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Chapter

X-Rays and Computed
Tomography Scan Imaging:
Instrumentation and Medical
Applications

Reda R. Gharieb

Abstract

This chapter gives a review for both conventional X-ray and computed
tomography (CT) scan imaging modalities and their medical applications. The
chapter presents a brief history on the discovery of X-ray, X-ray imaging, and
computed tomography scan. The linear projection for the generation of the
sinogram (the detector’s signals versus the rotational angle) and the filtered
backprojection for image reconstruction are discussed. Computer simulations for
linear and fan beams X -ray are also presented. The chapter discusses some medical
applications of both the conventional X-ray and CT scan imaging.

Keywords: X-ray tube, X-ray, bremsstrahlung, photons and electromagnetic
waves, X-ray and dual x-ray imaging, CT scan imaging, linear projection, filtered
backprojection, medical applications, chest, abdomen, bones, Covid-19

1. Introduction

In 1895, German physicist Wilhelm C. Roentgen accidentally noticed that a
cathode-ray tube could make a sheet of paper coated with barium platinocyanide
glow [1, 2]. This effect was even while the tube and the paper were in separate
rooms. Roentgen decided that the tube must be emitting some sort of penetrating
rays, which he named them X for unknown. Shortly afterward, Roentgen aimed the
X-rays through Mrs. Roentgen’s hand at a chemically coated screen. He could see
the bones in the hand clearly on the screen. In 1905, Robert Kienbdck, a German
radiologist, could identify what named Kienbock’s disease, using strips of silver
bromide photographic paper to estimate the amount of radiation to which patients
were exposed in radiation therapy [3-6]. Then, over the next few decades, X-rays
grew into a widely used diagnostic tool. The image used to be captured on an X-ray-
sensitive film. Technology advances of electronics made use of X-ray for digital
imaging by replacing the traditional X-ray-sensitive film by electronic sensors
[7-10]. Today, both convention and digital X-ray imaging modalities are the
prompt and main diagnostic tools for investigating and screening the chest for viral
and bacterial pneumonia, tuberculosis, lung cancer [11-19], enlarged heart, and
blocked blood vessels [20-24]; the bones and teeth for fractures and infections,
arthritis, bone cancer, and dental decay [25-30]; the abdomen for digestive tract
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problems and looking for swallowed items [31]. Moreover, other modalities for X-
ray imaging have been developed such as digital mammography for breast cancer
screening [32]. It is a special imaging technique that employs X-ray with low dose of
energy. Dual-energy X-ray has also been developed and used for measuring bone
mineral density (BMD) [33, 34]. In this technique, two different X-ray beams with
different energy values are used.

The history of computed tomography (CT) scan has been around for almost
50 years. It was created by British engineer Godfrey Hounsfield of EMI Laboratories
in 1972 [35], Figure 1. He co-invented the technology with physicist Dr. Allan
Cormack. CT uses a computer algorithm to reconstruct an image from the intensity
projections collected by detectors for all angles of rotation of both X-ray source and
the detectors around the target; such an image is called a slice. Next slice is obtained
after moving the target a step inside the gantry and repeating the rotation, collection,
and reconstruct. This made it possible to detect diseases at the earliest stages. At the
same time, the radiation load is minimal. Important advantages of CT scan are as
follows: the possibility of obtaining three-dimensional images of internal organs, the
speed of the performing, comfort of the patient. CT scan has been used for investi-
gating and screening many organs and for different diseases [36-48]. Moreover, it
could be used for brain imaging. For a CT scan slice, detectors acquire data versus
rational angles, and the slice image is reconstructed by backprojection and filtered
backprojection algorithms [49-55]. This chapter highlights instrumentation aspects
and medical applications of conventional and CT scan X-ray technology.

2. X-ray and CT scan instruments
2.1 X-ray tube and generation of X-ray

X-ray tube consists of four main parts: the tube, the high-voltage generator, the
control console, and the cooling system. The tube has a cathode filament heated by a
small voltage providing a small current of few amps. When the filament is heated
up, the electrons in the conduction wire start breaking free. To accelerate these
electrons toward the anode, a strong electrical potential (30 — 150)KV is maintained
between the anode and the cathode. Electrons that break free of the cathode are

Figure 1.
Sir Godfrey Hounsfield with the first commercial CT scanner: hitp://www.edubilla.com/inventor/godfrey-h
ounsfield/.
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strongly attracted to the anode disc. The electron flow between the cathode and the
anode accounts for the tube current and is in the range of milliamps (A). This
current is controlled by regulating the filament current generated by the heating
low voltage applied to the cathode circuit. The higher the temperature of the
filament, the larger the number of electrons that leave the cathode and travel
toward the anode. By controlling the filament temperature, the control console
regulates the value of the filament current and hence the intensity of the X-ray
output. Figure 2 shows an illustrative X-ray tube, which consists of a vacuum glass
with the node on one side and the cathode on the other side. The cathode, which is a
filament being heated up, is the source of electrons. These electrons are accelerated
by the applied high potential between the anode (positive terminal) and the cathode
(negative terminal). The accelerated electrons, the electrons with high kinetic energy,
bombarding the anode, penetrate the heavy-metal target, for example, tungsten,
attached to the anode. Some of these electrons travel close to the nucleus of the heavy
metal under the attraction force of its positive charge and are subsequently
influenced by its electric field. Thus, these electrons would be deflected, and a portion
or all of their kinetic energy would be lost. The principle of the conservation of energy
states that in producing the X-ray photon, the electron has lost some of its kinetic
energy (KE), which should be the energy of the X-ray photon. That is,

Final KE of electron = Initial KE of electron — Energy of X_ray photon (1)

Thus, X-ray is an electromagnetic radiation (photons) of extremely short wave-
length with wavelengths ranging from about 10~® to 10~ *meter and corresponding
very high frequencies from about 10 to 10%° Hertz (Hz).

The energy of each photon is determined according to the plank’s equation:

Energy of X_ray photon = hf = }% (2)

where & = 4.14 x 10~ ¢Vs is the Plank’s constant, and ¢ = 3 x 10%m/ sec is the
speed of light and 1 is the wavelength in meter. Figure 3 shows the Bremsstrahlung
spectrum of tungsten X-ray. It is obvious that the maxim number of photons occurs
at energy of 60 Kev. The photons of low energy are removed from the ray using
filtering technique. Such filtering reduces the dose of low-energy photons exposing
the patient.

30-150 KV

Qil for heat conduction

Heavy-metal target

filament Copper Anode

Electron beam

X-ray beam Glass

Ground = 0.4-1.5V

Figure 2.
X-ray tube.
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Figure 3.
Bremsstrahlung (brake spectrum) of tungsten.

1.X-ray imaging of human body
2.Non-digital imaging

When a human body is exposure to X-rays, the body soft tissue, such as the skin
and organs, cannot absorb the high-energy rays, and the beam passes through them.
However, dense tissues inside the human’s bodies, such as bones, absorb the radia-
tion. The amount of radiation passing through the tissue is detected on the other
side by an X-ray-sensitive film for non-digital imaging. The film is made of gelatin-
covered polyester base or cellulose base coated on one side or two sides by radio-
sensitive emulsion, and the emulsion consists of silver halide crystals immersed in
gelatin. The emulsion layer is sensitive to X-ray. After the exposure of the film to
X-rays, it is processed to convert the latent image into visible one [56]. The film
after being processed provides a grayscale image from black to white. The whiter a
region of an X-ray image, the lesser the exposure of this region to X-ray and
hence the denser the tissue corresponding to this image region. Bones and air show
themselves, in an X-ray image, as white and black, respectively.

2.2 Digital X-ray imaging

In digital X-ray imaging, instead of using an X-ray-sensitive film to capture an
image, a planar array of electronic sensors/detectors is used to capture the X-ray
image [55]. Each electrical detector generates a signal, where its intensity is pro-
portional to the number photons reached this detector. The output of the planar
arrays can be displayed on a computer monitor as a grayscale image. These digital
images can be stored on a hard drive and can be exchanged on the Internet between
different clinical centers. There are two digital detection techniques, the first is
called direct technique and the second is called indirect one:

2.2.1 Direct technique

Amorphous silicon (a-Si) or amorphous selenium (a-Se) is used to generate
positive charges proportional to X-ray intensity [10, 55-57]. These positive charges
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Figure 4.

Direct digital X-ray image capture. One pixel in a cross section of a linear array, all pixels in the array are
similar. The readout control selects the pixel being readout. In a planar array, two readout controls arve used for
selecting the row and the column of the readout pixel. Advances in semiconductor electronics made it possible to
fabricate a matrix of such single detector [10, 57].

are stored in capacitors until they are readout. The capacitor charge corresponding
to each pixel is read using a thin flat transistor (TFT) and is converted to voltage,
using a charge-to-voltage amplifier. Figure 4 shows a single detector for one pixel.
A matrix consisting of many single detectors can be fabricated similar to the one
used in CCD (charge-coupled display).

2.2.2 Indivect technique

In this technique, the X-ray is first converted into visible light using an X-ray
scintillator. Common materials used as scintillator are the gadolinium oxysulfide
(Gd02S2) and cesium iodide (CsI) [10, 55-57]. A planar array of photodiodes,
TFTs, and capacitors equal to the image size in pixels are used to detect the visible
light. Each photodiode generates a current proportional to the intensity of light
reached it, and this current is stored as a charge in the capacitor. The capacitor
charge is read out using TFT and converted to voltage, using a charge-to-voltage
conversion amplifier. Figure 5 shows a detector element for one pixel.

X-ray

Scintillator

Visible Light -/\ l/\
4>PD—OVCC

0000 SBBSSISIEES +r' TFT

Read out control

LR R NN NNENNNNNN] N | VO

Charge-to-Voltage Conversion Amplifier

Figure 5.
Indivect digital X-vay image capture. One pixel in a cross section of a linear array, all pixels in the array or
matrix ave similar. The veadout control signal selects the column and row of the pixel being readout.
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3. CT scan imaging
3.1 CT scan machine

In conventional X-ray machine, one image of the body tissue is recorded by
sending one beam of X-ray through the body from one side and detected attenuated
X-ray beam from the body’s other side. However, in CT scan machine, the patient
lies on a table that moves through a doughnut-like ring known as a gantry. In each
longitudinal position of the patient’s table, a series of X-ray data are collected from
different angles around the body. This is by enabling the X-ray tube and the X-ray
detector array to rotate around the body. A computer algorithm is sued to generate
an axial image called a slice from all X-ray data collected from all angles around the
body position. Next slice is obtained by moving the patient’s table through the
gantry and repeating the rotation of X-ray tube and the detector array and
collecting the X-ray data from all angles around the patient at this new position.
Figure 6 shows an illustrative sectional diagram for a CT scan machine.

3.2 Computed tomography (CT)

Computed tomography consists of two main steps. The first one is the acquisi-
tion of X-ray passing tissue, by different detectors from different angles around the
target. This is carried out by shining X-ray beam on the target and detecting the
amount of passed X-rays reached at each detector on the opposite side. This
acquired data is mathematically explained by the theory of linear projection. The
acquiring step provides the sinogram, which is the X-ray intensity at each detector
versus rotational angles around the body. The second step is the reconstruction of
the image from the acquired sinogram. This image reconstruction, the reverse
process, is explained by the theory of backprojection.

3.2.1 Linear beam projection

In Figure 7, an X-ray passes through a target from the source to the detector on
the line determined by the parameters: the distance, —co <s5 < o0, in cm and the
angle, 0 <0 <, in degree. The intensity of this X -ray, at the detector, is given by

X-ray Tube

Filter
Collimator

T Gantry
Patient table™

"~ Detector array

Figure 6.
An illustrative sectional diagram of a CT scan machine.
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Figure 7.
An intensity function f (x,y) and the linear projection p(0,s) versus the distance s at certain angle 0 <6 <.

[ = e drosf (3)

where I is the intensity at the source. Simply to get the projection
L,(g’sf (x,y)dxdy, the logarithmic can be used

p0,s) = In (I—O) = J f(x,y)dxdy (4)
I 20,55

Notice that this logarithmic operation is implemented naturally by different
detectors. Thus, the detected value In (2) or the projection p(6,s) is a linear

integration of absorption coefficients of all voxels over the line #(0,s). This line is
parameterized by 0 and s as follows

£(0,s) = {(x,y) : xcos(0) + ysin(0) = s} (5)

Also Eq. (4) can be written as

p(6.5) |

X

Jf((x,y)é(xcos(e) +y sin (0) — s)dxdy (6)
y

where §(0) = 1.

It is obvious that due to the integration of the absorption coefficients of all
voxels on the line £(0,s), we lost the information about which voxels on the line
have high or low absorption coefficients. Figure 8(a) shows a computer simulation
scenario in which an intensity function has three objects with different absorption
coefficients and sizes. We use 513 samples on s uniformly distributed, which means
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Figure 8.

A backprojection computer simulation example: (a), an intensity function f(x,y) having three objects of
different sizes and different absorption coefficients, position of source and detectors ave at the start angle 0 = o;
(b), sinogram, generated by linear projection in which the distance s = 2R, where R is the gantry radius, is
sampled into 512 samples, versus 0 <O <z with step 1 degree; (c), an image generated by backprojection
without filtering; and (c) an image generated by filtered backprojection without filtering in which the objects
are recovered.

that we can use 513 detectors uniformly distributed on the maximum width of the
scanned target. Thus, each detector receives the intensity projection from the

line connecting the detector to an X-ray source facing it as shown in the figure.
Figure 8(b) shows the sinogram due to the linear projection of the intensities versus
each of the rotational angle 6 form 0 to 180° with a step of 1°. It is obvious that the
sinogram provides information for three objects of different sizes and different
absorption coefficients.

3.2.2 Fan beam projection

From Figure 9, we can observe that the linear projection on a detector on the arc
is parameterized by the detector angle « and the rotational angle 6. Thus, the
integration of the intensities of all voxels on the line (0, a) is given by

¢(6,a) =L(9 oy %
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An intensity function f (x, y) and the fan beam to project this intensity on an array of detectors on the arc defined
by the angle |a| < ay, . Both the X-ray source and the detector arc votate, simultaneously, by the angle 0 <0 <2,
round the intensity function.

where
£(0,a) = {(x,y) : xcos(0) + ysin(0) = Dsin(a)} (8)

Figure 11(a) shows a computer simulation scenario for X-Ray fan beam. The
intensity function is simulated by three objects with different sizes and different
absorption coefficients in a background noise. We use 257 detectors uniformly
distributed on an arc of 110°, uniformly equiangular, with radius that is equal to
the gantry radius, and the X-ray source position D is 1.1 of the gantry radius.
Figure 11(b) shows the sinogram due to the projection versus the rotational angle ¢
from 0 to 360° with a step of 1°. It is obvious that the sinogram provides informa-
tion about three objects of different sizes and different absorption coefficients.

3.3 Image reconstruction and backprojection
Backprojection aims at reconstructing an image representing an approximation

of the absorption coefficient of each voxel since the true invers is not possible. In
linear bean, this backprojection is given by

T

bp(x,y) = Jop(H, xcos(0) + ysin(6))do 9)

However, in fan beam, the projection is given by

bg(x,y) = Eﬂg (9, sin 1 (x“"(e) ”“"(9)) ) 46 (10)

D

This implies that in both linear and fan beam projections, each (x, y)-voxel
accumulates all projected values obtained from all rotational angles, which results in
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Figure 10.

Frequencies gain of three one-dimensional filters used with backprojection; (a) ramp filter; (b) low-pass filter
generated by as a Hanning window; and (c), the multiplication of both filters in the frequency domain
normalizged to a maximum unity. The filter in (c) is sued for filtering p(0, s) just before implementing the
backprojection algorithm.

a stare-like blurring image. The voxels of true objects should have sharp intensity
edges (positive or negative) compared with its neighborhoods. These sharp edges
manifested themself in high frequency; this high frequency increases as the object
size decreases. Thus, to remove the blurring and to enhance the resultant
backprojection image, a ramp (in frequency domain) filter can be used. In such
filter, the gain increases with the increase of the frequency. Figure 10 shows in (a)
the filter’s amplitude versus the normalized frequency. It also shows in (b) a
lowpass filter designed as a Hanning window. Finally in Figure 10(c), the normal-
ized multiplication of both filters; this resultant bandpass filter is applied to p(6, )
just before implementing the backprojection algorithm. The algorithm employs
filtering prior to backprojection, called filtered backprojection. Figures 8(c) and
11(c) show the reconstructed images created by the backprojection, without filter-
ing. It is obvious that the images are blurred, and the objects are hidden. However,
Figures 8(d) and 11(d) show the images obtained by the filtered backprojection. It
is obvious that we get clear image in which simulated objects are manifested.

4. Medical applications
4.1 Conventional X-ray

Conventional X-ray imaging is the prompt and appropriate imaging in Emer-
gency Department patient workup. It can prevent significant morbidity and mor-
tality in all trauma patients. The initial and standard trauma series are X-rays of the
chest, pelvis, and cervical spine. This should include systematic examination and
assessment of alignment, bony structures, cartilage, and soft tissue (ABCS) [58]. In
chest diseases, X-ray imaging is the first standard technique for pneumonia
detection. For both viral and bacterial pneumonia. In COVID-19, conventional
X-ray plays an important role as a cheap and prompt diagnostic imaging technique.

10
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Figure 11.

A backprojection computer simulation example in fan beam- X ray and arc-shaped arvay of detectors: (a), an
intensity function f (x,y) having three objects of different sizes and different absorption coefficients, start position
at the start angle 0 = o; (b), sinogram, generated by the arc shape array detector sampled into 257 detectors
(equiangular) versus the rotational angle 0 <0 < 27 with a step of 1 degree; (c), an image generated by
backprojection without filtering; and (c) an image generated by filtered backprojection in which the objects are
recovered.

Figures 12 and 13 show the use of X-ray imaging of the chest for the diagnosis of
bacterial penuomnia and Covid-19.

4.2 CT scan

Low radiation load, high resolution, and fast procedure make the CT scan one of
the main diagnostic tools and for different health problems. We are just interested
in mentioning few CT scan application examples. CT scan could be used for
detecting and screening lung carcinoma as shown in Figure 14. In COVID-19, CT
scan has played an important role for lung instigation COVID-19-induced pneumo-
nia. This pneumonia manifests as itself as bright spots in the image since it absorbs
more X-ray energy. Figure 15 shows in the top row non-COVID CT scan images
while in the bottom one shows COVID-19 images. CT scan also is convenient
imaging tool for the brain in trauma and normal clinical routine. Figure 16 shows

11
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brain images with hemorrhage in the top row while in the bottom one shows the
segmentation for detecting the hemorrhage region. Also, CT scan has been used for
the investigation of spinal cord and vertebral column.

Figure 12.
Chest X-ray image. Top row, normal; bottom vow, bacterial pneumonia. From Kaggel.com database: https://
www.kaggle.com/tolgadincer/labeled-chest-xray-images.

Figure 13.

Chest X-ray image. Top row, normal; bottom row, from left-to-right, COVID-19, bacterial pneumonia, and
tuberculosis. From Kaggel.com database: https://www.kaggle.com/jtiptj/chest-xray-pneumoniacovidi 9tuberc
ulosis

12
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Figure 14.
Chest CT scan slices: Most left, Normal; middle, adenocarcinoma and Most right, carcinoma. From Kaggle.com:
https://www.kaggle.com/mohamedhanyyy/chest-ctscan-images.

-
Figure 15.

Chest CT scan slices: Top row, non-COVID, bottom row, COVID. From kaggel.com: https://www.kaggle.com/
plameneduardo/sarscov2-ctscan-dataset.

5. Discussion and conclusion

CT scanner has been one of the main diagnostic imaging tools in the medical
field. It provides multi two-dimensional slices in the axial plane for abdomen, chest,
brain, vertebral column, and spinal cord. It employs low dose of X-ray. It also takes
a reasonable time to get CT scan procedure done. More work may be needed to
develop CT scan technology affordable for the development countries. Appreciated
research efforts are going on to mining and processing the images provided by the
CT scanner to develop computer algorithms that can help in improving diagnostic
accuracy. These include developing different algorithms in machine learning, image
processing, statistical analysis, multi resolution analysis, fast filtered
backprojection. Image processing includes noise reduction and image enhancement,
features extraction, morphology analysis, image segmentation. Deep learning aims
at answering a question of if disease or not disease, e.g., benign tumor or carcinoma
one, COVID or non-COVID, based on the given image. In backprojection research,
the objective is to develop fast and supper resolution backprojection algorithms and
to employ compressive sensing for image reconstruction.

13
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Figure 16.

Brain CT scan: Top row, brain image with intracranial Hemorrhage; bottom row, the segmentation of the
image to detect the intracranial Hemorrhage vegion. From kaggel.com: https://www.kaggle.com/vbookshelf/
computed-tomography-ct-images.e
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