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Diagnostic X-rays and CT Scans
- motivation and outline

X-rays have been known for over 120ish years.
X-rays are the most utilized modern medical technique.

“X-rays” In the colloquial sense are radiographs — or intensity mappings of the
shadows created when an x-ray beam passes through materials.

The x-rays are absorbed as they pass through tissue and bone and what emerges is
displayed on a film or stored digitally (called a CT or computed tomography scan)
and used to reconstruct an image of the object that absorbed the x-rays.

One limitation of film x-rays is their lack of depth information.

A CT or computed tomography scan can distinguish the different absorbing layers
since the images are stored electronically and can be processed separately.

Diagnostic x-rays are a type of ionizing radiation and there are Inherent risks
associated with an x-ray scan.
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Production of x-rays
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- Production of x-rays

The heat must be removed, or the x-ray tube will suffer damage. Usually, the anode
gets so hot it well melt.

An Example: X-ray anode heating

Suppose that you have an x-ray tube with an anode made from tungsten and that there is a
100kV potential difference applied and a current of 100mA is flowing. 1% of the electric
power is used to generate x-rays and the rest is lost as heat.

* How many electrons strike the anode per second.

» What Is the power emitted as x-ray radiation? What is the power emitted as heat? This
IS called the thermal power.

 How long can the x-ray tube work without the anode fusing? Assume the tungsten
anode has a mass m = 74 g and will melt when the temperature rises to 3000K

« How can you lengthen this time?
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Interactions of X-rays and Matter
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- The Interactions of X-rays and Matter

For diagnostic x-rays about 99% of the energy lost by the electrons with the medium
(through collisions) result in heating of the anode. Only about 1% (or less) produce
usable x-rays for diagnosis.

Of the x-rays produced, we try to generally filter the beam to remove unwanted x-rays.

Filtering 1s the removal of these low energy x-rays from the beam spectrum which
would otherwise not contribute to image quality but would add to patient dose and
scattering.

Filtering decreases the total number of x-rays but since we are removing the lower
energy x-rays, we tend to increase the average x-ray energy and thus increase the
Intensity of the beam.

The efficiency of x-ray production is defined as the ratio of the energy of the x-rays to
the total energy deposited in the target from the electron from the filament.
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- The Interactions of X-rays and Matter

« Taking the ratio of these two powers, we get the efficiency:

€= P% - (0.9 x 10—9§) A%

» Notice that
1. The efficiency increases with Z and V. Thus, in higher Z materials there is
more energy per X-ray and
2. agreater number of x-rays are produced in general

« This Is why our anode material is usually high Z, something like W (Z= 74) rather
than say copper (Z = 29).

Example: Suppose that an x-ray tube is operated at a voltage of V = 100kV and that
the tube draws a current of I = 400mA. What are P, P., and the efficiency of the x-
ray production for a tungsten anode?

* Note that the x-ray tube potential is related to the maximum energy of X-ray
production. If the x-ray tube potential is large enough, we will produce X-rays
characteristic of the anode material.
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- The Interactions of X-rays and Matter

X-rays can interact with matter in many ways.

The “ways” depend on the energy of the beam and whether we’re trying to image
(diagnostic) or treat (therapeutic). The diagnostic ways the beam interacts with matter
are:

Photoelectric Effect Compton Effect Coherent Scattering

These three effects are primarily responsible for the absorption and scattering of x-rays
and thus the ultimate quality of the radiograph.

The incoming x-ray photon interacts with inner shell electrons of usually light elements,
say C, H, O or N that makes up soft tissues.

The inner shell electron can absorb some or all of the incident photon’s energy (leading
to attenuation of the primary beam) and the ejection of an electron. Implications?

Any excess energy (outside what it takes to unbind the electron) shows up as KE in the
electron.
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- The Interactions of X-rays and Matter

The photoelectron is free to travel throughout the body, but in general it only travels
a small distance before its energy is reabsorbed.

The vacancy that was created by the production of a photoelectron is quickly filled by
a higher orbital electron with an emission of an x-ray characteristic of the element
that produced the photoelectron (along with a cascading set of photons of lower

energy).

This x-ray photon (and the rest of the photons) can be produced in any random
direction and are responsible for scattering in the x-ray beam and are another source
of 1onizing radiation in the body. Implications?

The probability that an x-ray photon will be absorbed or transmitted depends on the
elements in the absorbing material.

The effective atomic numbers and densities:

2
Ppp & pzeff Ztissue~74  Ptissue = 1;%3
E3 Zpone~13.8  Ppone = 1-85;%3
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- The Interactions of X-rays and Matter

The photoelectric effect also increases with decreasing photon energy, a consequence of
the uncertainty principle.

This interaction produces, again, a photon with most likely lower energy and this is in a
random direction.

This lowers the intensity of, or attenuates the incident beam, and produces ions in the
body.

Most interactions of photons and bones and the ultimately the image receptor (say film)
are photoelectric in nature (because they are dense and higher Z materials).

Photoelectric events are usually viewed as an elastic collision.

These produce the shadows in the x-ray film due to photons created as scattered events
in the film or detector.

High Z materials make for good shielding devices as the transmission of the primary
photon beam is decreased.
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- The Interactions of X-rays and Matter

» The probability of photoelectric interactions depends on of the absorbing material.

» This of course means that the higher the Z of the material the more likely the photons
are photoelectrically absorbed.

» Bone (high Z) absorbs many of these photons while soft tissue (low Z) does not.

» High Z materials like lead (Z = 82) make for good shielding materials

» High materials like iodine (Z = 53) and barium (Z = 56) make for good contrast
media in things like vascular structures.

» Photoelectric interactions rarely occur at high photon energies (a consequence of the
uncertainty principle).

» The photoelectric interactions by different material produces contrast in the x-ray
Images and is responsible for the images in diagnostic radiology.
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- The Interactions of X-rays and Matter

The other photon-electron interaction is the due to the Compton effect.

In the Compton effect, which can be viewed as an inelastic collision, the incident
photon (usually with an energy between 30kV and 30MV) gives some of its energy to
the electron in the atom with which it collides, but the photon is scattered.

The photon interacts with “loosely”” bound electrons in the materials and the excess
energy (minus the binding energy) shows up a kinetic energy in the recoiling electron.

The scattered photon has less energy (it transferred momentum to the electron), and this

produces longer wavelength radiation in a perhaps different direction than the incident
beam.

Here the interaction time is very short (due to the uncertainty principle) and Compton
scattering also attenuates the x-ray beam.

Most interactions between x-rays and soft tissues are Compton scattering events.
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- The Interactions of X-rays and Matter

The central theme of radiology

X ray photons are removed from a beam and the energy is given to a medium by a
two-stage process:

1. The photon first ionizes the medium’s atoms or molecules by either the
Compton or photoelectric effects by a collision with an orbital electron
and therefore the photon is removed from the beam. This produces
anatomic shadow patterns in the beam and is related to what will be what is
Imaged.

2. The result produces a high velocity photoelectron or Compton scattered
electron which ionizes hundreds or thousands of other atoms or
molecules and this produces a medium response, which Is usually tissue
damage. This is the origin of radiation dose in the body.



lagnostic X-rays and CT Scans
Interactions of X-rays and Matter

materials with which the x-rays interact.

-rays with the



Diagnostic X-rays and CT Scans

- The Interactions of X-rays and Matter
- Photon Removal from the Beam

» Photon-electron interactions (photoelectric or Compton effects) remove photons from
the incident beam.

 The number of photons removed depends on the material in which the photon is
incident.

» Removing photons from the beam produces the radiographic shadows in the detector
material.

« Compton scattered photons are usually useless for imaging since they won’t
necessarily strike your detector.

« The Compton scattered photons will either get absorbed and deposit energy In the
body (which can produce chemical or cellular changes) or simply become background
fog on your detector.

« The absorption of photons by the photoelectric effect help to provide effective
shielding for sources such as by using lead. (In high Z materials the photoelectric
effect dominates.)
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- The Interactions of X-rays and Matter
- Energy deposition in the material

« Energy deposition in the body does not help the image formation process.

* Could be bad for the body leading to cellular or chemical changes.
- How much is too much? - Dose

» For the detector material, it is the subsequent ionization in the material that is used to
form the image.

« The x-rays that make it to the detecting material interact with the detecting material
and these Interactions are what’s used to make an image.

* For example, in a film the x-rays stimulate and excite a chemical emulsion to expose
the film. In a silicon crystal detector, the x-ray creates electron-hole pairs and placing
an electric field across the silicon crystal causes the electron-hole pairs to drift and this
current is recorded as a measure of the x-ray energy.
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Interactions of X-rays and Matter
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- The Interactions of X-rays and Matter
- X-ray Detectors

The net result for film are regions of black (complete sensitization) and regions of
various shades of grey.

The degree of sensitization depends on the energy of the incident x-ray.

To determine the energy of the ray on the film or detector we need to look at how
materials absorb the x-rays.

Posterior rib fracture of the left
7th rib as well as lateral fractures
of the 4th — 6t ribs

Typically, this is part of violent shaking. The infant or young
child is held very tightly around the chest and squeezed while
being shaken. This compresses the ribs front to back and tends
to break them next to their attachment to vertebrae and laterally
where they are being literally almost folded in half. Therefore,
lateral & posterior rib fractures are highly specific for abuse.
The Child Abuse Referral and Education (CARE) Network of =
the Uniformed Services University of the Health Sciences hnp:,,,ad_usuhs_ o
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- The Interactions of X-rays and Matter
- X-ray attenuation

X-ray attenuation in matter depends on the thickness of the material, the density of the
material, the effective atomic number and the beam energy.

Experimentally these effects are tested by placing different attenuating material in front
of an x-ray beam and seeing how much of the incident intensity passes through the
material.

It is found that the intensity of the transmitted x-ray beam decreases with increasing
thickness as a decaying exponential function.

=wpee
u is defined as the linear attenuation coefficient.

pis a function of density, effective atomic number and the beam energy and x IS the
distance traversed by the photons.

u is independent of the distance traveled by the x-rays.
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- The Interactions of X-rays and Matter

- X-ray attenuation

Implications:

| know all the absorption coefficients and the
sizes of the structures the x-ray beam passed
through. (I don’t)

What intensity comes out corresponds to a shade
of grey.

The “shade” of grey is all the 3D information
displayed as a single value on the film.

I’ve lost the 3D nature of you and the image Is 2D
with no depth.

| = ]Oe—(ﬂ1x1+ﬂzx2+"')
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- The Interactions of X-rays and Matter
- Contrast

What Is the contrast between normal fatty
tissue (prqe = 0.5cm™"') and say a 1mm
micro-calcification imbedded in the tissue for
X-rays with an energy of 20keV. We can
model the calcification as bone with .. =
4.8cm™1.

Compare this with the contrast of a lump or a
cyst imbedded in the fatty tissue of the same
size. Take the lump or cyst to be modeled as
water with g, grer = 0.76cm™1.

Imagine injecting the lump or cyst with iodine
u; = 125.5cm™t. What is the contrast now?

http: /mww.meddean. luc.edu/lumen/meded/ra
dio/curriculum/s urgery/mammography1.htm
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- The Interactions of X-rays and Matter
- Contrast
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The above two images are courtesy of Dr. William Moore, MD
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