Imaging Systems

RADIATION IMAGING
In 1895, the first Nobel laureate, physicist Wilhelm Roentgen, described a new type of radiation, X rays. X rays are a form of electromagnetic (EM) energy just like radio waves and light. However, X rays typically have a wavelength from 100 to 0.01 nm, much shorter than light or radio waves. In 1898, Madame Curie coined the term radioactivity to describe the emitting property of radioactive materials.  

The process of an unstable nucleus transforming into a more stable condition by either absorbing or releasing energy is known as radioactive transformation or decay. There are naturally occurring heavy elements that are unstable. All radioactive materials decay by emitting either alpha, beta, and/or gamma radiations. 

Diagnostic Radiology

X Rays

The usual source of diagnostic X rays is the emission of photons from an anode upon being struck by an electron beam. The electron beam is created by electrically heating a tungsten (W) filament within a vacuum. The anode is often tungsten and is also contained in the vacuum. 
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The radiated energy is filtered with an Aluminum (Al) sheet to reduce the amount of low-energy x-rays that would not penetrate the body but would contribute to the overall amount of absorbed radiation. A collimator is used to direct radiation normal to the subject. The patient absorbs 95 to 99% of the radiation from the incident beams. 

The remaining radiation must then pass through a grid that blocks or absorbs scattered radiation (like a venetian blind) and passes primary radiation. The primary radiation then exposes an image capturing film. Besides film, other image detectors like a xerographic plate or a scintillation detection system can be used. Scintillation detection systems take advantage of the properties of certain materials to emit a flash of light, or scintillate, when struck by ionizing radiation. The system consists of a scintillation crystal placed close to a photomultiplier which is cascaded with an amplifier and other hardware to provide an image of the item being measured.
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Computed Tomography (CT) or computerized axial tomography (CAT). A radiation source and scintillation detector pair can be moved together across and around the body to acquire measurements from numerous angles. Computer methods are then used to reconstruct the measured radiation data to form two-dimensional transverse or three-dimensional images. 

Nuclear Medicine

Nuclear medicine uses radioactive material for the diagnosis of disease and for assessment of the patient. It differs from radiography in that the source of gamma rays is not external but rather within the patient. Additionally, the radioactivity can be attached, “tagged”, to materials that are biochemically active in the patient. Thus, nuclear medicine provides structural as well as functional (metabolic) information. If images are acquired rapidly, the time dependence of the uptake and distribution can be studied, i.e, the pharmacokinetics and pharmacodynamics. 

Positron emission tomography (PET) is similar to x-ray transmission CT, except that the spatial distribution of a radionuclide is measured instead of the attenuation coefficients for x-rays. 

Single-photon emission computed tomography (SPECT) is similar to PET but can use any gamma ray emitter, and thus is not limited to the short-lived positron emitters. Gamma rays are used because they penetrate tissues with relatively little attenuation, and because they deposit only a small fraction of their energy in the tissue. 

Radiotherapy or therapeutic radiology

Radiation affects organisms and can kill cells, tumors, organs, or entire animals. The response is dependent on the dose and the dose rate. Radiation therapy is commonly used to treat cancers/tumors by irradiation of the cancer area in order to kill the cancerous cells. 
MAGNETIC RESONANCE IMAGING (MRI)
MRI is based on the principles of nuclear magnetic resonance (NMR). NMR is based on deriving a signal from nuclear magnetic moments, initially aligned in a static magnetic field, after excitation with an applied radio frequency (RF) pulse in resonance with the Larmor precession frequency. 

A sample containing hydrogen is placed between the poles of a magnet that produces a magnetic field, B. The sample is surrounded by a coil of wire that serves as both a transmitting and a receiving antenna. The RF oscillator is tuned in frequency until it is in resonance with the protons. Radio waves of the same frequency are emitted by the sample, inducing small currents in the coil. The amplitude of this signal depends on the number of protons in resonance. Thus the hydrogen density (actually spin density [SD]) can be determined. The SD differs among various tissues. 

Certain nuclei have a net magnetic moment (dipole), which is generated by the spin of the charged nucleus. If placed in a strong magnetic field, a small fraction of the nuclei become aligned because of the magnetic force on the dipole. The nucleus actually precesses, or wobbles, around the direction of the magnetic field, like a gyroscope or top. The precession frequency is the Larmor frequency and is based on the gyromagnetic ratio (MHz/T) of the selected nucleus and the magnetic field (T). 
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FIG. 6.2a X-ray tube and power supply.
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If an RF field is a applied at the precessional frequency, the protons will absorb energy (resonance), change state, become excited, and the precessional axes rotate. When the RF field is removed, the particle spins return to equilibrium and radiate energy as RF waves  (at two different decay rates, T1 and T2) of the same frequency. The energy is sensed by the same coil that provided the original RF signal. It is this signal that constitutes the signal in NMR. Using various excitation frequencies, e.g. 42.57 MHz for hydrogen in a 1.0 T field, and Fourier analysis, the amplitude distribution of the returned frequencies is determined and an image can be generated. 


Unlike CT, MRI uses no ionizing radiation, and no measurable biological after-effects have been seen. Resolution is 0.5 to 1.0 mm. 

Superconducting coils are used when very strong fields like 2.0 T are required. For less than 1.0 T, a permanent magnet or a resistive-coil electromagnet can be used. 

ULTRASOUND
Like EM, ultrasound can be used for imaging. In addition to its cost-effectiveness, it has some unique characteristics and advantages:

1. Ultrasound is a form of nonionizing radiation and is considered safe.

2. It is less expensive than imaging modalities of similar capabilities.

3. It produces images in real time, currently unattainable by any other methods.

4. It has a resolution in the millimeter range for the frequencies being clinically used today, which may be made better if the frequency is increased.

5. It can yield blood flow information by applying the Doppler principle.

6. It is portable and thus can be easily transported to the bedside of a patient.

However, organs containing gases and bony structures cannot be adequately imaged without introducing specialized procedures, it iss operator skill dependent, and it can be impossible to obtain good images from obese patients.
c = λ*f

where c (m/s) is the speed of sound in the medium, λ is the wavelength, and f is frequency. 

	Material
	Speed (m/s at 20-25 degrees C)

	Air
	343

	Water
	1480

	Fat
	1450

	Skull Bone
	3360


Ultrasonic transducers use the piezoelectric properties of certain ceramics of barium titanate and similar materials. When stress, these materials produce a voltage across their electrodes. Similarly, when a voltage pulse is applied, the ceramic deforms. If the pulse is short, the ceramic “rings” at its mechanical resonant frequency. The ceramic can be pulsed to transmit a short burst of ultrasonic energy as a miniature loudspeaker and then switched to act as a microphone to receive the reflected signals from various tissue interfaces. The time delay between the transmitted pulse and its echo is a measure of the depth of the tissue interface. At each change of tissue type, a reflection results. 
The figure below shows a single-element transducer consisting of a circular disc, two matching layers, a lens, and a backing material. It outputs the most power at a resonance that is determined by its thickness. The thickness is dependent upon the wavelength of sound in the material. The lens behaves like an optical lens and is used to focus the beam to a desired distance. The backing material performs the damping function for modifying the duration and shape of the excited acoustic pulse. A transducer can have only one piezoelectric element or one- and two-dimensional arrays. Frequencies ranging from 1.0 to 10 MHz are used for most medical ultrasonic imaging, but frequencies above 15 MHz can be used for special purposes to increase the resolution.
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There are various modes that are used to display the ultrasonic image; these include A-, B-, C-, and M-modes where the B-mode is the most common. These are the first letters for amplitude, brightness, constant depth, and motion, respectively. The A-mode is simply a display of the echo amplitude versus the distance into the tissue. The distance, 
d = c*t/2. The output looks like a simple signal versus time.
The B-mode uses an array of piezoelectric elements and electronic steering to produce the familiar 2-dimensional images. These scanners can now acquire images fast enough to monitor the motion of an organ.

The M-mode sweeps one intensity-modulated A-line or B-line across the monitor as a function of time. The displacement of a target relative to the probe, such as a heart valve, can then be displayed as a function of time. 
C-mode is similar to conventional radiography in which a second transducer is used to detect the pulse after traversing a medium. The image obtained is a 2-D map of the ultrasonic attenuation experienced by the pulse.

Flow measurement

Using Doppler theory, an ultrasonic blood flow instrument can be devised. These can be used to measure instantaneous blood flow and even measure flow profiles. Another method for measuring blood flow is the electromagnetic flowmeter.
Therapeutic Ultrasound

Ultrasound can also be used therapeutically. The biological effects can be classified into two categories: thermal and mechanical. The thermal effect results from an increase in temperature when ultrasound energy is absorbed by tissue. The mechanical effect is caused by the mechanical disturbance produced by ultrasound. 
These properties are used for treatment of hyperthermia, tumors, and for tissue ablation. A specific application is ultrasonic lithotripsy, wherein kidney stones are broken down into small pieces by exposing it them to high energy shock waves.
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