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Introduction

Medical Imaging Systems ( The Physics of Medical Imaging,
Webb)

@ Conventional X-rays

Nuclear Medicine

o Imaging of radiopharmaceuticals

Diagnostic Ultrasound

Magnetic Resonance Imaging (MRI)

(]

Medical Image Processing
@ Backprojection, Radon Transform, Convolution, filtering, etc.
@ Computer Requirements

Student Image Processing Project (More later)

Grading Exam 1, Exam 2, Exam 3 (final ... also the lasksc@@w oo
exam) 33% each e
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Why Imaging?

(] @ © 6 6 06 6 ¢ 0
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Heart disease: 659,041

Cancer: 599,601

Accidents (unintentional injuries): 173,040

Chronic lower respiratory diseases: 156,979

Stroke (cerebrovascular diseases): 150,005

Alzheimer's disease: 121,499

Diabetes: 87,647

Influenza and Pneumonia: 49,783 (2019 data, SARS-Cov-2 changes

this with 377,883)

Nephritis, nephrotic syndrome, and nephrosis: 51,565

Intentional self-harm (suicide): 47,511

(2019 data)

Septicemia: 35,539

Chronic liver disease: 33,539

Essential hypertension and hypertensive renal disease: 27,477

Parkinsons disease: 23,107 )
Pneumonitis due to solids and liquids: 18,090 mm”m?wwo

All other causes: about 600,000
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History of Medical Imaging

© 6 6 66 6660060 090 90

1895 - Discovery of x-rays (Wilhelm Rdntgen)

1905 - Subtraction Radiogram (DSA)

1917 - Radon Transform

1937 - Xeroradiograhpy (patent)

1946 - NMR principle

1950 - Scintillation imaging (y-camera)

1952 - 2D Ultrasound Imaging

1953 - Positron Tomography

1957 - Anger () camera using Sodium lodide Crystals
1958 - X-ray CT

1961 - Oldendorf - laboratory X-ray CT

1963 - SPET (analog)

1971 - SPECT

1972 - First commercial X-ray CT (Ambrose and Hounsfield)

@ 1979 - Nobel prize to Hounsfield and Cormack

1976 - MRI (Mansfield & Maudsley) - ex-vivo finger }
o 1978 - Commercial version mm”m?wwo
1982 - Impedance Tomography =
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Cardiology

@ Cardiac Ultrasound Images - Echo and Doppler

& Non-invasive but poor resolution
s Mitral (bicuspid), tricuspid valve regurgitation, flow

@ Angiogram - Catheterization

@ Percutaneous Transluminal Coronary Angioplasty (PTCA)
o AKA Balloon Angioplasty

Catheter threaded into
subclavian artery

Ballocn in position

in right coronary artery &
THINK Blﬁe WE DO
&
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@ CT Scan (Computed Tomography, or Computer Axial
Tomography (CAT))
@ MRI (with/without contrast, typically varying paramagnetism)
@ Dynamic Spatial Reconstructor (Mayo Clinic)
o 14 image intensified X-ray tubes

THINK Blﬁa WE DO’
8
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Photons (EM waves)

Media to make human body semi-opaque
@ Visible light (3800 A- 7600A) human body is opaque
@ 400 ~ 800 THz

@ 1.6 ~3.28¢eV
9 Recall:
hc .
E = hv= 5y (v is frequency) (1)
= 6.626 x 107>*J.s =414 x 107 eV -5 (2)
c = 3x10®8m/s(speedoflight) (3)
1.24 x 1075
1.24 x 107° 1240
— Y = —F——eV THINK WE DG’
2(m) A(nm) € "(“5?
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Photons (EM waves) (cont.)

@ Recall human body is opaque to visible light
@ Cosmic Rays (107! to 1071°A) human body
is transparent
o Energy is 101> — 102 eV
o 1leV=1.6x10"erg = 1.6 x 107 *%joules
o Charge on an electron is 1.6 x 107°C
@ X-rays (energy 0.1 ~ 123 keV, A 0.1~ 100
A) human body is semi-opaque
o Trade-off between X-ray dose and SNR
o radioactive isotope (Tc - 140 keV, Ga - 511
keV after positron electron annihilation)

THINK Blﬁa WE DO’
8
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Chapter Two - Diagnostic Radiology with X-ray

Qil expansion Heat shield Target Lead lining
diaphragm Ancde Glass insert

Molybdenum stem

| Stator

Evacuafing stub

Rotor
@ 5! Stator [ ;
- )
Thermal T cable Rﬁdiolucenf\ HT cable
cut-out switch Filament  window  Vacuum Cathade block

Figure 2.8 The construction of a rotating-anode x-ray tube. (Repro-
duced with permission of MTP Press Ltd from Forster (1985).}
8
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Three Types of Interactions Between X-ray and Tissue

Patient

uaaau/n.u rto\p 0aC o OB BT Anti-scatter grid
B receptor

Figure 2.1 The components of the x-ray imaging system and the

formation of the radiographic image. B and E represent photons

that have passed through the patient without interacting. C and D

are scattered photons. D has been stopped by an anti-scatter grid.

Photon A has been absorbed. .H,N“,Gawg od
¥}
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Three Types of Interactions Between X-ray and Tissue

Photoelectric interaction - "ionization" effect (photoionization)
@ Transmitted - passes through unaffected (Primary)

@ Scattered - interacts with tissue or bone and passes through

(Secondary)
@ Absorbed - this is the delivery dose and is responsible for the
damage

& The characteristic x-ray may not always be absorbed but the
ionized electron almost always will be
o Mean free path of electron in water is 0.03 cm

THINK Blﬁa WE DO’
8
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Dose Versus Contrast Trade-off

@ Low Energy Photons - Only a few get through
@ Good contrast but to get enough photons to the detector,
HIGH DOSE
& In case you're not sure, high dose is BAD
@ High Energy Photons - Most get through
@ Poor contrast
@ Good news is low dose to patient
o Bad news is unusable image - colossal waste of time
@ X-ray energy determined by
o X-ray target material, W(high), Mo(low)
o X-ray tube potential (how much voltage is supplied)
o Filtration (screening) - typically Al or Cu, with Al preferred for
medical imaging (lower atomic number, control with thickness)

THINK Bma WE DO’
8
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Dose Versus Contrast Trade-off

@ For CT scan, can take advantage
of redundant information

@ Image processing can "filter” low
contrast images
@ Image at right current GE
algorithm developed at Purdue
University
o Left, filtered back projection (we
will cover)
o Right, Veo™ iterative
reconstruction (we will not cover)

THINK axnawz Dd’
&
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Image Receptors

Film, though much less now than historical use

Screen film (copper, aluminum, etc)

Xeroradiogram

Image intensifier tube (IIT) and Photomultipliers (PMT)
Charge-Coupled Device (CCD - often used with IIT)

e © 6 ¢ ¢

Other receptors include ionography chamber and stimulable
phosphor, though the prevalence of other modalities (CT, PET,
MRI, etc.) have made the development of these modalities
somewhat moot

THINK Bma WE DO’
8
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Photographic
Emulsion

Photon (X-ray, visible light)

Film base

@ Speed: Low Silver deposit
@ Dose: High
@ Resolution: High
@ Photographic emulsion is AgBr
suspended in gelatin (lime, | think) T*“””’G?W‘”""
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Expose-Develop-Fix-Stop-Wash

A sensitized grains o< A incident photons and the # unsensitized
grains

dg = (G — g)bdN, where

@ G: # grains of AgBr per unit area

@ b: cross-sectional area of a single AgBr grain
@ g # sensitized grains per unit area

@ N: # photons(i.e. the dose)

Boundary condition: N =0, g = 0 (G is a constant)

g=G(1—el=tM) 4 g

THINK Blﬁa WE DO’
8

g is now the optical density (sort of, more later), N is the
exposure, and gy is the fog level
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Optical Density (Darkening)

I
D = logyo 7

@ Ip: incident light intensity
@ [: exit light intensity

Near the maximum contrast point

THINK mnawz Dd’
&8
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Graphical Representation of Scatter at I(x,y)

I, ) dx dy

Figure 2.2 Simple mode! of the formation of the radiographic image
showing both a primary and a secondary photon.
HINK mnawz Dd’
&
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Lambert-Beer Law of Photon Absorption

I(x,y) = NE(E,0)Ee~ J #ixy:2)dz / E(Es,0)ES(x,y, Es, Q)dQdE,

(6)
[(x,y): image at the receptor
N: # of incident x-ray photons per unit area

(assumed single energy E)

u(x,y,z): attenuation coefficient (i.e. YOU)

S(x,y,Es,Q): # scatter photons arrived at (x,y) from
solid angle (i.e. dQ =sinfd0do)
with energy range dE;
E(E,0): energy absorption coefficient

for energy E, solid angle Q mmxmc?w:uo"
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Lambert-Beer Law of Photon Absorption

I(x,y) ~ NE(E,0)Ee/ #oy:2)dz L SE(EVE = NE(E,0)Ee #xv:2)d2 (11 R)

(7)
R: Scattered to primary ratio
If we now make the substitution
h—1
h
where C is the contrast, we have
L = NE(E,0)Ee "t 4 SE(E)E (9)
L = NE(E,0)Eel-mti—t)—mtl L SE(F)E (10)
ettt _ gl—m(ti—t)—paty]
Cc = 11
e~mt(l+4+ R) (11)
1— —(p2—p1)t2 THINK BIG WE DO’
_ Loelerme i) 4
1+R 2
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Contrast Integral

Image
Intensity

HINK mce WE DG
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Contrast and SNR

So, when scatter T = Rt = C|

The change in intensity between two regions is given by
Al = — L = Ch So, the signal over arca A=Al-A=1-C-A

Signalye; = C-A-N-E-E e (1+ R) (13)
But what is the noise over the adjacent area?

Assume & is the same for primary and secondary photons and a
Poisson process for X-Ray photon arrival at area A.

LA
Noiseares = E/ 1? = E\/NEAe—mt (1 + R) (14)
So

NEAe~ NK WE DG’
MRy = C/NERS(LT R  [1-e- 1o, [ VA o
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Dose

Given the minimal acceptable SNR (typically 5 (units are dB but
more on this later)), what is the required dose to see a cube of
tr X tp X tp? The required # of incident X-Ray photons is derived

SR = k = (1~ e~y [REAEEE (1)

which is approximately equal to

SR = k=[1 -1~ (12~ m)elly e (17)

THINK Blﬁa WE DO’
8

from
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Dose

Rearrange terms and clear the radical

(14 R)K*(u2 — p1)™2 = NEAt3e th (18)
N k2(1 4+ R)e tt (19)
E(pz — 1)ty

This is the number of photons per unit area (that's why the A
went away). To get surface dose, we have

E_ penEK?(1 4 R)ett
pE (2 — p1)?t3
Where N is the number of incident photons per unit area, “% is

the mass energy absorption coefficient for tissue, and E is the .
IH]NKBIG@WEDO
photon energy. &

(20)

Doseg,,r = N( 'uZN )
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Quantum Mottle

Exposure (X) due to scatter o VAEN, but total exposure is
ox AEN = 8X — (AEN)™ 2.

Recall, AD = 0.434T 2% - ADq = 0.434T(AEN)™ 2, which is the
optical density due to quantum mottle (*proportional to film
gamma)

THINK Blﬁa WE DO’
8
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Film Granularity

Recall, AD¢g = 0.434‘/5_%, where o is the cross-sectional area of a

silver speck resulting from a sensitized AgBr grain.

Nutting's Law gives D = 0.434g0 . AD¢ = 4 /70-43:‘190
(*proportional to /D)

THINK Blﬁa WE DO’
8
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Film Granularity

el
B
30 Choructerisic =
- $
g 29 B é
4 &
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Figure 2.26 Measurements and calculations for the DuPont Cronex
HiPlus/Kodak X-Omatic RP screen—film combination. (a) Film THINK Bmawg Da’
characteristic and gamma. (b) Calculations of the variation of
quantum mattle and film lmnu]am} with exposure. (¢) Calculations
of the variation of por with optical density. Noise estimates are for

a circular sampling area of diameter 0.5 mm. (After Barnes (1982}.)




Detective Quantum Efficiency

BER 0
o] pistls)
anannnrrp] Q:""""“""”l Q
E E
1

I 1
e L
DQEtotal = DQEI : DQE2 cee DQEn

In other words, the total DQE is the
product of each individual DQE

THINK Blﬁa WE DO’
8
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Geometric Unsharpness

Object Plane Image Plane

Image blurring B = a—cf = a(m — 1), where m is the image

magnification, i.e. m = 9+% (divide both sides by m)
B 1
= — = ]_ —_ — ™
U, m a( m) TH]N(%WEBO

&

Directly proportional to focal spot size, a, i.e. m T = Ug 1.
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Receptor Unsharpness

Caused by lateral spread of photons. Let F be the intrinsic receptor
unsharpness, i.e. the thickness of the image of an object which has
NO thickness. Imagine a photograph. The reason you can hold it is
because the paper and the ink have thickness - the image has zero
thickness. The receptor has thickness, but the image does not.

F
Ur - E (22)

Inversely proportional to magnification, m, i.e. m1 = U, |.

THINK Bma WE DO’
8
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Total Unsharpness

Ignore motion unsharpness (patient movement), making total
unsharpness the geometric mean of Uz and U,

U=/ U2+ U2 (23)

THINK me WE DO’
&8
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General Radiography

oo
ax awaai mdiagmfne\y’ (Ti-— > 2)' (_)g_} Or, mi = g a

s
("ll) m'}ni‘(;{u)h‘vn TaAfegWPg'ﬁ (.’?_. <2

0,6mm —-lZwmm

A"
4"
) s‘fs-o 4
+iu bread

{a(,o& (?B‘+ faeal ¢F0t

THINK Blﬁa WE DO’
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Xeroradiogram
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Image Intensifier
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Multiplier Tube

Photocgthode ocusin

Anode

Input
phosphor

Figure 2.27 Construction of the image intensifier.

THINK mnawz Dd’
&
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Digital Angiography
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Digital Angiography
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Four Generations of CT

@ Actually 5, though the fifth is just a derivative of the fourth
@ All modern CT scans can be traced to the first 1973 model

THINK mnawz Dd’
&8
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First Generation CT

Gantry Rotates I° Between Projections

X-ray Tube

@ Single X-Ray source, - "%\
single detector (180° 8
rotate and shift)

@ Parallel beam

@ 4 minutes per slice

Detector

THINK Blﬁa WE DO’
8
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Second Generation CT

@ Single X-Ray source,
mu|t|p|e (3—60) X-ray Tube
detectors (180° rotate
and shift)

@ Small angle fan beam
(10°)

@ 20 seconds per slice
(240 seconds per

slice/average 12
detectors) € Narrow Fan Bean

o Wedge size
determines the
efficiency of the slice ran i G we o6

8

LS
Detector Array
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Third Generation CT (Fan beam reconstruction)

@ Single X-Ray source,
multiple (128-600)
detectors (360°
rotation only)

@ Wide angle fan beam Xoray Tube
(pulsed)

@ 5 seconds per slice
(240 seconds per
slice/average 48
detectors)

@ Zenon gas detector

THINK Blﬁa WE DO’
8
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Fourth Generation CT

@ Single X-Ray source,
multiple (N 1000) Large Fixed Detector
detectors (360° A e Amey
rotation only)

@ Wide angle fan beam X-ray Tube
. 3
(continuous)

Active Detector
€ Elements

@ 2 seconds per slice
(240 seconds per
slice/average 120 TSI
detectors)

@ Zenon gas detector

THINK Blﬁa WE DO’
8
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Rotating
X-ray source

Deta acquisition
Tf— Setectors

Focus cail

Fan-shaped
x-ray beam

Rotating

Motorized table

Target rings.

Figure 4.9 Imatron CT-100 ciné T scanner: longitudinal view. Note the use of
four target rings for multislice examination. (Courtesy of Imatron.)

THINK axna WE DG
&
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Classical Tomography

Liltered

VLQC)(PWF&;M backprojectic

zheale (odifact)

THINK mnawz Dd’
&8
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Computed Tomography

THINK mnawz Dd’
&
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Computed Tomography

N 2R ™
. TH]NKBIG@WE DO
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Projection

s O\
$,<0‘§ \\
\“&‘Q‘&\\\\

\\ A__Patient section

projection

Figure 4.10 Projections are defined as the negative logarithm of the
fractional x»r#xy transmittance  of the object, Ay (x') =
— In[I4(x")/I%(x"}]. ¢ is the angle at which the projection data are
recorded.

John DiCecco, PhD BME464: Medical Imaging
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Back Projection
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Back Projection
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Algebraic Reconstruction

Technique

John DiCecco, PhD
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Convolution, Backprojection, and Radon Transform

Visi!

or
MPCEd)

g

Wit
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Dose vs. Resolution

2 pyt
Recall N = SNR-QER)enT o,
e(u2—p)ts

ki (SNR)?
nu = % where
e n: DQE
@ v: x-ray dose (related to N)
@ kq: constant related to E Values for diagnostic CT
@ t: dimension of the smallest object @ resolution: less than 1
visible mm
@ kyt: thickness of the slice @ discrimination: 1% in
(ko =2~5x1t) image density (related
. to SNR)
dose o (spatial resolution)* @ dose: 10 ~ 100mGY e .. .5
(compare to 1 mGy for
mammogram)
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Beam Hardening

Low energy x-rays are attenuated
first

Diagnosiic radiology with x-rays 34 Beam-hardening artefacts

As the x-ray beam passes through tissue, the lower-energy components
(5] are attenuated more rapidly than the higher-energy components. The

(a}
10 1ol average photon energy increases; the beam becomes harder. As a result,
Incident | Exit the exponential law of attenuation no longer holds.
il With no absorber in the beam, the detector output is
o 08 08r e
g Io=ks [ s(E) aE @31
%: 08 ‘ “t where the source spectrum S(E) is defined such that S(E)dE is the
2 | energy fluence in the energy range E to E + dE.
S oy / | 0Lt With an object in the beam, Beer's law must be weighted by the
E / J energy spectrum and integrated, to give
5 L Enax
g0 / ¢ ZL I=ks fn S(E) exp(— jmuelx, 5] dy') dE (4.32)
o T2 W 5 8 10 o0 20 & 6 8 0 and the projection / is thus
ey ho D e il N4 GE)
Figure 2.11 X-ray spectra for an x-ray tube with a tungsten target; [ES(E)dE ) )

100KV constant potential with 2.5 mm aluminium added. The spec-
tra are shown both before and after attenuation by 18.5cm soft
tissue plus 1.5 cm bone. (The spectra are based on the work of
Birch et al (1979).)

THINK mnawz Dd’
&
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Radioisotope Imaging

THE ELECTROMAGNETIC SPECTRUM
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Ways to Detect v-rays

@ Scintillation Crystal

s Nal (Tl doping)

s 7-ray— visible light— voltage (Nal PMT)
@ Gas-filled, multi-wire chamber

o Xe

s 7-ray— charge— voltage (wires)
@ Semiconductor

o Si, Ge with doping (HPGe, CdTe, Hgl,

@ ~y-ray— charge— voltage

THINK me WE DO’
&8
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Radioisotope Imaging

v x
JHINK Blﬁe WE DO
&
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Gamma Camera

positron
$Pnsitive

THINK mnawz Dd’
&8
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Gamma Camera

THINK mnawz Dd’
&
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Position Determination

Figure 6.31 The arrangement of photomultiplier tube arrays on the
crystal of a gamma camera containing 7, 19, 37 and 61 photomulti-

plier tubes.
THINK Blﬁa WE DO’
8
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Spatial Resolution

At |

)

Geometric Unsharpness: determined by the «-ray energy and
the collimator design (R. < 10mm)

Intrinsic Unsharpness: determined by the thickness of the Nal

crystal, the number of PMTs and the position calculation
network (R; < 4mm)

Total Unsharpness (Spatial Resolution): R = {/R2 + R,?

(R < 10mm)

east an order of magnitude LESS than other modalities (CT,
MRI) Advantage of radioactive isotopes

Functional Imaging: Not just anatomical but physiological
information (metabolism)

Strong signal from small amount of tracer (nanograms)m,mmawwom
&
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Production of Radionuclides

@ Neutron Capture: Place target in a field of thermal neutrons
(nuclear reactor)

BMo + n — 233Mo +
@ Nuclear Fission (nuclear reactor)
o 25U + n — 2%U — $BMo + 13Sn+y

° Charged Particle Bombardment: H* (p), H™, DT,
He™, :“HeJFJr 4He+Jr (a) (Cyclotron)

BZn +p—8Ga+n
° Rad|oact|ve Decay. Metastable
o Mo i aTc — BTc + (140 keV)

Isomeric Trans

THINK Blﬁa WE DO’
8
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Decay of Radionuclides

Deaay of rodizmuclides
: Hayel ~@ didaes G biguc

O % decay 4 ol = *He“- (Galiwm nucleas)  useless for wuage] putpose
“useful Loy Hapy
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Two Most Used Decays

@ Single Photon Emission
o (®Mo o ) 3Tc™ — 23Tc + 7 (140 keV) (Technetium
.7 day
half-life 6.02 hours)
@ Positron Emission
o (%Ge — )+ $Ga— $8Zn+ef+v (Gallium half-life 68

271 day
minutes)
@ Annihilation produces two photons, each with energy 511 keV
(E = mc?)
o Detect both, reduces scatter, increases spatial resolution (j 5

mm)

THINK Blﬁa WE DO’
8
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Compton ~-Camera Refraction

Cbmyfan 0- Cawmera
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Semiconductor /
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Compton ~-Camera Refraction

Recoiled electron

Incident photons ® Scattering angle

Seatterad photons

D ™

THINK mnawz Dd’
&
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Compton ~-Camera Refraction

THINK axnewz Dd’
&
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Dynamic Imaging

MUGA - Multiple Uptake Gate Acquisition
dyramic mag g

MUGHA  condiac shudy ( maltiple uplake gated acguisition )

) Mot

RQS o ob I\n*?,mk ecq- )
ATy I

S RSN T m

00 - 000

Lisk-mods. \/// B weos
3
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Dodge's Area Length Formula

44
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Diagnostic Ultrasound

Pulse Echo Imaging

inject a short burst of ultrasound and record the amplitude
of the reflected wave 4

. 315 MYz olp ! oty i ! S
arerta , 32- R@ L
Piezoe\ec‘rm_jc e Hrowsducers

Material

Lead (Pb)

Zireonate (Zr) — L__.._b/———-—

Titanate (1) {} % g0 d3 “

ARk PET - 20-80dB ) )
&) -to

n\; T ¢ 0{9

]
e VYR |
J /

Matching
Layer

THINK mnawz Dd’
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Diagnostic Ultrasound
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Pulse Echo Display Modes

@ pulse-ecn o

{ D Ootin ¥
(Sl - Sat)

) A- mode. - Cz_,q.w/u/f%aldﬁ VS, Friane

) Mjmaaig: A-Scam s, Fuu

L) (- mode

Contract ’0/5";?‘41/1 St , e baricod o solileion

THINK axnawz Dd’
&
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Sound Speed (velocity), Bulk Modulus, Density, and

Impedance

@ Sound Velocity (speed): ¢ = \/g

p

o % = Z’; = p“ (pressure per unit change of percent density)
@ K: Bulk modulus % = £, where % is pressure
o dyne = £57
_ 1
o Elastance = capacitance

@ Recall Bulk modulus measures resistance to compression,
related to elastic modulus
. . ] m
@ Sound velocity (speed) in tissue: 1540 7

o Ko(g-em™-s7l) (g7 em®) =

° ,/ — <7, i.e. velocity

@ Acoustic characteristic impedance: z = pc = /pK

[o m2
52

THINK me WE DO’
&8

John DiCecco, PhD BME464: Medical Imaging December 2, 2021 72 / 116



Fluid Mechanical Analogue
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Reflection /Refraction of Sound Waves at Interface
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Pulsed Doppler System
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Beamforming, Dynamic and Geometric Focusing
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Duplex Scanning
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The proximal isovelocity surface area (PISA)

PISA of a regurgitant color flow jet can be useful in the estimation of
valvular insufficiency. PISA is based on the hemodynamic principles of
flow through a small circular orifice in a flat plate. There is flow
acceleration just proximal to the orifice. The flow converges on the
orifice in hemispheric layers of equal velocity. The surface area of a
hemisphere is calculated by the formula: two pi radius squared.

Color flow Doppler can be used to calculate the area of the
hemisphere. This area in centimeters squared is then multiplied times
the aliasing velocity in centimeters per second yielding cubic
centimeters per second, which provides the volume of regurgitant
blood flow. The principal theoretic limitation is that the usual regurgitant
orifice is neither circular nor flat.

Furthermore, it is possible to calculate the effective regurgitant orifice Left
area by dividing regurgitant flow volume by the velocity of the mitral i
insufficiency jet: ERO = Flow / Velocity Ventricle

This is based on conservation of energy. The flow velocity "V" in a
vessel will vary inversely with the area of the orifice. Since flow equals
velocity times orifice area. Multiplying both sides

of the equation: " Flow = Velocity times Area " V X A " by 1/V yields: "
Area = Flow / Velocity ".

Enindter
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Tissue Doppler Imaging (TDI)
Color-Coded Mitral Annular Velocity
Apical 4-Chamber View

e 0, R R T VMool I =t I 2 = 1 o G i
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SHINK Bma WE DO’
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Pathology

@ Mitral Valve Regurgitation
(prolapse)
@ "Green Monstah”

@ Mitral Valve Stenosis
@ Aortic Valve Regurgitation

@ Aortic Valve Stenosis

[1]
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Future Directions

o Cudue dueckions
absorption coefficient

= acoustic +m03mrﬁy (qu,,f)ﬂd’,'( aILW‘ng,) reflection coefficient

7
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Photo acoustic tomography (PAT) B Trna of FlgH

THINK me WE DO’
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ultrasound
detection

acoustic
waves

thermal
expansion

- — — —|  image
formation

laser .
‘ absorption

pulse ‘_’

THINK Blﬁa WE DO’
8
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Magnetic Resonance Imaging

Figure 8.2 The interaction of a magnetic moement mt, with a magne-
tic flux density B, results in the magnetic moment experiencing a

couple C which produces motion (precession) with angular velocity
wy about By,.

THINK mnawz Dd’
&8
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Magnetic Resonance Imaging

Figure 8.3 If a rotating magnetic flux density B, is applied in the xy
plane in the presence of a static field of flux density B, orientated
along the z axis, M will experience a torque [} (in addition to the
couple C which gives rise to precession about By) moving M through
an angle o from the z axis. (x' and y" are axes rotating at wy. the
Larmor frequency (see §8.3.1.1}).)
THJNxmnew:uo"
&
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Magnetic Resonance Imaging

x T

Figure 8.4 (a) The motion of M in the laboratory frame following a
90° rr pulse and (b) the resultant Fip that can be measured from
the xy component of the sample magnetisation.

THINK me WE DO’
&8
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Magnetic Resonance Imaging

A

Z4 N o {f

90° rF pulse I |
" F
)

Free induction decay ~N . R

\/ / t

Figure 8.12 The effect of a 90° rF pulse on the sample magnetisa-
tion M, and the resultant Fip showing loss of net magnetisation in

the xy plane due to dephasing. bwg o
&
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http://www.drcmr.dk/CompassMR/

THINK mnawz Dd’
&8
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MRI References

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1121941/
http://xrayphysics.com/sequences.html

THINK me WE DO’
&8
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RF Sequences

Saturation Recovery

90°

la) re excifuﬂcn_ﬂ

pulse

S H f
Received
signal ?

90° 9e°
15) e excitation N
pulse _I;! v
s T, i f
Recelved
signel
M, Equilibrium

value

Figure 8.13 (a) The M. component of magnetisation recovers to its

equilibrium value following an initial 90° rF pulse of a saturation-

recovery sequence; (b) the magnetisation M, at time Tp can be _H]N”mawwom
monitored with a second 90° rF pulse in a saturation-recovery

sequence. &
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RF Sequences

Inversion Recovery

(a) 180°

2¢ |nversion

pulse L
s t

Received T

signal

Equilibrium
" \ T vale
¢ e

(5 180°

RE pUlse
s L d

Received

signal 4} :

M T_ _______ — Equilibrium
ZC — =" , value
(B '

Figure 8.14 (a) Following a 180° rr pulse in an inversion-recovery
sequence, the z component of magnetisation is inverted and subse-
TH]NKBIG@WE DO
8

)

quently returns to its equilibrium value; (b) by applying a second
90° rF pulse, the value of M, at time 7| can be measured in a
saturation-recovery sequence.
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RF Sequences

Spin Echo
180°
9p° H
RF pulse _
sequence < . > f'
T: 12 Tei2

—_— T
Received -
signal
from M,,

magnetisation

FID Spin echo

Figure 8.15 In a spin-echo sequence, a 90° rr pulse rotates M. into
the xy plane. Following the loss of coherence due to T3 relaxation.
the M., magnetisation is refocused with a 180° rRF pulse to produce

an echo.
THINK ma WE DO’
&8

John DiCecco, PhD

BME464: Medical Imaging

December 2, 2021 91 / 116



RF Sequences

180 Rephasing

zaM Fallowing 30° pulse
along x* axis M,, dephases

X,
M
>

Following 180°pulse a
a}ong X' axis My, rephased

w3

Figure 8.16 The M, component of magnetisation, produced follow-
ing a 90° rF pulse oriented along the x’ axis in the rotating frame,
dephases due to Bj inhomogeneity. A 180° rRF pulse oriented along

x" rotates the y' compenent of magnetisation through 180°, causing
the spins to rephase.

John DiCecco, PhD BME464: Medical Imaging December 2, 20:



RF Sequences

Carr-Purcell and Carr-Purcell-Meiboom-Gill

ia) 180x 180.x
30x
/F pulse
sequence H g;quen:e
Received
signal
¥ -¥ oy
(5] 180y 180y
90x {21
sequence
RF pulse
sequence
Received
signal
+y +/ 4y
Figure 8.18 (a) The Carr-Purcell (cp) pulse sequence, and (b) the N”‘Ga“" od’
cp sequence as modified by Meiboom and Gill (cpmaG). 8
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T1 Longitudinal Time

Time constant measuring how quickly the precessing proton
recovers to it's original state in the By field after being excited by
the RF sequence.

THINK me WE DO’
&8
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T2 Latitudinal Time

Time constant measuring how quickly the proton spin dephases,
which decreases the magnetic field coupling. When the RF pulse is
applied, all the spinning protons (mostly the H in water) are in
phase, creating a strong interaction with the Bg field. As they
start spinning at different rates, the magnetic interaction decreases
(think millions of tiny magnets, all aligned, acting on another
magnet ... then slowly not aligned, decreasing the force of the
interaction.) Note - pure water will exhibit identical T1 and T2
relaxation times.

THINK Blﬁa WE DO’
8
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T2* Latitudinal Time

A time constant due to the imperfections of the magnetic field, the
RF, and the gradient detector. In a perfect world where there were

no sensing imperfections and fields were uniform and well behaved,
T2 and T2* would be identical.

THINK Blﬁa WE DO’
8
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MRI Scanner Gradient Magnets

¥ Coil

Transceiver

THINK mne WE DG
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Recall from physics that a dipole moment m, for proton with
charge +e has an angular momentum /. The two quantities are
related by

mp =l (24)
where 7 is the gyromagnetic ratio
v =e/(2m) (25)

THINK me WE DO’
&8
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Now, this magnetic moment when in the presence of a magnetic
field, say By, produces a coupling force, i.e. a torque, given by

Cc = mp X Bo (26)
dl /dt (27)

Recall that force is the time derivative of momentum, i.e.

F = dp/dt (28)

THINK Blﬁa WE DO’
8
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Substitutions

Make the substitution for |

dm/dt = ymp X By (29)
Above is the Larmor equation and gives rise to the Larmor
frequency
w =By (30)

which is the frequency the dipole precesses about the z axis
associated with the magnetic field By

THINK Blﬁa WE DO’
8
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Compressive Sensing

Original signal (image) x is observed as signal y through sampling

such that

Ax=y (31)

where is A is an observation matrix. Question, how do we recover
x such that

x = Ay (32)

This leads to the other inevitable question, how do we construct A?

THINK Blﬁa WE DO’
8
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Compressive Sensing

@ The original signal must be mathematically Sparse
o Lots of zeros

@ Turns out the best measurement matrix A is IID

@ We need to minimize the error between what we measure and
what is true

How do we do that? Did you ever hear of a little thing called Least
Squares minimization?

That's OK because it's not that ... but it is related.

THINK Blﬁa WE DO’
8
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Least Squares ||x||»

line = (0:0.01:1);

line = line + randn(1l,101);

A = [ones(101,1) (0:0.01:1)']1;
LS = inv(A'xA) x*A'xline’';

plot (line)

hold on

plot (LS(2)*(0:0.01:1)+4LS(1),'r") '

N o g oA~ W N R

THINK axnawz Dd’
B
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Need ||x||o, Settle for ||x||1

The ||x||2 norm is the Euclidean norm, i.e. find the distance
between 2 vectors (i.e. points) in Euclidean space.

The ||x|Jo norm, which technically isn't a norm at all, is a measure
of finding the locations of all the zeros in a signal.

Turns out for large N number of samples, this is really hard -
essential you have to check each point and determine it's value.
This is what's called N-P hard (non-deterministic polynomial-time
hard), which is not good.

But given the signal is KNOWN to be sparse, i.e. very few
non-zero entries, there is a proof that shows that ||x||; converges
to [|x||o, or 1 — {p.

THINK Blﬁa WE DG’

The /1 norm is called the Taxi Cab or Manhattan norm, since it
reduces to finding the distance between two points on a grid.
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Compressive Sensing

- 120 x 512

—

. 512x1

THINK mnawz Dd’
&
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Initial guess - minimum energy

512 x 120

03 7 o -
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Compressive Sensing - linear programming

% signal length
N - 1024;

% number of spikes in the signal
T = 10;

% number of observations to make
X = 500;

% random +/- 1 signal

x = zeros(N,1);

q = randperm(N) ;

x(q(1:T)) = sign(randn(T,1));
figure,plot (x)

% measurement matrix
disp('Creating measurment matrix
AA = randn(K,N);

A = orth(Aa')';
disp('Done.") ;

figure, imagesc (AA)

figure, imagesc (A)

% observations

y = A*x;

figure,plot (y)

% initial guess = min energy
x0 = A'*y;

% solve the LP
tic
xp = lleq pd(x0, A, [1, y, le-5);

hn DiCecco, PhD
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Compressive Sensing - error

ORIGINAL OPTIMAL RECOVERY 0

m

b bl | k)
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Linear Programming - QUICK!

Solve one or a set of linear equations subject to some constraint.
In the case of Compressed Sensing, we are trying to solve x = Ay
such that the ||x||; distance is a minimum. More correctly, we are
solving the inverse of this ... minimize ||x||; distance such that
Ax = y. The "how" part of this problem is a course unto itself in
a whole slew of mathematics.
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Bragg Peak - Proton Therapy

Bethe Formula (or Bethe Equation, or Bethe-Bloch Formula or ...
Let's go with Stopping Power or Energy Loss Formula)

dE\  4m  nz? e2 \? | 2mec? 32 5
(%) e 7 (=) [ (C5m) 7
(33)
where c is the speed of light and ey the vacuum permittivity,
B = %, e and m, the electron charge and rest mass respectively.

The key takeaway here is — (9E) j—i (because 3 = ¥), which

means the loss of energy in inversely proportional to speed squared.
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Chart Source: Shannon M MacDonald, Barbara Rombi. “Proton Radiotherapy for Childhood
“Tumors: An Overview of Early Clinical Results.” Journaf of Nuclear Medicine & Radiation Therapy
4, no. 4 (2013). https://doi. ﬂrg/‘l 0.4172/2155-9619.1000161.
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Protons

X-Rays Do Not

Excess radiation to
healthy tissue
results in costly
side effects and
secondary tumors
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Proton Therapy
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https://aapm.onlinelibrary.wiley.com/doi/full/10.1002/mp.12371

MRI-guided Proton Therapy

https://www.aapm.org/meetings/09prs/documents/slopsema.pdf
https://indico.cern.ch/event/647153/contributions/2632004/
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https://www.aapm.org/meetings/09prs/documents/slopsema.pdf
https://indico.cern.ch/event/647153/contributions/2632004/attachments/1528970/2392083/oborn_G4workshop.pdf

B

B S. Webb, The Physics of Medical Imaging.
Taylor and Francis, 1988.
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