is continuous. These lead to, at normal incidence, the transmission coefficient =2Z2/(Z2+Z1) and reflection coefficient r=(Z2-Z1)/(Z2+Z1) where we have defined the acoustic impedance Z=c in analogy to electrical impedance. These coefficients give p2/p1 and if r is negative it implies a sign change of the pressure wave as it is reflected. The intensity reflection coefficients are respectively T=2Z1/Z2 and R=r2. T+R=1. At other than normal incidence the reflection of sound is also analogous to that of light. However for imaging it is normal incidence that is relevant. 

The difference in Z between air and soft tissue, or between soft tissue and bone, are very large, leading to large reflections. Ultrasound imaging is not very useful in the proximity of bones. To couple ultrasound into the body we use a layer of intermediate material analogous to the antireflecting coatings used on lenses. If a layer of thickness l and acoustical impedance Z2 intervenes between a volume of Z1 and another of Z3, R=0 if Z22=Z1Z3 and k2l= , etc. Operationally this is done by smearing gel of suitable Z and viscosity on the body surface so that with moderate pressure the layer thickness comes out about right..

Production of ultrasound

We now consider the production of sound by a circular plane piston source, a circular disk of radius a, that moves back and forth along its axis. The calculation of the sonic radiation from a source is analogous to but simpler than that for light. We will integrate the scalar wave equation with boundary equations determined by the motion of the source. It is convenient to define a velocity potential  such that u=gradand p-p0=-d/dt. If we know the normal component of u on a closed surface, we have the expression Cho 14-106 for  on any point within the surface. This is called the Neumann boundary condition and is sufficient to uniquely specify the solution. The alternative, that of specifying  on the surface, is the Dirichlet boundary condition. The condition that on a plane surface u=u0eit for rt<a and 0 otherwise, see Cho Fig. 14-9, leads to an approximate on-axis expression for the intensity I given as Cho 14-108 and plotted in Cho Fig. 14-10. The intensity oscillates rapidly for z<a2/(near or Fresnel field), peaks at z=a2/ and falls off for greater z, asymptotically as 1/z2 as expected. Transversely, the insonification pattern is again extremely complicated for z<a2/for greater z we obtain a Fraunhofer pattern which diverges with angle ~/2a as shown in Macovski Fig.s 9.7 and 9.8. Formally, the intensity distribution in the Fraunhofer regime is proportional to the square of the Fourier transform of the aperture function. For imaging applications we desire a fairly uniform intensity but also a narrow beam. The relevant region is a2/<z<4a2/. The ultrasound frequency and transducer radius are thus both determined by the desired depth of penetration. For example a suitable frequency for abdominal imaging is ~1MHz where soft tissue attenuation, although highly variable, is about 1 dB/cm. Recalling that c/~1.5 mm, we may wish to choose a~6mm so that we can usefully image between 2 and 10 cm. The transverse resolution is then about 2a or ~1cm and the longitudinal resolution is given by the pulse length which must be at least as long as a wavelength and is typically 2-3 wave lengths or ~5mm. Thus the transverse and longitudinal resolutions are comparable. 

There are a number of ways to improve the characteristics of an ultrasound radiator. One method is the use of a lens as described by Macovski on p. 190. An acoustic lens is typically made of a material with n<1 so it is plano-concave with radius R and produces a relatively small well-defined beam at its focal point given by R/(1-n). In particular the lens cancels the phase in the Fresnel expression so that we obtain the Fraunhofer pattern at the focal point, i.e. the amplitude (sonification) is the Fourier transform of the source distribution.

More sophisticated ultrasound transducers are obtained by using the analog of the diffraction grating. The simplest is a linear array of plane piston sources that produce sonic radiation that interferes to produce a narrower beam in the far field. The beam can be electronically swept by varying the relative phases of oscillation (delays in Macovski’s terms) for the individual transducers. An array can be one-dimensional as shown in Macovski Figs. 10.3-10.5, in which case the (central lobe) beam is narrow in the array direction with a far-field angular divergence of /D where D is the length of the array. The secondary lobes lead to irradiation and echo detection at other angles so the image processing is more complicated. To direct the central lobe at some angle  rather than at 0 degrees we set the phase of each element to be kx0sin() where x0 is the coordinate of the element. It's easy to see this by appreciating that the relative phase of the sound generated by all the elements must be null on a a plane normal to the desired direction of propagation. One can also implement focusing by setting the phases of the individual elements so that the Fourier transform of the source array appears at some distance z. Other more sophisticated arrays can be implemented, for example rectangular arrays and concentric arrays.

The ultrasound transducer

Piezoelectric elements deform in response to an electric field. Conversely and electric field causes deformation. A variety of materials show the piezoelectric effect below a Curie point that is above room temperature and for some of these the efficiency kc2 for converting electrical energy into mechanical energy is quite high. For lead zirconate titanate kc~0.7. A typical device is a circular or rectangular disk of thickness c/2 for the desired frequency. It is plated on both sides for electrical connections. Generally such a device has a normal mode (resonance frequency) when it supports a standing wave, which occurs for thickness /2, 3/2, etc. In order to produce a short pulse of sound at the resonant frequency, one need only deform it with an electric pulse. It will then ring at the resonant frequency One may place a  anti-reflective layer on the surface. The Q of the device must be appropriate for its use. For pulsed US, one wishes just a cycle or so of oscillation and isn’t concerned about the purity of the frequency. One then heavily damps the crystal backward. For Doppler applications one operates either in a CW mode or produces gated signals which consist of multiple oscillations and also is concerned that the tone by pure so beats can be distinguished, in which case a large Q is appropriate and little or no damping is used. In this case the transducer must be excited by an oscillator.

Detection of ultrasound

A radiator and detector are equivalent instruments. In diagnostic ultrasound, the transducer is pulsed to produce the radiation, then put in receiver mode to record the reflected pulses. The intensity sensitivity of the receiver as a function of angle is exactly equal to the angular distribution of the emitted intensity (reciprocity). One way to think about this is that in order for the transducer to produce a signal the entire element must vibrate so the incident sound must add coherently which can only occur at suitable angles.

Doppler ultrasound

This technique is used to measure the velocity of moving parts in the body such as heart walls or valves and blood (red blood cell) flow. The detected frequency of sound when there is relative source-detector velocity vcos() is (1+vcos()/c0). When sound is reflected by a moving object the frequency shift is =2vcos()/c0. If for example blood is flowing at 15 cm/s in a large vessel, ~1.9 kHz, an audible frequency which can be heard as beats.

