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Topics Covered

• Before midterm
– Image Quality (Chap3)
– Radiation Physics (Chap4)

– Projection Radiography (Chap5)

– Computed Tomography (Chap6)

• After midterm
– Nuclear imaging (physics, scintigraphy, SPECT, PET)
– Ultrasound (physics, imaging)

– Magnetic resonance (physics, imaging)
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Nuclear Medicine
• Also known as nuclide imaging
• Introduce radioactive substance into 

body

• Allow for distribution and 
uptake/metabolism of compound
� Functional Imaging!

• Detect regional variations of 
radioactivity as indication of 
presence or absence of specific 
physiologic function

• Detection by “gamma camera” or 
detector array

• (Image reconstruction)

From H. Graber, Lecture Note, F05 
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Examples: PET vs. CT

• X-ray projection and 
tomography: 
– X-ray transmitted through a 

body from a outside source to 
a detector (transmission 
imaging)

– Measuring anatomic structure

• Nuclear medicine: 
– Gamma rays emitted from 

within a body (emission 
imaging)

– Imaging of functional or 
metabolic contrasts (not 
anatomic)

• Brain perfusion, function

• Myocardial perfusion
• Tumor detection 

(metastases) 

From H. Graber, Lecture Note, F05 
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Nuclear Medicine Physics

• Nuclear medicine relies on radiation (gamma rays) generated 
through radioactive decay

• Radioactive decay is the process when a unstable nuclide is 
changed to a more stable one
– Four modes of decay, generating alpha particles, beta particles,

positrons and gamma rays respectively

• Radioactivity follows an exponential decay law, characterized by the 
decay constant or the half-life

• Desired properties for radio tracers

• Common radiotracers in nuclear medicine
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Nuclear Medicine Imaging 
• Three major imaging modalities:

– Planar scintigraphy
– SPECT
– PET

• Principle of Anger camera: collimator, scintillation crystal, 
photomultiplier

• Imaging principles of planar scintigraphy and SPECT
– Both based on gamma decay
– Very similar to X-ray projection and CT, except for the attenuation factor
– Practical systems mostly ignore the attenuation factor
– Imaging equation: double integration

• Imaging principle of PET:
– Coincidence detection: detect two photons reaching two opposite 

detectors simultaneously (within a short time window)
– Imaging equation: Detected signal is the product of two terms, 

depending on the radioactivity A and attenuation mseparately
– Can reconstruct radioactivity more accurately if m can be measured 

simultaneously 
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Planar Scintigraphy

• Capture the emitted gamma photons (one at a time) in a 
single direction (non tomographic)

• Double integration
– Integrate over locations of radiotracer

– Given location
• Integrate from location of the radiotracer to the camera in a straight 

line
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Imaging Geometry and Assumatpion
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Imaging Equation
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SPECT

• Capture emitted gamma rays in different directions using 
a rotating camera or a camera with ring detectors

• Scintigraphy is the projection in one particular direction
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PET
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• Detect two events in opposite directions occuring
“simultaneously”

• Time window is 2-20 ns, typically 12 ns
• No detector collimation is required

– Higher sensitivity

Annihilation Coincidence Detection
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Imaging Equation
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Example

• Prob. 9.4
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Ultrasound Imaging
• Measure the reflectivity of tissue to sound waves

• Can also measure velocity of moving objects, e.g. blood flow (Doppler 
imaging)

• No radiation exposure, completely non-invasive and safe
• Fast

• Inexpensive
• Low resolution
• Medical applications: imaging fetus, heart, and many others
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Physics of Acoustic Wave

• What is acoustic wave?

• Characterization of wave: 
– Material properties: k, r , c, Z
– Wave properties: particle velocity v, pressure p, intensity I

• Plane wave vs. Spherical wave
– Should know the general way to represent each

• Reflection and refraction of wave at an interface
– Know how to determine R and T and how to use them to compute the

backscattered signal from a medium containing several interfaces

• Scattering of wave by a point scatter
– Spherical wave

• Know when to use the reflection vs. scattering 
– Reflection occur when object is much larger than wavelength
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Example

• Received signal from layered medium
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Transducer

• Transducer for ultrasound imaging
– Piezoelectric crystal: converting oscillating voltage to pressure 

wave (transmit) and vice versa (receive)
– Resonance frequency (determined by thickness of crystal)

– Flat surface vs. focused 
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Pulse Echo Imaging

• Transducer is excited for a short period, generating a 
narrowband short pulse n(t)=n_e(t) e^{j w_o t}

• Detects backscattered wave (echo) generated by objects 
r(t)

• Repeat the above process, with the interval between two 
input pulses greater than the time for the receiver to 
receive the echo from the deepest object (2 d_max/c)

• In A-mode, we measure the envelop of the received 
signal after time gain compensation, e_c(t;x0,y0)
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What is the Received Signal?

• What is the received signal (backscattered signal) at the 
transducer ?

• How is it related to the reflectivity in the probed medium?
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Example

• Consider the case when a transducer is pointing down 
the z-axis, on which 2 scatters are located at z1 and z2, 
both in the Fraunhofer field. The envelop of the 
excitation pulse is rectangular with duration T. Sketch 
the envelop of the received signal.
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Pulse Echo Equation
• Pulse-Echo equation

– Relation between excitation pulse n(t), transducer face s(x,y), and 
object reflectivity R(x,y,z), and received signal r(t), 

– General equation and different approximations
– Need for time gain compensation 
– Envelop of received signal after time gain compensation is an estimate 

of the reflectivity distribution in the z-direction below the transducer
• Blurring functions correspond to different approximations
• Resolution cell depends on transducer face and excitation pulse
• Axial resolution cell depends on pulse duration
• Lateral resolution cell

– depends on transducer face with geometric approximation
– Depends on z Fraunhofer approximation: increase with z

• Derivation of pulse echo equation not required, but should 
understand what affects lateral and axial resolution

• Should understand when to use the near and far field approximation 
and can determine beam width at different depth
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Fresnel & Fraunhofer Approximation of 
Field Pattern

Fresnel region Fraunhofer region
(far field, beam spreading)

l4

2D

Geometric 
approximation:
Wave is confined in 
a cylinder

Vibrating flat plate

Near field boundary (NFB)

Beam width = D in near field, = \lamba z/D in far field
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Different Scanning mode

• A-mode (reflectivity in z for fixed (x,y) position)
• M-mode (motion trace in z for fixed (x,y))
• B-mode (reflectivity in one cross section)
• Doppler imaging

– Know relation between velocity and Doppler freq.
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A-Mode Display

• Oldest, simplest type

• Display of the envelope of pulse-echoes vs. time, depth d = ct/2
– Measure the reflectivity at different depth below the transducer position

The horizontal axis can be interpreted as z, with z=t c/2
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M-Mode Display
• Display the A-mode signal corresponding to repeated input pulses in 

separate column of a 2D image, for a fixed transducer position
– Motion of an object point along the transducer axis (z) is revealed by a bright 

trace moving up and down across the image
– Often used to image motion of the heart valves, in conjunction with the ECG
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B-Mode Display
• Move the transducer in x-direction while its beam is aimed down the z-axis, firing a 

new pulse after each movement
• Received signal in each x is displayed in a column
• Unlike M-mode, different columns corresponding to different lateral position (x)

• Directly obtain reflectivity distribution of a slice! (blurred though!)
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Phased Array

• Should know how to determine the necessary transmit 
and receive delay between transducer elements to focus 
on a plane or point
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Phased Array: Transmit Focusing
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Phased Array: Transmit Steering
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Magnetic Resonance Imaging
• Provide high resolution anatomic structure (as with X-ray CT)

• Provide high contrast between different soft tissues (X-ray CT cannot)
• No exposure to radiation and hence safe
• More complicated instrumentation

• Takes longer to acquire a scan than CT, more susceptible to patient motion

CT MRI PET
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MRI Physics

• What is nuclear spin? What type of nucleus can have spin?

• What is the bulk magnetization vector in the absence of external
magnetic field? 

• What is the bulk magnetization vector in the presence of an external 
static magnetic field?

• What is precession? Under what condition will precession occur? 
– Static field, initial angle
– Larmor frequency = \gamma B_0

• What is the function of the RF excitation pulse (\alpha pulse)
– Tilt the magnetization vector to an angle

• What happens after?
– Longitudinal and transversal relaxation

– Gradually return to the equilibrium state
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MR Imaging
• Design and functions of magnets, gradient coils and RF coils
• RF and gradient pulse sequences
• Slice selection using z-gradient

– Relation between pulse center freq and bandwidth and slice center position and 
thickness

• Scanning in frequency domain in one slice
– Rectilinear scan: 
– Polar scan: 
– FID measurement (using gradient echo sequence), follows T2* decay
– Spin echo measurement (using spin echo sequence), measure at echo time, 

follows T2 decay
– Should understand the purpose of each pulse in a given pulse sequence

• Understand the relation between the pulse sequence and the trajectory on the 
frequency domain!

• Should know relation between f(x,y) and s0(t) for different pulse sequences
– Basis for image formation and reconstruction

• Relation between f(x,y) and the tissue properties (MR imaging equation)
– How to vary pulse sequence parameters to weight T1, T2, PD contrast
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MRI Image Reconstruction 

• MRI data for a slice are Fourier transform of effective 
spin density distribution

• Reconstruction by inverse FT (rectilinear scan) or filtered 
backprojection (polar scan)

• Image quality
– Sampling intervals \delta u, \delta v determine the field of view in 

the signal domain
• Small \delta u, \delta v -> larger field of view

– Coverage area U, V determine blurring 
• Larger coverage area -> narrower blurring function (better 

resolution)
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Logistics of Final Exam

• Dec. 18, 3-5:50
• Closed book, 1 sheets of notes (double sided) allowed
• Office hour

– Dec. 15, Dec. 16, 10-12


