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Abstract

Today’s computer tomography (CT) imaging methods in clinical settings work
poorly in detecting defects such as cancer tumors in soft tissues. In this thesis,
we use phase contrast imaging, a new approach that has been found that uses
the phase shifting properties of the X-ray beam instead of the attenuating ones,
and performs better in softer tissues. This report aims to investigate how useful
phase contrast imaging in clinical X-ray CT scans in detecting tumors.

A simulation of an X-ray beam propagating through a tumor embedded in differ-
ent bodily materials was created and the signal distance to noise ratio (SDNR)
was calculated and used to determining the visibility of the tumor.

We found that tumors inside human tissues with a diameter of 0.1 mm, are vis-
ible for higher photon fluences than used in clinical cases, using our simulation
parameters. However, using clinical photon fluences, tumors become visible at a
diameter of 0.25-0.45 mm.
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1 Introduction

1.1 History

Current X-ray computer tomography (CT) imaging is based on the X-ray attenuation,
loss of intensity, in an object or tissue [1]. This imaging technique has shown poorer
performance for softer tissues [2], resulting in low contrast images which indicates a
need for better and more precise methods.

There are many potential methods that could replace current clinical CT scans. One of
these methods, phase contrast imaging, has shown significant advances in recent years.
For example in 2021, Sundberg et al. [3] showed that a deep silicon detector in phase
contrast could achieve a 1 um spatial resolution, which is orders of magnitudes higher
than other detector designs. Phase contrast imaging accounts for the attenuation and
phase shift [4]. This results in an image with higher contrast [5] [6], making it easier
to detect diseases in an X-ray image compared to attenuation based imaging used in
conventional CT imaging.

A Grating interferometer is used in phase contrast imaging. This interferometer has
three gratings G, G; and G which are used to form a X-ray image of an object. The
first grating, Gy, is placed after a X-ray source but before the object and it’s function
is to create sufficiently large X-ray sources without affecting phase pattern conditions
of the other gratings. The second grating G, placed after the object, creates periodic
phase shifts in the wave. The last grating GG, placed after G1 but before the detector,
translates the wave pattern from G into changes in intensity through the Talbot effect
[1]. Bertilson et al [6] improved on the typical grating interferometer design by removing
the GG grating and utilizing a high resolution detector, allowing for lower dosages and
less a complex setup.

1.2 Research question

In this thesis, we will use the same analyzer free grating interferometer setup as Bertil-
son et al.[6] and simulate a phase-contrast imaging of an object on realistic clinical
cases with typical CT parameters. Specifically, our thesis aims to answer the following
research question

o What is the smallest tumor size that can be detected in a 0.5 mm X 1 mm sample
using phase contrast?



2 Background

In clinical CT scanning, the X-ray wave front is propagating from the source to the
detector. During the propagation, the wave will interact with both empty space and
different bodily materials. This gives rise to the need for manipulating the wave front
in the simulation accordingly as it proceeds. This is realized in the simulation by prop-
agating it with Fresnel kernels and refracting it with the refractive properties of the
materials, see the following sections.

2.1 Wave propagation in free space and Fresnel diffraction

The wave field 1 (z,y, z), propagating in free space, can be approximated using Fresnel
diffraction. The underlying idea is to formulate free space propagating as the following
diffraction problem [7]: consider a wave-field moving in the z direction and perpetuated
at a distance z = 0, what is the value of the wave-field at a distance z > 07 This problem
can be solved using Angular spectrum formalism from which one can create a free space
propagator such that the value of perpetuated wave-field, in free space, can be attained
[7]. With Fresnel diffraction theory the free space propagator can be written, in Fourier
space with respect to x and y, as

_inz[() 2+ ()Y
2k

H(x',y,Az) = e . ¢ (1)

which is the Fresnel propagator, see [7] for details. By setting @’ = 27 f, and y = 2nf,,
where f,, f, are spatial frequencies [8], the Fresnel propagator can be written as

4n2inz((f0) 2+ (F)?)
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With the Fresnel propagator, the value of a wave field moving in free space from z = 0
to a distance z = 21, is given by the following:

V(z,y, 2= 2) + F HH(fo, [y, 2 = 21) - F{U(z,y,2 = 0)}},

where the Fourier transform is taken with respect to x and y.



2.2 Wave propagation through matter and Multi-slice approx-
imation

During propagation of the simulated wave field through the material, the incoming wave

front has to be adjusted according to the refractive properties of the material. The

refraction index of the material, n, consists of a phase shift term ¢ and an absorption
term [ according to the following [7]

n=1-—46+ip. (3)

Consider the time independent wave field 1(z,y, z) moving in the z-direction, with an
amplitude C' and a wave number k, given by

U(x,y,2) = Ce**, (4)

here ¥ (x,y, z) is constant in x and y. The wave number is directly related to the

wavelength A\, by
2

- 5)

and the wavelength can in turn be calculated from the photon energy FE, using the
equation

k

hc
=% (6)
where h is the Plancks constant and c is the speed of light. To get the value of a
wave-field passing through a material, projection approximation can be used. In this
approximation the scattering perturbation are low enough such that the X-ray path does
not change |7] when traversing through a material. With this approximation we can
obtain a phase shift and absorption (decrease in amplitude) according to the following

A

W(x,y,2) = Cleinh — Opil=0+iB)zk _ pizk | —idzk ,—pzk (7)

With 3 = £, where p is the linear attenuation constant, we can write equation (7] as

nz

Qﬁ(l’,y, z) — Ok . ik e—izk — Ok . gm0k o—i (8)

Here, the factor e~ %% describes the phase shift and the factor, e==, describes the at-
tenuation |[7].

The projection approximation is valid for a single scattering of the wave field. To
account for the multiple scattering effects caused by a material, Multi-slice approxima-
tion[7] can be used, which combines free space propagation and projection approxima-
tion. The idea behind the Multi-slice approximation is to divide a body into multiple
slices separated by equal distances A, applying the free space propagator on the dis-
tances and using projection approximation on the slices. This way, the projection
approximation and free space propagation can be used together, while still adhering to
their underlying assumptions.



2.3 From wave field to number of photons

The wave field, ¢(x,y, z), obtained after being manipulated in section 2.2, can be used
to determine the number of photons that hits each pixel in the detector. The intensity
is obtained by squaring the absolute value of the wave field. To calculate the number
of photons that hits each pixel at the detector, the intensity at each pixel first needs to
be normalized. This is done by dividing the intensity at each pixel by the sum of all
intensities along the detector (see equation [J)):

I ixel,i
- )

Inorm,i — .

Z ]pizel,i
This normalized intensity is then multiplied by the total number of photons sent out at
the source, according to equation [10, Finally, the number of photons hitting each pixel

is Nphotons,i:

Nphotons,i - Inorm,i . Ntotal (10)

A realistic number of photons sent out at the source is easily determined by Equation
11, where ®,, is the flux per tube current in photons/mm?/As, A is the total area of
the image (image size in pixels times the area of pixel), I -t is current-time product in
Ampere seconds and L, is the distance between the source and the detector [9]. For a
specific flux per tube current used (2 - 10° photons/mm?/As, see subsection 2.5) ; we
can calculate the number of photons, Ngyyce, from the source as [10],

(949mm)?

Nsource = (I)flux “A- Ic -
L

(11)
In the simulation, a part of the photons sent out will be absorbed by surrounding
materials to imitate a real scenario for a clinical CT scan. Therefore, the number of
photons that actually reaches the detector is modeled as the number of photons getting
through 20 cm of adipose tissue to account for other surrounding bodily materials, and
is calculated as:

Ntotal - Nsource ' e—Md (12)

with p set to be the linear attenuation constant for adipose tissue. This is only used
for samples that don’t have air as a background material, see section 3.4.

Figure [1|is a visualization of how the intensity changes with a tumor in the way of the
X-ray beam. The image is zoomed in to clearly visualize the fluctuations in intensity.
The graph follows a sinusoidal pattern, however this is not visible in the image. The
entire detector has 1000 positions.
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Figure 1: A zoomed in image of how the intensity would change along the detector
when a tumor is put in the way of the beam.

2.4 Signal to noise ratio and Rose criterion

To determine if a tumor is present in a X-ray image, we formulate the following two
hypothesis
Hy : The tumor is not present in the image.

H, : The tumor is present in the image.

To evaluate if the tumor is present in the image, we can use the signal to noise ratio as
defined in [11]

SDNR? — ANT(%(KO +KY) AN (13)

Here the factor % is included to use the average information from K" + K', where K°
and K! are the covariance matrices and the upper indices represent the two hypotheses.
In addition, double counting is avoided if K® = K'. The column vector

AN = N! = N” = (AN, ..., ANy,)" = (E(N}) = E(NY), ..., E(N;,) — E(N),)*

of size M x 1 contains the differences of the expected values of the number of photons
per pixel between the hypothesis Hy and H; ,where M is the number of pixels.



The covariance matrices K® and K' of sizes M x M are given by

Cov(NY, NY)  Cov(NY,N9) - Cov(NY,NY,)
KO — Cov(NY,NY) Cov(NJ N9y --- Cov NQO, NY)
Cov(NY;, NY) Cov(NY, N9) -+ Cov N}Q, NY)
Var(NY)  Cov(NY,N?) --- Cov(NY,NY,)
Cov(NJ,NY)  Var(N9) -+ Cov NS, NO
Cov(NY, NY) Cov(NY,N9) -+ Var( NM
Cov(N{,N}) Cov(N{,N;y) --- Cov(N}, N3)
K Cov(N;y,N}) Cov(Ny,N;3) --- Cov N21, NM
Cov(N};,, N}) Cov(Ni;,N3) --- Cou( NM,NM
Var(N7) Cov(N},N3) --- Cov(N{, Ni,)
Cov(N;y, N{) Var(Ny) -+ Cov(Ny, Ny,)
Cov(N};, Ni) Cov(Nj;,,Ny) ---  Var(Nj,)

In order to decide which hypothesis to reject, the Rose criterion can be used, which
states that an object in an image is present if the signal to noise ratio value is above 5
[12]. More precisely, we reject the hypothesis Hy in favor of Hy if vV SDN R? is higher
than 5.

We assume that the photons are Poisson distributed and independent and show that
the SDNR? can be simplified to a sum consisting only of the expectation values. First,
by the assumption of a Poisson distribution of photons, the expectation and variances
are equal and therefore Var(N?) = E(N?) and Var(N}!) = E(N}) for all i € M.
Furthermore, by the assumption of independence the covariances OO"U(NZQ,N]Q) and
Cov(N}, N}) are zero when i # j, where ¢,j € M. Thus, the covariance matrices can

J
be expressed as

E(NY 0 - 0

w_ | O E(NY) -~ 0
0 0 E(NY))

E(NH 0 0

| 0 E(ND) 0
0 0 E(NL)



and their average becomes

E(N}) + E(NY) 0 0
KO+ K 1 0 E(N}) + B(Ng) - 0
2 - 2 . . . E
0 0 E(N},)+ E(NY))
Since the matrix KO;KI is diagonal, it’s inverse is given by
1
SEND+END)] ? o 0
(KO + Kl )—1 _ 0 %[E(N§)+E(N§)} o 0 (14)
2 : : :
1
0 0 O SBOE)FE(NY)]
By inserting Eq (14) into Eq (13) the signal to noise ratio can be rewritten as
K’ 4+ K! Y [E(N}) = BE(NO))?
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3 Method

3.1 Simulation setup and modelling of tumor

Our simulation of a CT scan, illustrated in figure[2] consists of three objects: a radiation
source with a Gy grating, a sample (two dimensional) and a detector (one dimension).
The G, grating is in front of the sample and the detector is behind the sample. The
distance from the G, grating to the sample is denoted as 2g,ating—sampie and the distance
from the sample to the detector is denoted as zsumpie—detector-

Source
Detector

vV V. VY

Ax

z

>

Figure 2: Simulation setup. Shows how the wave propagates from the source, through
the G grating (yellow lines), through the sample and towards the detector. The sample
is a tumor (dark blue) embedded in background material (light blue). Grey arrows
represent the propagating wave field.

In contrast to a real CT scan which has a three dimensional geometry, we only consider
a two dimensional geometry which in our case is the xz-plane. The sample, which has
the shape of a square, is composed of a disk surrounded by a background material. This
disk represents a thin, two dimensional slice of a three dimensional tumor.

Using the disk shape of the tumor slice, we assume that the tumor is of a cylindrical
shape built from stacking multiple disks on top of each other. For the propagation
through one slice, we assume that each propagation is the same and therefore a three
dimensional cylindrical tumor can be approximated by setting the detector pixel height
(-direction) the same as the height of the tumor.

The size of the image is the same as the sample size, we set the dimensions to 0.5 mm x
1 mm (z-direction x z-direction). A bigger image would result in long run times unless
the resolution is decreased. Lower resolution could also affect how visible the tumor is
at the detector.

11



3.2 Propagating the waves

3.2.1 Grating shift

The purpose of a GGy grating is to phase shift an X-ray wave. We choose a grating
period of p = 7 and model our grating as the following function

iz p
Gl(z) = e~ 2,if (r mod p) < & (16)
1, else

This means that each position x in the wave field is either one or the exponential
e~ depending on the modulo condition. In other words, the wave front of the wave
field is phase shifted periodically. After interaction with the grating, the wave front is
propagated as described in the next section.

3.2.2 Propagation of the wave front

To propagate the X-ray wave field from the source to the detector, we consider propaga-
tion through free space (vacuum) and propagation through the sample in the zz-plane.
The procedure for the whole propagation from the G; grating to the detector is given
in Algorithm 1. We begin with the wave field and G1 interaction (line 6). Next, for the
propagation through vacuum, we use the Fresnel propagator Eq (2)

H(f,2) = %= . mma(fo)

defined in the Fourier space with respect to z. For the distances where there is no
material, we take the Fourier transform of the wave field (with respect to x) and multi-
ply it with the Fresnel propagator and then take the inverse Fourier transform of their
product. This is done for every free space (vaccum) the wave propagates through (line
7,10 and 12 in Algorithm 1).

Algorithm 1 Procedure for X-Ray propagation.

L: Zgrating—sample <— distance from the grating (G;) to sample.

2 Zsample—detector <— distance from sample to detector.

3: tgice < sample slice thickness.

4: S + number of sample slices.

5: k< ZTW

6: Y(x,z2=0) <« ¢Y(z,2=0)-G(x)

7 @Z)()(ZE, 20 = Zgrating—sample) — yil{H(faca 20 = Zgrating—sample) : ﬁ{@bo(xa © = 0)}}
8 for s=0,...,.95—-1do

9: Vo1 (2,2 = 2g41) < g(w, 2 = 2) - e ik[Bot3 (@) +8ut5(2)] | o= lpots (@) +upts(@)]
10: ¢s+1($, Z = Zerl) — y_l{H(fx7tslice) : y{werl(xa Z = Zs+1>}}
11: end for
12: @Z)(ZL’, Z) A ﬁil{H(fzu zsample—detector) ’ y{iﬁg(l’, Z=zg+ Zsample—detector)}}

12



To propagate through the sample, we first divide the sample into S slices (see Figure|3)),
each with a thickness ;. in the z-direction. When propagating through these slices,
we multiply the wave field by

¢ H(Boto @) +0,10()) o= (oto(x) +imts (x)
for each sample slice (line 9), where the indices o, b represents the tumor and background
material, respectively. The function ¢(z) is the distribution of thickness in a sample
slice. That is, t(z) describes how the background and the object are distributed along
the z-direction in a sample slice. Between each slice there’s empty space and thus we
need to use the Fresnel propagator for these spaces (line 10). In the end, at the detector
(line 12), we calculate the intensity of the wave-field

I=[y(x,2). (17)

Figure 3: Illustrations of the sample sliced. Each slice is then projected to one dimen-
sional vectors for simplified wave propagation.

13



3.3 Parameters

In order to determine whether the results are useful or not, we use actual clinical
parameters. According to [10], a normal flux per tube current is about @, = 2 - 10°
photons/mm?/As. Using the realistic current-time product I,.-t = 200 mAs, the clinical
fluence becomes @ yiyence = Ppiya - Ic-t = 4- 10® photons/mm?. The fluence is a measure
of how many photons an object is exposed to, depending on the size of the object, and
will be used to compare the results with. All the parameters (including the the clinical
parameters) used in this paper are collected in Table [IL We set the source to detector

distance, L4, to around 949 mm and therefore the fraction (Q%QLZL)? 2 s approximately

equal to 1 in Eq (12).

Parameter Value
Distance from grating to detector, Lgy ca. 0.95m
Sample breadth (z-direction) 1 mm
Sample thickness (z-direction) 0.5 mm
Photon energy 60 keV
Current-time product, I.. -t 200 mAs
Simulated pixel size 0.1 pm
Detector breadth (z-direction) 1 mm

Flux per tube current 2 - 10° photons/mm?*/As
Photon fluence 4 - 10® photons/mm?
Slice thickness, tg;c. (z-direction) 1 pm
Distance from sample to detector, Zsagmpie—detector 48.4 cm
Distance from grating to detector, zgating—sample 48.4 cm

Table 1: Table of parameters used in the simulation.

3.3.1 Materials

To model a tumor we need to choose a material whihc has similar phase shift and
attenution coeffiecnts. Different approaches have been taken to model a tumor; both
Olguin E et al. [13] and Nesterets, Yakov et al. [14] used soft tissue as a model for
tumors while Raupach, R et al, [15] studied contrast between fat and live for tumor
detection. In our simulation, we choose to model the tumor as a soft tissue and assume
that this model can be applied for different human tissues. For the background material
we use adipose tissue since tumors often grow in this kind of tissue [16], brain tissue
for the same reason [17], and lung tissue [18]. Air is also used for part one, see section 3.6

We obtain the material parameters either directly from the Python library xraylib[19)

or derive them using the library. Table [2| shows the phase shift coefficient and the
attenuation (derived using Eq (7)).

14



Material 5 w [m™1
Brain 6.579-107%  21.273
Lung 6.652-107%  21.541
Adipose tissue 5.922-107%  18.187
Tumor (soft tissue) 6.353-107%  20.304
Air 6.934 - 107 0.0226

Table 2: Refractive parameters of the different materials used at a energy of 60 keV.

15



3.4 Investigations
To determine the visibility of a tumor, we perform the simulation in two parts:
o Part I: a sample consisting of a tumor with air as the background material.

o Part II: a sample with a tumor and human tissues as the background. We choose
adipose, brain and lung tissues and create three different samples, choosing one
tissue for each sample. We also add an additional 20 cm of adipose tissue to each
sample.

4 Results

4.1 Part I: Air as background

We investigate the SDNR value for different tumor diameters embedded in plain air.
Figure [4] shows this, where the red, dotted line represents the Rose criterion. Here, the
photon fluence is fixed at 4 - 10® photons/mm?.

- SD‘NR /'

12 == Rose criterion /
10

SDNR

2 4 6 8 10
Tumor Diameter (um)

Figure 4: SDNR vs Tumor diameter with air as background and fluence is fixed at
4 - 10® photons/mm?.
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Figure |5/ shows the relation between SDNR and photon fluence in the same scenario as
the previous plot, but with tumor diameter fixed at 0.1 mm.

— = Rose criterion /.

103 /

L

102 /

10 //

100 //
10! 102 103 104 105 106 107 108 109
Photon Fluence (photons/mm?)

SDNR

Figure 5: SDNR vs photon fluence with air as background and tumor size is fixed at
0.1 mm.
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4.2 Part II: Realistic case

In this part, we investigate a tumor embedded in three different materials; brain-, lung-
and adipose tissue. Table [3| shows SDNR for a tumor of diameter 0.1 mm for each of
the background materials, with photon fluence fixed at 4 - 10® photons/mm?.

Background material SDNR

Brain 1.027
Lung 1.3566
Adipose tissue 1.9516

Table 3: SDNR for a tumor with a diameter of 0.1 mm embedded in different background
materials.

Figure[6| depicts how SDNR changes with photon fluence for a tumor of diameter 0.1 mm
in the three background materials.

T
—&— Brain
—&— Lung

- Adipose Tissue /
Zol

W |

- = Rose criterion

e e ————e e ?
P

SDNR

1072

104 105 106 107 108 109 1010 1011
Photon Fluence (photons/mm?)

Figure 6: SDNR vs photon fluence with different background materials and with a fixed
tumor diameter of 0.1 mm.
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Lastly, Figure [7] shows the relation between SDNR and different tumor diameters for a
fixed photon fluence at 4 - 10% photons/mm?.

20.0

T T
—&— Brain /1'
17.5F 7 Lung
—&— Adipose Tissue
— = Rose criterion

15.0

N
N
\'\

5:0 /j‘2‘7/
b A
i

100 200 300 400 500 600 700 800 900
Tumor Diameter (um)

Figure 7: SDNR vs tumor diameter with different background materials and a photon
fluence fixed at 4 - 10% photons/mm?.
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5 Discussion

5.1 Partl

Starting with the first part, where it is investigated how visible a tumor would be in
plain air, Figure [5{and Figure [4|depicts the relations between SDNR and photon fluence
or tumor size.

Looking at how the SDNR depends on photon flux, it is first noted in Figure [5| that
the graph follows a square root behavior as the slope is %, which would be expected
since SNDR x /@ as seen in section 2.4. It is further observed that that the graph
intersects the Rose criterion at a photon fluence of approximately 10* photons/mm?
which is below the realistic fluence at 4 - 10® photons/mm?. This would mean that a

tumor in air is visible for lesser radiation doses than in clinical CT scannings.

For Figure 4] which shows how SDNR relates to the tumor diameter size with a fixed
photon fluence at 4 - 10® photons/mm?, it is seen that tumors in air become visible at
a diameter of about 5 um.

These results originate from a non-realistic scenario, with a tumor in plain air. There-
fore, the results are simply to see whether an object can be detected with the method
used. The answer is: yes, it is possible for lower photon fluences than usual. This
suggests that phase contrast imaging can be utilized for sample that does not have any
tissue surrounding the tumor, such as a biopsy sample.

As seen in both figures, the SDNR is generally very high. This is due to the fact that
there is not much absorbing or phase shifting material which the wave front propagates
through, causing the intensities to be strong at the detector and therefore also forces
SDNR to be large.

20



5.2 Part I1

Looking at the figures from [6] and [7] it is clear to see that they follow the same trend
as in the figures in Part I, which is expected. The main difference is that the SDNR
is generally much lower for each tumor size and photon fluence respectively. This is
a result of the background material now surrounding the tumor, which causes more
photons to be absorbed than the air in Part I.

Investigating if a tumor of size 0.1 mm is visible under realistic assumptions, different
human tissues as background materials were used with the same fixed photon fluence
at 4 - 10% photons/mm?. Table 3| shows the results. It is clear that the tumor is not
visible for any of these cases since none of them yield an SDNR above the Rose criterion
(SDNR greater than 5).

The threshold values for when a tumor becomes visible is instead shown in Figure [6]
and Figure [7] For Figure [6] the tumor diameter is set fixed at 0.1 mm, investigating
at what photon fluence it would become visible. The answer depends somewhat on
the background material. However, the photon fluences for when SDNR intersects the
Rose criterion are between 10° and 10'° photons/mm?. These fluences are well above
the realistic scenario of 4-10® photons/mm? using our simulation parameters, indicating
that the sample needs to be exposed to more radiation for the tumor to be detectable.

In Figure 7] the photon fluence is instead fixed at 4-10® photons/mm? while the tumor
diameter varies. The threshold values for when the tumor is detectable is varying more
here than it did for Figure [f} The tumor with adipose tissue, lung and brain becomes
visible at approximately 0.25 mm, 0.35 mm and 0.45 mm, respectively.

A further observation which holds for both Figure [f] and Figure [7] is that SDNR is
generally higher for a tumor in adipose tissue, whereas it is the lowest for a tumor in
brain tissue. This suggests that the latter is detected at higher photon fluence and
larger tumor size, and therefore detected at a later stage of the tumor development. A
tumor in adipose tissue, on the contrary, would be detected at an earlier stage.

Furthermore, the SDNR for brain and lung tissue as background materials are closer to
each other than it is for adipose tissue. A reason for this lays in the refractive properties
for these materials. Both the phase shift coefficient (4) and the linear attenuation (u)
for brain- and lung tissue are very similar, differing first at the first decimal (see Table
2). Therefore, propagation through these materials yields almost the same shift and
absorption of photons.
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6 Conclusion

We aimed to determine a minimum tumor size that could be detected in a tissue sam-
ple of size 0.5mm x 1mm. To investigate this, we simulated a two dimensional CT
scan of a sample consisting of a tumor inside a background material and used SDNR
to determine if the tumor was visible based on the Rose criterion. We conducted this
study in two parts with a clinical radiation dose. In the first part only one material,
air, was tested as background material and we found that the tumor would be visible
for a diameter as small as 5 um. For the second part we tested lung, brain and adipose
tissue as background materials and found that 0.1 mm tumor would not be visible for
clinical dose with the simulation parameters used in this thesis. The minimum tumor
sizes required for visibility were 0.25 mm, 0.35 mm and 0.45 mm for adipose tissue, lung
and brain, respectively.

With this said, using phase contrast imaging in CT scans could be a useful method for
detecting cancer tumors in a human body. However, the tumors need to be of a certain
size to avoid large radiation doses. Another useful area for phase contrast imaging would
therefore be in sample X-ray imaging as SDNR here is generally higher, as seen in Part 1.

7 Future work

There are multiple ways to expand this project. One interesting research possibility
would be to use attenuation and phase shift coefficients of real tumors, for example in the
lungs or brain, instead of using the coefficients of soft tissues. Another research direction
could be to test whether or not these results are accurate for a three dimensional
simulated CT scan, as these would model a body more accurately.
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