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Abstract:

Functional diffusion maps (fDM) evaluates
the treatment response with an apparent
diffusion coefficient (ADC) over time. Dif-
fusion weighted (DW) images may contain
artifacts due to the low signal to noise
ratio. Low-quality DW images may im-
pair diagnosis and therefore quality as-
surance (QA) of the MR scanners has to
be conducted. An automatic algorithm
for QA of MR scanners was developed
in Python, that based on DWI images
of a DWI phantom, quantified the accu-
racy and precision of the ADC measure-
ments of a ADC insert, and the achieved
sharpness of a Siemens star insert. The
algorithm had a 100 % accuracy for de-
tection of the correct slices of the ADC
ramp and the Siemens star within a con-
sistency data set. The sharpness quanti-
fied by the algorithm had a connection to
the visual analog scale (VAS) score eval-
uated by a radiologist. A region of inter-
est (ROI) was determined within the ADC
ramp to quantify the mean ADC, which
had minor differences from the quantified
ADC by a radiologist. The day-to-day
variance between different ADC measure-
ments was investigated, and temperature
correction of the ADC was performed, to
achieve more consistency. The necessity of
QA was furthermore proven, when an er-
ror in the post-processed ADC map of a 3
tesla MR scanner was found.

The content of this report is freely available, and publication with reference is accepted.
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Chapter

Introduction

Magnetic resonance imaging (MRI) is a diagnostic imaging tool developed to generate
cross-sectional images of the anatomy of the human body. MRI can both be used to
generate images of healthy structures or diseases as cancer. [1; 2]

An addition MRI is diffusion weighted imaging (DWI), which is a method for quan-
titative and qualitative investigation into the diffusion of the hydrogen protons in
water. This diffusion of protons gives additional information to the conventional MRI.
In diseases as ischemia or malignant tissue the tumor cellularity (tumor cell density)
increases, which results into a restriction of the diffusion of protons. The diffusion
can be quantified by an apparent diffusion coefficient (ADC) and ADC maps. [3; 4; 5]
ADC maps could be used in evaluation of cancer treatment response, as there is an
inverse relation between ADC and tumor cellularity, meaning the higher cellularity,
the lower ADC. [6]

Functional diffusion maps (fDM) is a method for evaluating the change in the ADC
maps over time, which provides early information regarding the cancer treatment re-
sponse. [7] When monitoring the treatment response of a patient with multiple scans
over different days, it is important to have the right scanner settings in order to reduce
variation of the scans, and to obtain high-quality images. [4; §]

Therefore to obtain high-quality images and evaluate the consistency of scanners, qual-
ity assurance (QA) can be performed. QA is widely used in diagnostic imaging as for
instance in CT scans, to prevent low-quality images that can impair diagnosis, in-
crease unnecessary costs of ineffective treatment and avoid unnecessary exposure to
radiation. [9]

This Master’s Thesis investigates QA of MR scanners in order to document consistently
high-quality diffusion weighted images and functional diffusion maps.
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Chapter

Background

The purpose of this chapter is to provide the background information regarding mag-
netic resonance imaging (MRI) and diffusion weighted imaging (DWI). Here the MR
spin echo is explained and how DWTI includes an addition to the standard sequence.
Apparent diffusion coefficient (ADC) and ADC maps are furthermore explained in
order to provide information on how ADC maps can be used as a biomarker for treat-
ment response. Lastly, it is explained how quality assurance (QA) can be performed
on MR scanners in order to achieve high-quality DW images.

2.1 Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) is a diagnostic tool developed to generate cross-
sectional images of the body without radiation or being harmful. MRI uses a strong
magnetic field to alter the orientation of the protons in the hydrogen molecules and
collects information about the orientation. The proton have a south and north pole,
the strong magnetic field in the MR scanner makes the protons align. Hereafter a
pulse of radio frequency is applied to alter the orientation of the protons by disrupting
the magnetic field. The radio frequency (RF) pulse is only applied for a short amount
of time, so the now misaligned protons are in a high energy state. To get into a low
energy state the protons must align with the magnetic field again. The time for the
protons to align is the concept used for creating the image from the emission of low
energy radio frequency photons, which is called an MR spin echo sequence. [1; 2]

MR spin echo sequence consists of three periods, an excitation pulse of 90°, followed
by a refocusing pulse of 180° and the echo assembled by the MR scanner. To define
the spin echo sequence the echo time (TE) and the repetition time (TR) must be
explained. The TE is the time between the RF pulse and the echo, while TR is the
time between the RF pulses. TE can have multiple entries in the TR, if this is the
case the echoes will be called TE1, TE2 etc. [10] The spin echo sequence is illustrated
in Figure 2.1.
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Figure 2.1: The MR spin echo sequence over time. First a pulse of 90° is
excited, followed by a refocusing pulse of 180° and the resulting echo signal
is assembled by the MR scanner.

Multiple types of sequences can be used for creating MR images. In MRI the sequence
is created from anatomical structure of the body, and in functional MRI (fMRI) the
images is created from the metabolic changes in the body. MRI has different kinds of
sequences each providing T1 and T2 weighted images. T'1 weighted images are created
with a short TE and TR, while longer TE and TR are used to create T2 weighted
images. fMRI is as earlier mentioned generated by the metabolic changes in the body.
A sequence of fMRI is for an example perfusion weighted MRI or diffusion weighted
MRI. [11]

2.2 Diffusion Weighted Imaging

Diffusion Weighted Imaging (DWI) is based on the Brownian motion, which is defined
as molecules (eg. water and hydrogen protons), when under influence of thermal
energy, are randomly displaced or diffused. The resulting echo signal from the protons
can be quantified by a apparent diffusion coefficient (ADC) and thereby be used as an
evaluation tool for eg. treatment response or disease progression. The rate of diffusion
of protons changes in different tissues, where the diffusion in eg. malignant areas the
diffusion may be restricted. Therefore the image contrast in DWI changes in relation
to the diffusion of protons in different tissues. DWI today has multiple applications
including thoracic malignancies, brain tumors and acute brain ischemia, where DWT is
the preferred imaging modality for stroke patients. Regarding brain tumors the ADC



2.2. DIFFUSION WEIGHTED IMAGING

values have shown to be decreased at areas with tumors, as the cell density is higher
and therefore restrict the diffusion of protons. [5; 3]

In order to generate a DW image the readout echo signal from the protons are depen-
dent on two diffusion pulsed gradients. Therefore, in addition to a standard MR spin
echo (SE) sequence, the pulsed gradient SE sequence in DWI contains two additional
diffusion pulsed gradients, as seen in Figure 2.2. [4]

180°
90° A
RF /\
8
=
— =
d | [t
A

Figure 2.2: Diffusion pulsed gradient SE sequence in DWI. In addition to
standard MR SE sequence, two diffusion gradient pulses (G4) was added to
the sequence, where G is the magnitude of the applied gradient, § is the
duration of the diffusion gradient and A is the time interval for the diffusion
gradients. RF is the radio frequency pulse.

The diffusion pulsed gradient sequence in DWI are added to the standard MR spin
echo sequence in order to generate the diffusion weighting in an MR image. As seen
in Figure 2.2 the purpose of the first gradient is to induce a phase shift to the protons
depending on the position of the proton. This means that the applied phase shift to the
protons is different depending on the position. The purpose of the second gradient is
to reverse the changes induced by the first gradient on the protons. This is achieved by
inducing a gradient pulse with exactly the same duration and magnitude although with
opposite direction. Due to the pause between the applied gradient pulses, there is a
window of time for the protons to diffuse. This means that if the protons have diffused
before the application of the second gradient, the protons will not be able to return
to the same phase as before the application of the first gradient. As the protons now
spin out of phase the resulting net magnetization of the protons decreases, meaning
that the resulting echo signal is decreased achieving signal attenuation. This signal
loss is given by Equation 2.1. [4]

S(b) = Spe~ P (2.1)

5
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Where S(b) is defined as the signal received for a particular gradient value defined as
b (or b-value). S, is defined as the signal strength where there has not been applied
any diffusion weighting. D is the diffusion coefficient, which is defined as the rate of
diffusion of protons in a medium. The b-value reflects the diffusion time interval and
the strength of the diffusion gradients, as expressed in Equation 2.2. [4]

b=~*G**(A — §> (2.2)

Where v is a constant of 42.58 MHz/r  that describes the gyromagnetic ratio of a
hydrogen proton. As seen in Figure 2.2, G is defined as the magnitude of the diffusion
gradient, 0 is the duration of the gradient and A is defined as the time interval between
the two diffusion gradients. [4]

2.2.1 ADC and Cell Density

In addition to the contrast caused by diffusion, the DW images also have T1 and T2
contrast, as the DWI sequence is added to the standard MR sequence. DW images are
therefore prone to be influenced by a T2 echo signal, called T2 shine-through effect,
which is similar to the contrast of restricted diffusion and therefore an artifact on the
DW image. Qualitative measures such as diffusion maps or ADC maps can be used
to avoid these artifacts. ADC maps are created with two DW images with different
b-values, usually images obtained at b-values 0 and 1,000 $/mm2. Each voxel on the
ADC map can be quantitatively evaluated by the value of ADC. The ADC therefore
quantifies the diffusion of each voxel as expressed with Equation 2.3. [4]

N 1
ADC [mm?/s] = [In 3481 - P (2.3)

Where b; is the b-value of 0 8/mm? and by is the b-value of 1,000 $/mm? in this example.
S(by) and S(bs) is the corresponding measured signal for b; and b,.

The signal intensity of a voxel in the ADC map is directly related to the changes in
diffusion inside different types of tissue. A study [6] by Hayashida et al. investigated
the correlation between ADC and tumor cellularity (tumor cell density). Cancerous or
malignant tissue in the peripheral zone of the prostate has a mean ADC of 986 #m?/s,
with a 95 % confidence interval from 895—1,076 #m*/s. In contrast the noncancerous or
benign tissue in the same area has a mean ADC of 1,572 #m?/s with a 95 % confidence
interval from 1,471 — 1,672 #m?/s. [12] Figure 2.3 shows the results concerning the
correlation of ADC and cellularity.
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Figure 2.3: Inversely correlation between nADC (normalized ADC) and
tumor cellularity. The lower tumor cellularity the higher ADC.

As seen in Figure 2.3, there was found a inversely correlation between ADC and tumor
cellularity. Moreover there was not found a correlation between T2 weighted images
and tumor cellularity. This inversely correlation means that the ADC decreases with
higher cell density. Therefore, if diffusion is low in a tissue, indicating high cellularity,
the voxel in the ADC map will have a low or dark contrast in a grayscale image. If the
diffusion is high, and thereby low cellularity, the ADC map will have a high or white
contrast. Figure 2.4 shows a poorly differentiated adenocarcinoma with different image
modalities. A poorly differentiated adenocarcinoma is a description of a tumor that
has an abnormal cell structure compared to normal cells, and has a higher spread rate
than well differentiated adenocarcinoma, which has a cell structure closer to normal
cells. [6]

Figure 2.4: Image A shows a T2 weighted image of left parietal subcortical
lesion, indicated by the arrow, and image B is the T1 weighted image. Image
C is a DW image where the lesion is slightly hyperintense, meaning it has
a slightly whiter contrast than the souring tissue. Image D shows the ADC
map, where the tumor is hypointense, having a darker contrast than the
surroundings. [6]
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As seen in Image C in Figure 2.4 the hyperintense contrast indicates that the tumor
has a restricted diffusion due to the higher cellularity of the tumor. Image D shows
the ADC map, where the potential T2-weighted shine through is removed. The tumor
is hypointense, which indicates the inversely correlation between ADC and tumor
cellularity. 2.4

2.2.2 ADC as a Biomarker for Treatment Response

In MRI a contrast agent called Gadolinium is often used in order to enhance signal
from lesions, by shortening the relaxation rate of the protons. In normal tissue the
blood-brain barrier (BBB) effectively stops the contrast from accumulating. However,
in lesions the BBB may be leaking, meaning that it may accumulate the contrast which
enhances the tumor or lesion. This enhancement of the tumor is today traditionally
evaluated by the MacDonald criterion in order to assess the brain tumor response to
treatment. However pseudoprogression may occur, which is defined as an increase
in enhancement of a lesion or tumor size, but without tumor progression. Meaning
it could falsely indicate tumor progression. The pseudoprogression is dismissed or
confirmed relatively late, if the tumor enhancement has stabilized or decreased, or by
investigating tissue removed with surgery. [13]

RECIST (response evaluation criteria in solid tumors) is a guideline for an assessment
of tumor treatment response. As suggested by RECIST 1.1 todays functional methods
for treatment response assessment includes PET and PET-CT, MR spectroscopy and
contrast enhanced MRI. However these methods have several limitations. A disad-
vantage with PET and PET-CT is the expensive cost, the difficulties differentiating
tumors and inflammation and the exposure to radiation. MR spectroscopy has low
spatial resolution and contrast enhanced MR is not suited for daily clinical routines
due to the complicity of the image analysis. [14; 7]

DWI and ADC maps could be used as an early evaluation of cancer treatment re-
sponse. As mentioned in Section 2.2.1, there is an inverse relation between ADC and
cellularity. This means that cancer treatment with radiation or chemotherapy with
resulting necrosis of tissue in the tumor would result in a lower cellularity of the tumor.
Lower cellularity would mean less diffusion restriction inside that tissue resulting in a
higher ADC value. Therefore an increase in the ADC value as a result of treatment
would indicate a positive therapeutic response. [7]

Functional diffusion maps (fDM) are a method to evaluate the change in ADC value
over time. fDM is a voxel-by-voxel based method that quantifies the change in diffusion
for each voxel over time. These diffusion changes in each voxel can be superimposed on
anatomic MRI in order to obtain spatial information concerning the tumor. The ADC
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changes in the fDM are shown as a color map where blue indicates decreased ADC
values, green indicates no change and red indicates increased ADC values. Advantages
with DWI and fDM are that it provides early information regarding the cancer treat-
ment response and there is no radiation involved. The acquisition time for DWI is a
few minutes. This might give suggestions in a clinical routine for individual treatment
and increased long term survival. Moreover cost for the department for ineffective
treatments could be reduced. [7]

2.3 Quality Assurance of MR Scanners

In order to obtain high-quality DW images, it is important to optimize the scanner
settings in a routine clinical practice. This is especially important when monitoring the
disease progression of a patient with multiple scans over different days. DWI may also
contain artifacts due to the long scanning time compared to T2 weighted images and
due to the low signal to noise ratio. DWI makes several assumptions in the acquisition
of images, as a perfectly shaped RF pulse, infinitely fast changes of the gradients and
a perfect magnetic field homogeneity. These assumptions are not feasible in reality
and are therefore a limitation of DWI, which results into artifacts as distortion, noise
and low image quality. Artifacts as distortion in the images could occur because of
differences in the magnetic field. Different patient related artifacts in DWI may also
occur which includes movements of the patient, breathing, and metallic artifacts, which
may cause distortion in the images. In order to document consistently high-quality
DW images, it is mandatory to perform quality assurance (QA) of the MR scanners.
Today, most of the QA of DWI are performed manually by visually inspecting the DW
images, slice by slice in a scanning sequence. However this examination often results
in low consistency between data and inter-user subjectivity of the examinations. [4; §]

In order to overcome these qualitative examinations of the DW images, MRI phan-
toms has increasingly being used for QA of DW images. MRI phantoms have known
properties similar to human tissue and can be used for research, testing reproducibility
and as quality assurance of scanners. The main focus in the creation of an accurate
and stable phantom is using predefined apparent diffusion coefficients (ADC). [15]

2.3.1 DWI Phantom

HQ Imaging, a spin-off of the German Cancer Research Center (DKFZ) [16], has de-
veloped a DWI phantom for use in QA of diffusion weighted imaging. Their developed
DWI phantom contains an ADC region simulating a non-restricting environment with
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high diffusion. Figure 2.5 shows the spherical DWI phantom from HQ Imaging.

Figure 2.5: DWI phantom from HQ Imaging. Spherical phantom container
filled with an aqueous polyvinylpyrrolidone (PVP) solution. The container
is a sphere with a diameter of 150 mm.

The spherical phantom has a diameter of 150 mm. The phantom is filled with an
aqueous polyvinylpyrrolidone (PVP) solution. The PVP solution is approximately 10
% w/w (weight-by-weight) concentration in water, giving an ADC of 1599 #m?/s at 20°
Celsius, simulating a non-restricting or benign environment. [16; 17]

PVP is often used for differentiating ADC values as well as T1 and T2 relaxation time
in an MRI phantom. Different concentration of PVP in water gives several different
T1, T2 and ADC values in the phantom, which can be seen in Table 2.1. [18]

10
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Table 2.1: Controlling values in phantom by differentiating concentration
of PVP in water. [18]

PVP T1 +SD (ms) T2+ SD (ms) ADC + SD (20.16 °C) ADC =+ SD (22.11 °C)
10 % 2300 £ 52  1953.1 & 0.9 1630 + 12 1714 + 6

14 % 2010 + 3.8 1692 + 1.3 1439 + 11 1522 + 6

18 % 1770 £ 34 1479.3 + 0.9 1318 + 8 1389 + 7

25 % 1200 + 3.4 1017.3 + 0.8 927 + 9 983 + 12

40 % 714 £ 1.7 584.8 £ 0.2 602 =+ 10 640 + 9

The ADC values are dependent of the temperature, therefore a method for controlling
the temperature is using an ice bath. However the DWI phantom from HQ Imaging has
an integrated thermometer which allows for temperature correction of the phantom.
Besides the thermometer, the DWI phantom includes two other regions; the ADC
ramp insert and the resolution insert, see Figure 2.6.

Thermometer
Resolution insert

ADC ramp
insert

Figure 2.6: DWI phantom from HQ Imaging with indication of thermome-
ter, ADC benign region, and resolution insert.

Cross-sectional images are taken throughout the phantom in order to obtain images
of the regions inside.

11
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The ADC ramp insert is a plastic ramp, which around the ramp goes from a maximum
of plastic to a maximum of PVP solution. The PVP solution is called the ADC region
and enables the assessment of accuracy and precision of the ADC measurements.
Figure 2.7 shows a T2 weighted cross-sectional image of the ADC ramp insert within
the DWI phantom. The plastic is black because it gives no signal as there is no
diffusion of water protons, and the ADC region is white.

Figure 2.7: T2 weighted image of the ADC ramp insert of the DWI phan-
tom.

The resolution insert in the DWI phantom allows the assessment of the resolution
or sharpness achieved in the examination of the phantom. Figure 2.8 shows a T2
weighted cross-sectional image of the resolution insert within the DWI phantom.

12
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Figure 2.8: T2 weighted resolution insert of the DWI phantom.

The resolution insert, also called a Sinusoidal Siemens Star, is implemented to evaluate
the sharpness of the image from the MR scanner. Sharpness is defined as the ability
to reproduce fine details in an image. The diameter of the Siemens star is 120 mm.
As seen in Figure 2.9, the Siemens star has 30 spokes or contrast bars with an opening
angle of 6°. [16]

13
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Figure 2.9: T2 weighted Siemens star with indication of the opening angle
of 6° each of the 30 contrast bars.

Siemens stars has been used for regular cameras in order to investigate the sharpness
of the camera. [19] Similar to cameras, the sharpness of MR scanners can be conducted
based on the Siemens star. To evaluate the MRI scanners an inspection of the sharp-
ness of the Siemens star is done by observing the differentiation between black and
white to the center of the Star. The further towards the center this differentiation is
visible, the better sharpness of the image. The lines which differentiate between black
and white can be used to see the sharpness of the image, where a perfect sharpness
is obtained when the edge between black and white changes from lowest to highest in
intensity value.

2.3.2 Routine Clinical Practice

As explained in Section 2.2.2, there is a need for early assessment of cancer treatment
response. Functional diffusion maps (fDM) quantify the treatment response with ADC
over time, earlier than traditional RECIST methods. In order to implement fDM
in daily clinical routines, a QA of the performance of the MR scanners has to be
conducted, where an investigation of the day-to-day variance of MR machines along
with the variance between MR machines is needed if a patient is scanned on different
machines. This QA is necessary in the evaluation of treatment response in order to
guarantee the progression in treatment is a treatment response of a patient and not

14
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just a variance from scanner to scanner or from day to day. This gives value for the
patient as an earlier assessment of treatment response would result in an avoidance
of unnecessary side effects from radiation- or chemo-therapy. Moreover this gives
economical value for the health care department as a earlier assessment minimizes the
unnecessary cost of ineffective therapy.

Department of Radiology at Vejle Hospital

This section includes information provided by the Department of Radiology at Vejle
Hospital, hereafter referred to as the Department of Radiology.

The Department of Radiology have obtained a DWI phantom from HQ Imaging in the
pursuit of performing QA on their MR scanners. However manual QA of their MR
scanners can be time consuming and takes up time that could be used on patients. A
manual QA of an MR scanner takes approximately 5-7 minutes to complete.

Different automatic methods for QA are available today. [16] HQ Imaging provides
an automatic web-based analysis of the images of their DWI phantom. These reports
can be available within 24 hours but the department would prefer to be able to define
the obtained values and to share the values digitally on the individual workstations
without delay. Moreover, according to HQ Imaging, the web-based analysis does not
include an automatic assessment of the sharpness of the Siemens star. Therefore
there is a need for an automatic algorithm for QA of MR scanners that automatically
evaluates the sharpness of the Siemens star.

The Department of Radiology needs QA of their MR scanners with minimal time
consumption as possible, therefore the first need for such algorithm is that it has to
be automatic. Therefore there is a need for an automatic selection of the ADC ramp
insert and the Siemens star in the phantom. Moreover a need is to automatically
detect a region of interest (ROI) for the ADC region within the ADC ramp insert
and assess the mean ADC values. An automatic quantification of the sharpness in
the image is also a need for the Department of Radiology, because to this present it
is qualitatively evaluated by eye and thereby have a risk of user-subjectivity in the
assessment of the sharpness. Another need for the Department of Radiology is that the
current daily values from the QA of the latest consistency data set must be visualized
on the first or main page of the algorithm. Moreover a day to day graph from all the
latest consistency data sets needs to be available with a visualization of the mean and
the standard deviation (SD) in order to investigate the variance. Further all QA tests
which deviates from the SD needs to be marked red.

15
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Project Aim

Quality assurance (QA) of MR scanners is important in order to document consistently
high-quality MR images. QA of MR scanners can be performed with a DWI phantom,
which consists of an ADC region and a Siemens star for sharpness assessment. Manual
QA of MR scanners with a DWI phantom can be time consuming for the professionals
at a Department of Radiology. Different automatic QA algorithms are available today,
however an automatic assessment of the sharpness is not yet available. Therefore there
is a need for an automatic algorithm for QA of MR scanners based on images of a
DWI phantom. This leads to the following project aim:

Develop an automatic algorithm to perform QA of MR scanners, by assessment of the
accuracy and precision of the ADC measurements and the image sharpness, based on
images of the ADC region and the Siemens star of the DWI phantom.

3.1 Objectives

« Develop an automatic algorithm to detect the cross sectional slice of the Siemens
star.

« Develop an automatic algorithm to detect a ROI of the Siemens star and quantify
sharpness in the image.

o Develop an automatic algorithm to detect the cross sectional slice of the ADC
region.

» Develop an automatic algorithm to detect a ROI of the ADC region and quantify
a mean ADC.

o Investigate the day to day variance of ADC and sharpness, and the variance
between MR scanners using statistical analysis.

« Validate and test the performance of the algorithm with comparison of the algo-
rithms quantification of ADC values and sharpness, with an evaluation performed
by a professional from the Department of Radiology.

17
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Methods

The purpose of this chapter is to describe how the data for the project was acquired
and how the algorithm was developed. The development of the algorithm is divided
into different blocks, where the purpose of each part of the algorithm is described and
the development is explained.

4.1 Data Acquisition

The data used in this project were MR consistency data sets of a DWI phantom,
provided by the Department of Radiology at Vejle Hospital. A consistency data set
contains first a survey and then four different MR scanning sequences, T2 weighted
images, DWI with b0 and b1600 and lastly the ADC map. Each scanning sequence
contains 25 cross sectional DICOM images of the phantom. The Department of Ra-
diology has three MR scanners from Philips, where two of them are 1.5 T scanners,
named MR1 and MR2, and one is a 3 T scanner, named MR4. For all three scanners,
a consistency data set was conducted of the phantom every working day over a period
of approximately 7 weeks, provided 30, 29 and 30 consistency data sets for respectively
MR1, MR2 and MR4. The consistency data sets were conducted on a DWI phantom
from HQ Imaging. The phantom is further described in Section 2.3.1.

The protocol used for data acquisition and conductance of the consistency data sets
were as following:

» Place the phantom in the MR scanner and rotate the phantom so the thermome-
ter is located on the top.

o Adjust the angle of the slices for acquisition of sequences with arrows located
inside the phantom as seen on Figure 4.1. This gives consistency in the imaging of
the phantom, but the algorithm needs to take account for further small changes.
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AV: 6.6 mm, 2.2°

Figure 4.1: A survey sequence of the phantom where the angle for the
cross-sectional slices is determined.

o Acquire the four MR scanning sequences T2 weighted, b0, b1600 and ADC map.
« Save the consistency data set for the radiologist to evaluate.

o The radiologist determines the accuracy of the ADC measurements with a region
of interest (ROI) in the ADC region. The ROI is defined as a circle in the ADC
region of the ADC ramp insert in each sequence, see Figure 4.2. The sharpness
is evaluated of the T2 weighted image and ADC map of the Siemens star with
a score from 1 to 5. Lastly the temperature of the thermometer in the phantom
is noted.
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Figure 4.2: ADC map of the ADC ramp insert. A ROI is defined in the
ADC region.

o The consistency data sets are uploaded to an external server with a picture
archiving and communication system (PACS).

A PACS system that the authors had access to was needed, to enable download of the
consistency data sets to use in the project. Therefore an external server was provided
for the authors at Vejle Hospital. A PACS system was installed on the external server:
Orthanc-Server, Version: 1.3.2, which is a standalone DICOM server developed by
Sébastien Jodogne at the CHU of Lieége (Belgium), in the Department of Medical
Physics. [20]

The radiologists were then able to upload the consistency data sets to this PACS on
the external server. From the PACS server the authors were able to download the
consistency data sets locally to a PC.

4.2 Algorithm Development

An algorithm was developed in Python from Python Software Foundation, Version:
3.6.5. [21] A Graphical User Interface (GUI) was developed to ease the quality assur-
ance and create a convenient and easy to use application for the radiologists. Image
analysis was performed on two specific slices in the phantom, the ADC ramp insert
and the Siemens star as described in Section 2.3.1.
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The algorithm development was divided into six different blocks. Each block describes
the purpose of the part of the algorithm and how it was developed. Block 1 describes
the initial setup for the QA. This includes the development of the GUI and how
the scanning sequences and DICOM images were chosen for the analysis. Block 2
describes how the Siemens star was detected among all 25 DICOM images within
a sequence. Block 3 explains how the sharpness of the Siemens star was quantified.
Block 4 describes how the ADC ramp insert was detected among all 25 DICOM images
within a sequence. Block 5 describes how the ROI of the ADC region within the insert
was detected and quantified. Lastly an explanation is provided in Block 6 regarding
how the QA was visually presented. An overview of the pipeline of the algorithm is
illustrated in Figure 4.3.

Block 2: Block 3:
Detect the > Quantify Image
/ Siemens Star Sharpness \
Block 1: Block 6:
Initial Setup for Visual Presentation
Quality Assurance \ / of Quality Assurance
Block 4: Block 5:
Detect the ADC > Quantify ADC
Ramp Insert Region

Figure 4.3: An overview of the different blocks in the algorithm develop-
ment. First the initial setup is explained in Block 1, next Block 2 and 4
explains the detection of respectively the ADC ramp insert and the Siemens
star. Block 3 describes the quantification of the Siemens star and Block 5
describes the detection of the ADC benign ROI and the quantification of
the ADC region. Lastly Block 6 describes the visual presentation of the QA.

4.2.1 Block 1: Initial Setup for Quality Assurance

This section provides information of the purpose of the initial setup and how it was
developed. The purpose of the initial setup was to enable a user friendly and fast
selection of consistency data set for the quality assurance. Moreover the initial setup
ensured that the correct scanning sequences of the consistency data set were chosen
for the analysis. As the scanning sequences consisted of DICOM images, the purpose
of the initial setup was also to read the DICOM images and Meta data, in order to
enable analysis of the images. The DICOM images consisted of 16 bit images, meaning
that the initial setup ensured that the DICOM images were read in 16 bit, in order to
avoid loss of information in the images.
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Tab for Loading Consistency Data Set and Start of the Algorithm

The Load Consistency Tab in the GUI was developed in order to ease the initial quality
assurance, see Figure 4.4. The tab enables the load of one or multiple consistency data
sets. The button "Load Single Consistency Data Set" is selected when loading one
consistency data set of the phantom. The button "Load Multiple Consistency Data
Sets" loads an entire folder with all the consistency data sets within.

Overview Load Consistency Data Set ‘ Day-to-day

Load Single Consistency Data Set Load Multiple Consistency Data Setsl

Date: 22-03-2018
b0 ADC ADC star
Scanner: Mr1
Consistency Data Set: 41345125
Chosen slice Ring: 12
T2 star Chosen slice Star: 19

BO benign: 1206.1 (+13.3)
B1600 benign: 85.8 (£3.3)
ADC benign: 1754.3 (£14.8)
T2 benign: 1325.8 (£8.5)
Star sharpness T2: 0.8837
Star Min, Line T2 [mm]:  0.30
Star sharpness ADC: 0.4349
Star Min. Line ADC [mm]:  1.29

#/ €3] +Q/=]

Figure 4.4: The tab "Load consistency data set" is shown, where a single
consistency data set is loaded and the used images are shown in the canvas.
The labels in the top right of the figure are information from the scanner
and the labels bottom right are the results from the loaded consistency data
set.

The canvas shown on Fig 4.4 is a presentation of the used images after the consistency
data set had been loaded into the program. Information about the test is shown on the
top right of the tab, which is the date of the scanning, name of the MR scanner and the
ID of the consistency data set. The labels in the bottom right are the results from the
consistency data set. As a scanning sequence consisted of 25 cross-sectional images of
the phantom, the two chosen slices are shown, which in this specific consistency data
set were slice 12 for the ADC ramp insert and 18 for the Siemens star. The other
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results are the extracted values from the ADC region from three sequences b0, b1600
and ADC map, respectively. The results from the sharpness of the star are also shown
for both the T2 weighted image and the ADC map.

DICOM Images

DICOM is the golden standard for images in health care. [22] The images contain
information about the patient, modality type, sequence type etc. This contained
information is called Meta Data, and is used so the data of the patient never can be
separated from the image. [22] The data acquired from the Department of Radiology
were 16 bit DICOM images. The main difference between 8 and 16 bit images is the
value of the pixel in the image. An 8 bit image has 256 numeric values in grayscale,
while a 16 bit image can have 65536 numeric values. This means that the automatic
analysis of the benign ADC was conducted on the 16 bit images in order to obtain
ADC values in ranges from 0-65536 and therefore preserve the most information in
the image.

Scanning Sequences

Each consistency data set of the phantom consisted of four scanning sequences; T2
weighted, b0, b1600 and ADC map. The sequences can be seen in Figure 4.5.
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(a) T2 weighted image (b) DWI image with a B value of 0

(c) DWI image with a B value of 1600 (d) ADC map obtained from the DW
images

Figure 4.5: All four scanning sequences of the DWI phantom.

The four scanning sequences consisted of 25 cross-sectional images of the phantom.
The resolution of the T2 weighted images was 560x560 pixels for the two 1.5 T MR
scanners and 576x576 pixels for the 3 T MR scanner. The resolution of the diffusion
weighted images, b0, b1600 and the ADC map was 176x176 pixels for the two 1.5 T
MR scanners and 192x192 pixels for the 3 T MR scanner.

Save Results from a Consistency Data Set

The results from a consistency data set consisted of a quantification of the signal
intensities of the ADC ramp insert for the four scanning sequences, T2, b0, b1600 and
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ADC map. Moreover the results consisted of the quantification of the sharpness of the
Siemens star for T2 and the ADC map. In order to investigate the day-to-day variance,
the results from each consistency data set needed to be saved. The results was saved
with a dictionary-like object, called Shelve. [23] Shelve functions as a database, where
a key is selected for the underlying values. The key for the results of each consistency
data set was chosen as the accession number of the consistency test. The accession
number is unique for each consistency data set.

4.2.2 Block 2: Detect the Siemens Star

This section provides information about the automatic slice selection of the Siemens
star. In order to develop an automatic algorithm, the Siemens star had to be detected
automatically. As each scanning sequence consisted of 25 cross-sectional images, the
correct slice of the Siemens star, according to Section 2.3.1, had to be detected. In
order to detect the correct slice, a reference image of the Siemens star was selected. The
T2 weighted scanning sequence was selected for the automatic slice detection, as the
T2 weighted images consisted of high quality images of the phantom. Image similarity
was then calculated between the reference image and all cross-sectional images in the
scanning sequence.

Object Detection

The phantom is a circular object and the structures within are defined around the
center. The structures in the phantom in this case is the contrast bars defining the
Siemens star. In order to achieve image similarity to the reference image, the object
defining the Siemens star had to be detected. To detect the structures within the
phantom, the most appropriate method was to determine the center. There are mul-
tiple methods for determining the center of objects, one of them is using the outer
contour [24] and extract the coordinates. The coordinates of the outer contour are the
edge of the outer most structure within the image. The mean of all the coordinates
was calculated and from this a center of the object could be defined. But because of
deformities on the edge of the phantom the center was misaligned to the wanted point
of center in the phantom, as indicated by a red dot in Figure 4.6.

26



4.2. ALGORITHM DEVELOPMENT

Figure 4.6: Wanted point of center within the phantom indicated by a red
dot. A deformity can be seen in the top of the phantom image.

The wanted center was right in the middle of the Siemens star and therefore the center
needed to be calculated from the edge without taking the deformities into account. If
the phantom is considered to be a perfect circle without the deformities Hough circle
transform can be used. [25] Hough transform was used to find the center and area of
the phantom. The Hough transform finds edges in the image and draws circles with a
specific radius, which iterates to find the most fitting circle in the image. The center
of the circle is defined as the point in the image where the most circles overlaps, which
is illustrated in Figure 4.7. [25]
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Figure 4.7: Hough circle transform. The center is defined as the point
of most overlaps in the circle.

This is a 2D version of Hough Circle Transform, the transform used in this is a 3D
model, where the radius is not defined but changes iteratively. The point in the 3D
area with the most overlaps is the center of the circle, when iterated over the radius.

The circles drawn in the image are described by following term:
(z—a.)* + (y—a,)* =7r° (4.1)

Where a, and a, defines the center of the circle, r is the radius while x and y are the
outer perimeters defined of the edge detection. [25]

The result of the Hough circle transform on a T2 weighted image can be seen on Figure
4.8.
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Figure 4.8: Hough circle transform on a T2 weighted image of the
Siemens star. The found center and circumference are marked in red
and green, respectively.

Image Similarity

Several different methods exists for image similarity. Mean square error (MSE) is
a popular and easy to implement method for image similarity, and have been used
for more than 50 years. MSE is a measure that calculates the error between two
signals, by averaging the squared intensity differences in the images. However MSE
has been proven to not be highly indicative of human perception of image quality. [26]
Therefore other methods were developed in order to take advantage of how the human
visual system (HVS) perceives image quality. Structural Similarity Index (SSIM) is a
method that was developed based on that the HVS extracts structural information.
SSIM calculates the similarity of images based on three different features in the images:
the similarity of the local brightness I(z, y), local contrasts ¢(x,y) and local structures
s(z,y) as expressed in Equation 4.2.2. [27]

SSIM(z,y) = U(z,y) - c(z,y) - s(x,y)
o 2[13;[/@ + 01 ) QO'xO'y + 02 ) Oy + 03
N ,u%—kui—l—C’l 0'32:4-0'?34—02 O'IO'y—FC;),

Where x and y are local areas in the same places in the images that are compared,
meaning that multiple sliding windows in the images are compared. The local sample
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means of the area x and y are defined as 1, and p,, the local standard deviations are
defined as o,, 0, and o, are the cross correlation. [27]

Image similarity of the Siemens stars with SSIM was conducted. However SSIM was
not able to detect the correct Siemens star according to the reference image. The
bad performance of SSIM could be due to rotation of the images. The placement of
the contrast bars in the Siemens star compared to the reference image may vary due
to rotation. Another method for image similarity is histogram similarity. Histogram
similarity gives information concerning the distribution of intensities in an image. As
histograms are not based on local areas in the images, but distributes the intensities
of all pixels, histogram similarity is therefore not sensitive to rotation of the images.
[28] Therefore image similarity of the Siemens star was based on histogram similarity.
However unnecessary information concerning the image with the Siemens star was
obtained, due to the black background and the outer perimeter of the phantom, as
seen in Figure 4.8. Therefore in order to obtain information exclusively concerning the
Siemens star, a mask was determined of the Siemens star. The mask used in this case
is a spatial filter, where the spatial filtering is performed directly on the pixels in the
image. Spatial filters are created in different sizes and can be used both for smoothing
of pixels and for sharpening of edges. [29]

The purpose of the mask in this case was to segment the Siemens star. Therefore
a binary image was created with the mask, where all pixels within the mask were
assigned to 255 and all outside the mask were assigned to 0. The mask created in
this case was generated from the found center, radius and circumference by Hough
Circle Transform. In order to exclude the outer perimeter of the phantom, the mask
was generated from 70 % of the radius. The intensity values of the images within the
mask were extracted and a histogram was calculated of the intensity values. The same
procedure was conducted on the reference image of the Siemens star.

Image similarity was then conducted where the similarity was determined by compar-
ing the histograms of all 25 cross-sectional images to the reference image of the Siemens
star. A method for histogram similarity is calculating the bin-by-bin distance between
the images. The histogram distances compare corresponding histogram bins and does
not take the correlation between neighbour bins into account. [28] Six different meth-
ods for histogram distance comparison were selected to determine the best performing
distance method for image similarity. The six methods which were selected from the
Python OpenCV package (Version 3.0.0) [30] were: Chi-square (Equation 4.2), Chi-
square alternative (Equation 4.3), Correlation (Equation 4.4), Hellinger (Equation
4.5), Intersection (Equation 4.6) and lastly the Kullback-Leibler divergence (Equation
4.7).
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Chi-square = d(H;, Hy) = Z 1) 1(;{2(1)) (4.2)
Chi-square alternative = d(Hy, Hy) =2 (}1{;1(([[)):—%;(?)) (4.3)
Correlation = d(H,, Hy) = ZI(Hl( ) = H)(Ha]) - HQ)_ (4.4)
VI (H(I) — H)? S, (H(I) — Hy)?

_ —1
Hellinger = d(H,, Hy) = $1W;\/Hl([) - Hy(I) (4.5)
Intersection = d(Hy, Hy) = Y _ min(H,(I), Ho(I)) (4.6)

: : H,(I)

Kullback-Leibler divergence = d(H;, Hy) = Z Hy (I ( Hy [)) (4.7)

Where H; is the first compared histogram and Hy is the other histogram, but needs to
be the same size as H;. Hj is the mean of the histogram & and lastly N is the number
of histogram bins.

Each method was tested with 15 consistency data sets to determine the best performing
histogram similarity method, for selecting the correct Siemens star image within all
25 cross-sectional images. The results from the test can be seen in Table 4.1.

Table 4.1: Comparing histogram similarity methods for highest accuracy
in the automatic slice selection for the Siemens star.

Comparison method Accuracy Siemens star (%)
Chi-square 100
Chi-square alternative 93.3
Correlation 100

Hellinger 93.3
Intersection 86.67
Kullback-Leibler divergence 93.3

The histogram distance methods Chi-square and Correlation had an accuracy of 100
% when determining the Siemens star from all the 25 cross-sectional slices. The other
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histogram methods had a relative high accuracy as well. Therefore, as not to depend
solely on one distance measure, a majority vote of all the different distance measures
were created. The majority vote enabled that at least two methods should determine
the same cross-sectional image as the Siemens star. If the vote was a tie and thereby
inconclusive, the detection of Chi-square was selected.

After the method for comparing the histograms was determined, the histogram of the
reference image of the Siemens star was compared to all the cross-sectional images
histograms. The histograms with highest similarity for the Siemens star can be seen
in Figure 4.9.

Histogram comparison - Siemens star
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Figure 4.9: Comparing histogram of reference image and image of the Siemens star.

Slice Selection

The image shown on 4.10 is the found result of using the histogram similarity method
with majority vote and the reference image of the Siemens star.
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Image Reference image

Figure 4.10: Image similarity of the Siemens star.

4.2.3 Block 3: Quantify Image Sharpness

This section provides information concerning the quantification of image sharpness of
the MRI scanner. Manual assessment of the image sharpness can be time consuming
and an automatic assessment of the sharpness of the MR scanner and the quality of the
DW images is not yet available. Therefore the purpose of this section is to explain how
the image sharpness was automatically quantified. The image sharpness was based on
both the T2 weighted image and the ADC map of the Siemens star.

WeiB et al. [31] investigated how the sharpness of CT scans could be examined with the
Siemens star in a phantom suitable for X-ray CT. According to Weif} et al., the Siemens
star can be examined with different methods: (1) Visual assessment where the quality
of the contrast bars are investigated. (2) A slanted-edge modulation transfer function
(MTF) method, which extracts the edge spread function (ESF) of the contrast bars.
The ESF is used to calculate the line spread function that with a Fourier transform
enables the calculation of the MTF. The MTF investigates the contrast of the edges
over the frequency spectrum of the image. In order to obtain a single quantification
of the image sharpness, the frequency at which the MTF image contrast has dropped
to 10 % is specified. (3) And last the image sharpness is evaluated using the structure
width of the contrast bars as a function of image contrast. As explained in Section
2.3.1, the further towards the center the differentiation between black and white is
visible, the better sharpness of the image. This method was implemented in order to
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obtain a quantification of image sharpness in milimeters (mm). The purpose of this
method is to determine at which width of the contrast bars towards the center, there
is close to no image contrast. Meaning, determine at which minimum line width in
the image the scanner can reproduce details.

Determine Center and Circumference

To ultimately determine the sharpness of the Siemens star, the center and circum-
ference of the Siemens star were found with Hough circle, as explained in Block 2
(Section 4.2.2). In order to obtain the outer perimeter of the contrast bars the radius
was set to be 70 % of the radius found by the Hough circle transform, and hereby only
the Siemens star was extracted. The center and outer perimeter of the contrast bars
found in the T2 weighted image and the ADC map are shown in Figure 4.11.

(a) T2 weighted image. (b) ADC map.

Figure 4.11: The center of the Siemens star for the T2 weighted image
and the ADC map is found and the circumference for the outer perimeter
of the contrast bars was calculated.
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Polar Coordinate System

To evaluate the information in the Siemens star a polar coordinate system was created.
A polar coordinate system is a graphical explanation of a circle, the bottom of the
graphical visualization is the middle of the circle, while the top is the outer radius
defined beforehand, see Figure 4.12.
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(a) Polar coordinate system of the T2 (b) Polar coordinate system of the ADC
weighted image. map.

Figure 4.12: Polar coordinate system of the T2 weighted Siemens star and
the ADC map. The width of the image is the 360° around the Siemens star
and the height is the pixels from the outer perimeter of the Siemens star to
the center.

The polar coordinate systems, as seen in Figure 4.12, the angles around the circle from
0° to 359° are placed in the x-direction. In the y-direction a number of methods can be
used, as an example Weif§ et al. [31] converted the Siemens star to a polar coordinate
system by using the width of the image from inside the circle and outwards. In this
project the polar coordinate system was created by profile lines that extract intensity
values from the angles around the Siemens star from the center to the circumference.
This was completed using the parametric equation of a circle to examine the Siemens
star, see equation 4.8 and 4.9. [32]

r=a+ R-cos(f) (4.8)
y=b+ R-sin(6) (4.9)
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Where 6 is the angle, R is the radius, a and b defines the center of the circle and x
and y defines the circumference.

Sliding Window

To measure the image contrast locally, the contrast was calculated within sliding win-
dows on the polar coordinate system. As explained in Section 2.3.1, each contrast bar
have an opening angle of 6° and therefore the size of the sliding windows needs to be
twice that size in the x-direction to contain both the white and black contrast bar in
the same area of the sliding window. Thus, the height and width of the sliding windows
were determined to be respectively one row and 3.3 % of the image size. The height
of one row was selected in order to achieve the maximum number of quantifications
in the height of the polar coordinate system. The sliding windows were chosen not to
overlap, as to calculate a contrast one window size after another. The image contrast
was calculated within each sliding window.

Michelson Contrast

The image contrast was calculated with the Michelson contrast formula, see Equation
4.10. [31]

T — I
C _ tmaz min 4.10
]maz + ]mm ( )

Where C is the Contrast, I,,,, is the maximum intensity within the window and 7,,,;,
is the minimum value. Michelson contrast was chosen, as it is used for images with
repeating patterns, as seen on the polar coordinate system. The Michelson contrast
was calculated within each sliding window, providing a plot over all sliding windows
with the Michelson contrast. Each window was quantified with a value between 0
and 1, where 0 explains no image contrast and 1 explains high image contrast. To
visualize the difference a colormap was applied to the plot, where blue is 0 and red is 1.
The image with the Michelson Contrast equation applied can be seen on Figure 4.13,
where Figure 4.13a shows the image contrast of the T2 weighted image and Figure
4.13b shows the image contrast of the ADC map.
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(a) Michelson Contrast calculation of (b) Michelson Contrast calculation of
the polar coordinate system of the T2 the polar coordinate system of the ADC
weighted image. map.

Figure 4.13: Polar coordinate system of the T2 weighted Siemens star and
the ADC map.

In order to obtain a single value for quantification of the sharpness of the Siemens
star, the minimum detectable line width of the contrast bars was determined. It is
known from Section 2.3.1, that the Siemens star has a diameter of 120 mm and the
opening angle of each spoke is 6°. 3 mm was subtracted from the radius of 60 mm, as
the black center of the Siemens star was removed, see Figure 4.14.

/c =-57.00 a=>.97
b-=->57.00 '

A = 6.00°

Figure 4.14: Tllustration of a contrast bar of the Siemens star. A is defined as the opening
angle of 6° c and b is defined as the length of the bar (and the radius of the circle) of 57
mm and a is defined as the largest width of the contrast bar of 5.97 mm.

Where A is the opening angle of 6°, ¢ and b are defined as the length of the bar of 57
mm and «a is defined as the largest width of the contrast bar. With this information
the largest line width of the contrast bars can be calculated with Equation 4.11. [33]
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a= \/b2 + 2 — 2bc - cos(A) (4.11)

The calculation of the line width of the contrast bars enabled the investigation of the
image contrast as a function of structure width, see Figure 4.15.
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Figure 4.15: Image contrast as a function of line width for the T2 weighted
image and the ADC map.

In order to specify at which radius the minimum detectable line width was measured,
an image contrast that was degraded to near zero needed to be defined. As seen in
Figure 4.15a, the declining slope of image contrast ends approximately at 10 % of
image contrast. Therefore the threshold for minimum detectable line width was set
to 10 % of image contrast for the T2 weighted image. As seen in Figure 4.15b, the
image contrast had a plateau immediately after 5 % of image contrast. Therefore the
selected threshold in image contrast for the ADC map was 5 % of image contrast.

The selected radius for T2 and ADC map was used in Equation 4.11 for b and ¢ to
calculate the minimum detectable line width. This minimum detectable line width was
therefore used to quantify sharpness in the image and to determine at which minimum
line width the scanner could reproduce details in the images. As the maximum line
width is 5.97 mm, a minimum line width ratio was calculated with Equation 4.12.

a—>b
a

C =

(4.12)
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Where ¢ is the minimum line width ratio, a is the maximum line width of 5.97 mm
and b is the measured minimum line width.

Besides the minimum line width, a calculation of the mean contrast of the Siemens
star was conducted, in order to quantify an overall image contrast. Therefore a mean
image contrast was calculated of the Michelson plot (Figure 4.13). In order to obtain
an overall quantification of the image sharpness, a mean value of the minimum line
width ratio and the mean image contrast was calculated.

Finally, three different values of the Siemens star were obtained. A minimum line
width in mm that gave a quantification of the ability to reproduce fine details in the
image. A fine detail is defined as the size of a single pixel in the image, which is
0.411 and 1.307 mm for respectively T2 weighted images and the ADC maps of the
phantom. A mean image contrast of the Siemens star, that gave a quantification of
the overall image contrast. And a mean value of the two, that gave a single overall
quantification of the image sharpness.

4.2.4 Block 4: Detect the ADC Ramp Insert

This section provides information about the methods for automatically detecting the
ADC ramp insert from the other slices in the phantom. Similar to Block 2 in Section
4.2.2, the ADC ramp insert had to be automatically detected within the 25 cross-
sectional images of the phantom. The T2 weighted scanning sequence included high
quality images of the phantom and was therefore used for image similarity measures.
A reference image for the ADC ramp insert, according to Section 2.3.1, was selected
for the image similarity.

Determine Center and Circumference

The center was found as in Block 2 (Section 4.2.2) by using Hough circle transform.
An iteration was implemented to find the maximum circle in the area for each iteration
by changing the minimum radius. This gave the outer contour of the out most circle.
The found center and circumference can be seen in Figure 4.16
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Figure 4.16: Hough circle transform on a T2 weighted image of the
ADC ramp insert. The found center and circumference are marked in
red and green, respectively.

Image Similarity

Similar to Section 4.2.2 there are slight differences in rotation of the phantom and
therefore the histogram similarity method for the image similarity was used. The
mask used for this part of the phantom was between 85 % and 65 % of the radius,
where the intensities are extracted. This ensured only the data of the ADC ramp insert
was extracted and used for histogram similarity with the reference image of the ADC
ramp insert. The two circles defined by the two radius where the region in between
was extracted can be seen in Figure 4.17.
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Figure 4.17: The two red circles illustrates the region which was extracted for the his-
togram similarity.

Image intensities were extracted with the mask for all the 25 cross-sectional images
and the reference image of the ADC ramp insert. For every iteration histograms
were calculated and compared in order to detect the ADC ramp insert of the cross-
sectional images. The histograms distance measures were compared to determine the
best performing method for image similarity. The six histogram correlation methods
explained in Section 4.2.2 was used to find the ADC ramp insert on 15 consistency
data sets. The results from the correlation method can be seen in Table 4.2.
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Table 4.2: Comparing histogram correlation methods for highest accuracy
in the automatic slice selection.

Comparison method Accuracy ADC ramp insert (%)
Chi-square 73.3

Chi-square alternative 86.6

Correlation 60

Hellinger 86.6

Intersection 93.3

Kullback - Leibler diver- 86.6

gence

The results from the test showed a highest accuracy of the algorithm of 93.3 % with
intersection, which was not sufficient. A limitation of the histogram similarity methods
is that they ignore rotation in the image. Therefore the histogram method was prone
to make errors, when only basing the detection on the distribution of intensities. The
criteria for finding the ADC ramp insert is the change from high to low intensities
around the ring. Therefore an array of intensities around the ring, with 70 % of the
radius to obtain values in the middle of the ring, was extracted for both the cross-
sectional images and the reference image. The similarity of these arrays was then
investigated with a distance error. However due to rotation of the phantom, the arrays
had to be aligned in order to calculate the difference between corresponding pixels.
The Procrustes method is an optimization method for curve-fit which uses scaling,
translation and rotation. It was used to minimize the sum of squares differences
between landmarks in the two intensity arrays, by Equation 4.13. [34]

M? = 3" (Datal — Data2)® (4.13)

Where M is the sum of squares, Datal is the intensities within the reference image and
Data2 is the intensities within the cross-sectional image, where the scaling, translation
and rotation are performed.

If the disparity found by the minimizing of sum of squares differences were under 0.3,
an additional nine iteration were performed from 71 to 80 % of the radius found by
the Hough circles. The iterations were performed to give consistency to the algorithm
s0 no incorrect slices were found. The automatic slice detection was 100 % accurate
when using the Procrustes method.
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Slice Selection

The reference image and the detected image with the Procrustes method can be seen
in Figure 4.18.

Image Reference image

Figure 4.18: Image similarity of the ADC ramp insert.

4.2.5 Block 5: Quantify ADC Region

To quantify the ADC region of the ADC ramp insert, the right part of the ADC ramp
insert needs to be found. First of all, the center and circumference of the phantom
were found in Block 4 in Section 4.2.4. Afterwards the coordinates were determined,
where the biggest difference in intensities was present within the ADC ramp. When
the difference was found a step of 5 % in the direction of the maximum intensities was
performed to extract intensities from a ROI, containing the highest intensity values.

Difference

The radius and circumference of the slice with the ADC ramp were found in Block 4
in Section 4.2.4. A percentage of the radius of the circumference was used to find the
intensities within the ADC ramp insert, where the ADC benign region is present. The
percentage were set to be 70 % of the radius, so the circle were in the middle of the
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ADC ramp insert in the phantom. The circle at which the intensities was extracted,
is shown in Figure 4.19.

Figure 4.19: The center of the ADC ramp insert for the T2 weighted image
is found and the coordinates for the circumference is calculated.

The difference in intensity values that was extracted around the ADC ramp insert is
shown in Figure 4.20.
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Figure 4.20: The intensities around the ADC ramp insert in the phantom.

The angle of the maximum difference shown in Figure 4.20 was determined in order to
determine the placement of the ROI in the ADC region. A ROI was therefore defined
to extract image data of the ADC benign region. The ROI was selected to be a circle
in the ADC region, therefore a center of the circle was determined, see Figure 4.21.
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Figure 4.21: The center of area where intensities were extracted.

As the ADC ramp insert may be flipped, due to the orientation of the phantom when
scanned, the area of the ADC region was needed to be determined. Therefore 5 %
of the angle of the maximum difference was calculated in the direction towards the
maximum intensity values. This way a ROI in the ADC region was obtained. The
circle of the ROI was defined with a radius of 20 pixels to obtain a ROI within the
ADC region, see Figure 4.22. The radius was chosen so the correct area were chosen
even if small differences in the size or placement of the Hough Circle were present.

46



4.2. ALGORITHM DEVELOPMENT

Figure 4.22: The ROI where intensities were extracted.

Image Masking

In order to obtain the intensity values of the ROI shown in Figure 4.22 a mask was
calculated. The mask provided the coordinates of the ROI in the image. These
coordinates were used to extract the intensities of the ROI in the original image. The
mask used to extract the intensities of the ROI is shown in Figure 4.23.
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Figure 4.23: The image mask from the ROI in the ADC benign region.

The mask was implemented to extract intensities of the ADC benign region. The ROI
from the ADC benign region is shown in the T2 weighted image in Figure 4.24.

Figure 4.24: ROI in the ADC region of the T2 weighted image.
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4.2.6 Block 6: Visual Presentation of Quality Assurance

According to Section 2.3, it is mandatory to perform QA on MR scanners in order to
document consistently high-quality DW images. High-quality images are important
in a clinical practice when monitoring the disease progression of a patient. A variance
in the measured ADC may occur from day to day, therefore this variance needs to
be examined in order to know that the measured variance is not a progression in the
patients disease. Moreover QA of the sharpness of the DW images are needed, in order
investigate the ability of the scanner to reproduce fine details in the images. The day to
day variance in sharpness of the scanner is important to examine in order to investigate
if the scanners ability to reproduce fine details has changed from one day to another.
Lastly, it is important to examine the variance of the ADC measurements between
scanners. When monitoring the disease of a patient the patient may be scanned on
different MR scanners. Therefore the variance between scanners needs to be examined,
in order to differentiate if the variance between scans of the ADC measurements, is a
disease progression or a variance between scanners. Thus, the purpose of this section
is to describe how the visual presentation of the QA was presented for the user of the
algorithm.

Tab for overview

The overview tab of the GUI was developed to show the radiologist at the Department
of Radiology the current daily values for each MR scanner, see Figure 4.25.
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Overview ‘ Load Consistency Data Set Day-to-day

MR 1 MR 2 MR 4
Daily benign ADC: 1779.1 (1.0%) 1762.9 (1.2%) 17515 (1.8%)
Sharpness ADC star: 0.4984 (1.50%)  0.5117 (1.68%)  0.4466 (0.08%)
Sharpness T2 star: 0.8837 (0.40%)  0.8818 (0.21%)  0.8879 (0.19%)

Figure 4.25: First tab for an overview of latest consistency data set com-
pared to the general mean of all consistency data sets.

The daily values are defined as the ADC measurements and the image sharpness,
including a difference in percentage from the mean of all consistency data sets. The
daily values of all three scanners are presented from the latest performed consistency
data set. The "Daily benign ADC" shows the results from the ROI in the ADC sequence
in the ADC benign region. The "Sharpness T2 star' label shows the sharpness in
the Siemens star for the T2 weighted image, while "Sharpness ADC star' shows the
sharpness from the ADC sequence. Each value is featured with an explanation, for an
example the label "Daily value benign" have a text box embedded showing "ADC of
the latest consistency data set and the difference in percentage from the mean of all
tests", when the mouse is hovering over the value. For the values of the sharpness the
text illustrated in a box is "Sharpness of the latest consistency data set (0 is worst and
1 is best) and the difference in percentage from the mean of all tests'.

Tab for Day-to-day Variance

The day-to-day tab was developed as a QA to visually present the day to day variance
of the data options and the variance between scanners. Data options were defined
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as the values from the ADC benign region and the image sharpness found from the
Siemens star. These data options can be chosen on the tab to be illustrated in the
graph. The benign values can be chosen separately for all four scanning sequences
respectively b0, b1600, ADC map and T2. On the tab illustrated in Figure 4.26,
the data options can be chosen by selecting the check boxes "Benign b0", "Benign
b1600", "Benign ADC" and "Benign T2", when the check boxes are selected they can
be plotted by pressing the button "Plot". The image sharpness can be selected for the
two sequences, the T2 weighted sequence and the ADC map, by choosing the check
boxes "T2 star' and "ADC star".

Overview Load Consistency Data Set Day-to-day w
Scanner: ¥ MR1 [~ MR4 Options: I~ T2 star I~ ADC star I~ Benign b0 [~ Benignb1600 W Benign ADC I~ Benign T2 I~ Variance Plot
™ MR2 ™ T2starmm [~ ADC starmm I~ Zoom oul t

Day to day variance
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Figure 4.26: The tab "Day-to-day" gives the visual presentation of the
latest consistency, but can be scroll back to all the consistency data sets
performed. The day-to-day graph can show all the results from the consis-
tency data sets and show the difference between the scanners.

Furthermore it should be possible to see the differences between scanners, hereby
multiple scanners can be loaded at the same time so the difference between the scanners
can be seen, by selecting the check boxes "MR1", "MR2" and "MR4", which are the
three scanners currently located in the Department of Radiology. When only one
scanner at the time is chosen the 1.96 SD are shown in the plot. The SD is removed
when multiple scanners are chosen so it gives a better overview without being crowded,
which is illustrated in Figure 4.27. If a point is outside the SD, the mark is colored red,
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this function works whether only one or multiple scanners are chosen, so the outliers
can be noticed.

Day to day variance

1650
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—}— Mr2 - Benign ADC -
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Figure 4.27: The day-to-day graph with the two scanners "MR1" and
"MR2" selected, the SD was hereby removed to make the graph less crowded.
The check box "Variance" was chosen and two outliers were marked with red.

The check box "Variance' can be chosen and will show the variance within the ROI
of the currently chosen sequence of the ADC benign region. The variance is also
illustrated in Figure 4.27

4.3 Algorithm Testing

Algorithm testing is required in order to evaluate the performance of the algorithm.
This section will therefore describe how each of the objectives were tested. The al-
gorithm was tested on 30 consistency data sets for MR1 and MR4 and 29 for MR2,
providing a total of 89 consistency data sets.

4.3.1 Automatic Slice Detection

As each scanning sequence consisted of 25 cross sectional DICOM images, both the
ADC ramp insert and the Siemens star should be automatically detected. The refer-
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ence image of the ADC ramp insert is shown in Section 2.3.1 in Figure 2.7 and the
reference image of the Siemens star in Figure 2.8.

In order to determine the accuracy of the algorithm to detect the cross-sectional im-
ages, which corresponds to the two reference images, image quality assessment (IQA)
was used. IQA is a method that aims to efficiently evaluate the quality of images. [35]

The subjects used in the IQA were chosen to be the two authors. Different specific
criteria of the reference images were selected when determining if the algorithm had
chosen the correct image. The criteria of the Siemens star were:

1. A high contrast between the black and white contrast bars around the circle.

2. Minor quantities of black spots between the contrast bars.

The criteria for the ADC ramp insert were:
1. A high contrast between black and white in the ADC ramp insert.

2. The gray area of the image was opposite of the high difference in contrast between
black and white.

The detected image of the algorithm was evaluated as correct or wrong, and the
resulting mean detection accuracy was calculated based on all consistency data sets
for both the ADC ramp insert and the Siemens star.

For an example of IQA, four images from each of the two sections in the phantom
were chosen to illustrate the differences and the choices for accepting or not accepting
the slices. The images from the Siemens star can be seen in Figure 4.28.
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(a) First slice of the Siemens star (b) Second slice of the Siemens star
(c) Third slice of the Siemens star (d) Fourth slice of the Siemens star

Figure 4.28: The slices of the Siemens star where the correct slices are the
second and third slice.

IQA was used with the criteria to qualitatively select the ideal cross-sectional image of
the Siemens star. The first slice seen in Figure 4.28a is the Siemens star barely visible
and would therefore not be chosen as an acceptable image. Slice 2 seen in Figure 4.28b
would be accepted, because there is a low quantity of black spots and the Siemens star
is full visible. Figure 4.28c shows the ideal image as slice 3 and would therefore be
accepted. Lastly Figure 4.28d shows the fourth slice which would not be accepted
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because the Siemens star contains a low difference in intensities between the contrast
bars.

Next the slices from the ADC ramp insert were evaluated, the four slices chosen for
illustration can be seen in Figure 4.29.

(a) First slice of the ADC ramp (b) Second slice of the ADC ramp

(c) Third slice of the ADC ramp (d) Fourth slice of the ADC ramp

Figure 4.29: The slices of the ADC ramp, where the correct slice is the
third slice.

IQA was used with the criteria chosen to qualitatively select the ideal cross-sectional
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image of the ADC ramp. The first slice seen in Figure 4.29a there are no white area
and is therefore not chosen to be acceptable. Figure 4.29b shows the second slice where
more white is present, but the values within are still affected of the transition from
black to white intensities, therefore this slice is also not accepted. The third slice seen
in Figure 4.29c is the ideal image and would therefore be accepted. Lastly the fourth
slice where a transition to the next part of the phantom is in process, this can give
varying values, and therefore Figure 4.29d would not be accepted.

4.3.2 Quantification of the ADC Benign Values

The purpose of this test was to investigate the ability of the algorithm to detect the
correct ROI for the ADC region and thus quantify the correct ADC values. The
quantified mean ADC benign values of the algorithm were compared to the manually
quantified ADC values performed by a radiologist. Therefore the quantification by the
radiologist was chosen to be ground truth.

The ADC quantification will be visually presented in a plot over all the consistency
data sets. The purpose of this is to compare the quantification of the algorithm to
the ground truth and to evaluate the change from consistency data set to consistency
data set. The ADC benign quantification for the three scanning sequences b0, b1600
and ADC will be evaluated. Moreover a mean ADC difference and a mean difference
in percentage for all the consistency data sets will be calculated. However, in order
to evaluate the bias between the two ADC quantification, a Bland-Altman plot will
be used in the evaluation. A Bland-Altman plot is method for evaluating the bias
between the mean differences and is used to estimate limits of agreements (LoA). The
agreements are constructed at which 95 % of the differences between the algorithms
quantification and the ground truth will fall within. If most of the differences lie
outside the limits of agreement, it could indicate that there is no agreement between
the methods. The agreements does however not explain whether those agreements are
acceptable or not, as acceptable limits must be assigned based on clinical significance.
The Bland-Altman plot is plotted on an XY axis, where X is the mean of the two ADC
quantifications and Y is defined as the difference between the two ADC quantifications.
The limits of agreement are defined as £1.965D of the mean difference. [36]

4.3.3 Quantification of Sharpness
The purpose of this test was to investigate the ability of the algorithm to detect the

ROI of the Siemens star and quantify the sharpness of the image. The quantified
sharpness of the algorithm was compared to a sharpness evaluation performed by a
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radiologist. The evaluations performed by the radiologist were conducted with IQA,
where the Siemens star was quantified with a visual analogue scale (VAS) spanning
from 1-5, where 1 is defined as no similarity to the reference image of a Siemens star
and 5 is defined as a strong similarity to the reference image. A VAS is a rating system
that assists in subjective measurements, and were typically used in a clinical setting.
[37] The five scores where defined by the radiologist as:

1. The star could be seen, but the black center was not recognized. The contrast
bars were blurred, noisy or with double contours. The gray center was over 4
cm.

2. Black center could be seen. Noisy but delimited contrast bars. Gray center was
over 4 cm.

3. Black center could be seen. The contrast bars were seen and delimited. Gray
center was around 3-4 cm.

4. Black center could be seen. The contrast bars were well defined. Gray center
was around 2-3 cm.

5. Black center was sharp. The contrast bars were well defined. Gray center was
around 1-2 cm.

The quantification of the algorithm will be based on three different values as explained
in Section 4.2.3. The sharpness of the Siemens star was quantified by a minimum line
width, a mean image contrast and a mean of the two. Three T2 weighted images
and three low-quality T2 weighted images of the Siemens star will be presented, in
order to show differentiating results. As described in Section 2.3, DWI has a low
signal to noise ratio, which means that the images may contain artifacts as blurring,
ghosting or change in image intensities. Blurring artifacts appear as reduced visual
details in the image and ghosting appear as repetitive patterns that are similar to
structures in the image. [38] Therefore in order to simulate these artifacts, two of the
low-quality T2 weighted images of the Siemens star were created by blurring of the
original image of the Siemens star. Blurring was achieved by convolving the image
with a low-pass filter, which removes high frequencies in the image such as edges and
noise. Another low-quality T2 weighted image was created by changing the intensities
of pixels in the image. The quantification of the T2 weighted images will be compared
to the quantification of a radiologist of the Department of Radiology. Moreover the
quantifications of the algorithm on ADC maps of the Siemens star will be presented.
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4.3.4 Day-to-day Variance

The purpose of this test was to visualize the day-to-day variances of the ADC values
from the ADC map and test for temperature correlation in the measurements. A
difference in ADC values were observed between the 1.5 T scanners and the 3 T
scanner, and from an article of Wagner et al. [17] it was found that the ADC values
were independent of magnetic field strength. Therefore a calculation of the ADC
map was performed with Equation 2.3 from Section 2.2.1 with the DW images from
the b0 and b1600 sequences. To test for the variance in the scanner of the ADC
map a temperature correction of the ADC values needed to be performed and the
difference between the non-corrected and corrected ADC values were addressed. The
used method for the temperature correction can be seen in Equation 4.14. [17]

ADCyyc0 = ADCreqsurea - €070 (4.14)

Where ADCsyco is the corrected ADC value at 20 C°, ADC,,casurea 18 the measured
ADC, ¢5 is described as the constant for temperature dependence at a specific PVP
solution, in this case a value of 0.02453. T is the measured temperature noted from
the thermometer in the phantom before and after the scanning and Ty is 20 C°. [17]

To show the difference between the non-corrected and the corrected ADC value a
regression line was calculated with Equation 4.15 to show the increase in ADC value
due to temperature of the data. [39]

Y=o+ BX; (4.15)

Where o and (8 are population parameters of the data that the regression line is fitted
to. Y; is the calculated ADC as a function of the temperature X;. A coefficient of
determination, R?, was calculated in order to describe the proportion of the total
variance in ADC (Y;), that is explained by the regression line. R? is used to express
the goodness of fit of the regression line and is calculated by Equation 4.16. [39]

,  regression SS
R = total SS (4.16)

Where regression SS is the linear regression sum of squares, which explains the amount
of variability among the ADC values (Y;) that explains a linear regression. The total
sum of squares (total SS) explains the overall variability of the ADC values. Regression
SS is calculated with Equation 4.17 and total SS is calculated with Equation 4.18. [39]
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regression SS = (}71 — ?)2 (4.17)

Where Y is the mean ADC value and Y; is the predicted ADC values based on the
regression line.

total S = 3 (¥; - V)’ (4.18)

Where Y is the mean ADC value calculated of the observed ADC values Y;.

Moreover 95 % confidence limits were calculated in order to illustrate at which interval
there is a 95 % probability of the mean of new ADC values will lie within. Meaning,
that the confidence limits provides an interval of which the regression line will lie
within. The standard error in Equation 4.19 of the regression line is used to calculate
the confidence limits.[39]

Sy, = JS%.X E + (XZ_;()Q] (4.19)

Where X; is the values of temperature, X is the mean temperature, 3. z? is the sum
of squares of temperature, n is the number of temperatures and S%  is the sample
residual mean square. The standard error of the regression line, Sy, can be used to
calculate the 95 % confidence interval with Equation 4.20. [39]

CI =Y % tyos) - Sy

%

(4.20)

Where t.5(2) is the critical value of the t distribution at 95 % probability.

A prediction interval is moreover calculated in order to illustrate at which interval
around the regression line, there is a 95 % probability a new ADC sample will lie
within. Meaning, 95 % of all new ADC samples will with 95 % probability be within the
prediction limits. This gives an indication of the variance of values within the scanner.
The standard error for estimating a single new ADC value is used for calculating the
prediction intervals as expressed by Equation 4.21. [39]

I (X, —X)?

(Sy ) = JS%.X [1 MR (4.21)
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The standard error for estimating a single new ADC value, (Sy.)1, is then used to
calculate the 95 % prediction interval with Equation 4.22. [39]

PI =Y; £ to052)  (Sy )1 (4.22)

The plot including the regression line, confidence interval and prediction interval will
have the temperature in the x-direction while having the measured and corrected ADC
in the y-direction.

4.3.5 Completion Time of the Algorithm

The completion time of the algorithm was investigated, as time is an important factor
in a clinical setting. The completion time was defined as the time it took for a QA
of a single consistency data set. As explained in Section 2.3.2, the manual completion
time of a QA of a single consistency data set per scanner is approximately 5-7 minutes.
To investigate the algorithm completion time of QA of a single consistency data set,
the mean completion time of all 30 consistency data set per scanner was calculated.
Moreover the time reduced by the algorithm to perform a QA of a consistency data
set compared to the Department of Radiology is calculated. The completion time test
was conducted on a Laptop PC with Windows 10 Home, 64 bits operating system,
with an AMD A8-5545M APU 1.7 GHz CPU, AMD Radeon HD 8510G 750 MB GPU
and 8 GB ram.
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Results

This chapter presents the results of the algorithm testing. Firstly, the results of the
automatic slice detection of the ADC benign region and the Siemens star will be de-
scribed. Secondly, the quantification of the ADC benign ROI is presented. Next, the
results of the quantification of the Siemens star is shown. Afterwards, the results of
the investigation into the day-to-day variance of the measured ADC and the variance
between scanners are presented. Lastly, the completion time of the algorithm to per-
form QA is compared to the completion time of a radiologist at the Department of
Radiology at Vejle Hospital.

5.1 Automatic Slice Detection

The following section provides information about the automatic slice selection, where
the results of the methods used are displayed. The displayed results are the six his-
togram correlation methods for the Siemens star and the disparity extracted from the
Procrustes method for detection of the ADC ramp.

The six histogram distance measures are shown in two plots. The two methods Cor-
relation and Intersection, where the highest value of the distance measurement corre-
sponds to the cross-sectional image with the highest similarity to the reference image
of the Siemens star, is shown in Figure 5.1.
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Histogram distance measurements for all 25 cross-sectional slices
Mrl S|emens star

—— Correlation - Slice: 17
Intersection - Slice: 16
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Figure 5.1: Results of the two distance measurements correlation and
intersection of a consistency data set from MR1, where 25 cross-sectional
images were investigated to detect the Siemens star.

The histogram distance measures Chi-squared, Hellinger, Alternative chi-squared and
the Kullback-Leibler divergence, where the minimum values corresponds to the cross-
sectional image with the highest similarity to the reference image of the Siemens star,
as seen in Figure 5.2.
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Figure 5.2: Results of the four distance measurements Chi-Squared,
Hellinger, Alternative Chi-Squared and Kullback-Leibler divergence of a
consistency data set from MRI1, where 25 cross-sectional images were in-
vestigated to detect the Siemens star.

In this example the majority vote ended by choosing slice number 17, where 4 out of
6 voted for the selected cross-sectional slice. The histogram distance measurements
which voted for the slice were Correlation, Hellinger, Alternative Chi-squared and the
Kullback-Leibler divergence, while the last two methods Intersection and Chi-squared
voted for slice number 16.

Slice number 17 which were chosen by the majority vote can be seen in Figure 5.3.
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Figure 5.3: The result of the automatic slice detection found to be slice
17.

The results from the six histogram distance measurements and the corresponding
selected slice of the Siemens star for MR2 and MR4 can be seen in Appendix A.

The Procrustes method resulted in a disparity value, where the lowest disparity cor-
responds to the cross-sectional slice with the highest similarity to the reference image
of the ADC ramp. The disparity value is visualized in Figure 5.4 for MR1.
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Disparity for all 25 cross-sectional slices
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Figure 5.4: Results from the disparity value of a consistency data set from
MR1, where 25 cross-sectional images were investigated to detect the ADC
ramp.

The results from the automatic slice selection of the ADC ramp showed a disparity
value of 0.0046. The found image of the ADC ramp can be seen in Figure 5.5, which
were selected by the lowest disparity of the Procrustes method.

Figure 5.5: The result of the automatic slice detection found to be slice
12 by the lowest disparity.
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The disparities from the Procrustes method with the corresponding selected slice of
the ADC ramp for MR2 and MR4 can be seen in Appendix A.

After the IQA explained in Section 4.3.1 was performed the automatic slice detection
of 30 consistency data sets for MR1 and MR4 and 29 for MR2 all images chosen by the
algorithm were chosen to be acceptable which concludes the automatic slice detection
with an accuracy of 100 % for both the ADC ramp and the Siemens star.

5.2 Quantification of the ADC Benign Values

This section includes the results of the comparison of the algorithms quantification of
the ADC benign values compared to the values from the Department of Radiology,
defined as reference data.

The results contain the data from the algorithm in 29 consistency data sets for MR1.
One consistency data set from MR1 was removed because of missing data from the
Department of Radiology. The sequences used in this result section are b0, b1600 and
the ADC map, which are the sequences the Department of Radiology provided results
for.

Figure 5.6a illustrates the results of the b0 sequence from MR1 with the benign values.
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(f) Bland-Altman plot for ADC from MR1.

Figure 5.6: Results from MR1 of b0, b1600 and ADC of the algorithm
compared to the reference data for 29 consistency data sets and the difference
between the signal intensities and ADC are illustrated in BA plots.
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As seen in Figure 5.6a the benign values for the b0 varied between 580 and 1211 in
signal intensity, and had a mean of 893.14 in the reference data. The algorithm data
varied between 587 and 1206 with a mean value of 895.46, which gives a difference of
2.32 in the mean between the two groups. The Bland-Altman plot seen in Figure 5.6b
illustrates the differences in values between the two methods of quantifying the benign
b0 values. The maximum difference between the two methods of quantifying data was
12.96, which was the only data point outside the limits of agreement (LoA). The mean
of the difference was 2.32, where the 95 % lower and upper LoA were between -5.46
and 10.11.

Next the b1600 values for MR1 are illustrated in Figure 5.6¢, where the signal inten-
sities varied between 38.8 and 86.0 in the reference data, which had a mean of 62.83.
The algorithm data varied between 39.4 and 86.8 with a mean value of 63.14, which
gives a difference of 0.31 in the mean between the two groups. The Bland-Altman
plot seen in Figure 5.6d illustrates the differences in b1600 values between the two
methods of quantifying the benign b1600 values. The maximum difference between
the two methods of quantifying data was 4.60, which where the only data point outside
the limits of agreement. As seen on the image the mean of the difference was 0.31,
where the 95 % lower and upper LoA were between -1.4 and 2.02.

Lastly as seen in Figure 5.6e the quantified ADC values varied between 1719 and 1812
#m?[s in the reference data. The mean of the ADC values where 1763.38 #m?/s. The
algorithm data varied between 1720 and 1812 #m? /s with a mean value of 1762.53 #m?/s,
which gives a difference of 0.85 in the mean between the two groups. The Bland-
Altman plot seen in Figure 5.6f illustrates the differences in ADC between the two
methods of quantifying the ADC benign values. The maximum differences between
the two methods of quantifying data were three values outside of the LoA which were
4.42,-6.51 and -6.35 #m®/s. As seen on the image the mean of the difference was -0.85
wm? [ where the 95 % lower and upper LoA were between -5.77 and 4.02 #m?/s.

The results of the comparison of quantified values for MR2 and MR4 can be seen in
Appendix B.

The results of the comparisons for all three MR scanner, MR1, MR2 and MR4 can be
seen in Table 5.1.
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Table 5.1: Results of the comparison of quantification of benign values
from the sequences b0, b1600 and the ADC map.

Quantification b0 mean diff. (£1.965D) b1600 mean diff. (£1.96SD) ADC mean diff. (£1.965D)

MR1 benign 2.3250 (& 7.7849) 0.3112 (& 1.7086) -0.8465 (+ 4.9218)
- Percentage 0.3096 (& 0.9741) 0.5092 (& 2.4283) -0.0473 (& 0.2771)
MR2 benign 5.4415 (4 9.9385) 0.7360 (& 1.7210) 0.3761 (& 14.9084)
- Percentage 0.6266 (+ 1.2543) 1.1499 (+ 2.4212) 0.0359 (& 0.9414)
MR4 benign ~1.8560 (+ 50.9480) -0.7077 (+ 4.3329) 2.4672 (+ 27.5695)
- Percentage -0.1103 (4 4.8646) -1.2107 (& 5.9045) 0.0808 (+ 0.8628)

5.3 Quantification of Sharpness

This section includes the results of the consistency data sets and altered images of the
Siemens star. The sharpness of the Siemens star was quantified by a minimum line
width, a mean image contrast and a mean of the two as explained in Section 4.3.3. Both
the results of the algorithm and evaluations of the images performed by a radiologist
from the Department of Radiology are described. First three quantifications of three
images of the T2 weighted Siemens star are described, next three quantifications of
three low-quality images of the T2 weighted Siemens star. Lastly three quantifications
of the ADC Siemens star are described.

5.3.1 T2 Weighted Siemens Star

A Siemens star from a T2 weighted sequence from the scanner "MR1" can be seen in
Figure 5.7. The radiologist from the Department of Radiology rated the T2 weighted
images with a VAS score of 4, for all 3 MR scanners.
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Figure 5.7: T2 weighted image of the Siemens star from MR1.

The minimum line width measured of the Siemens star in Figure 5.7 was 0.394 mm
with a ratio of 0.934. The mean image contrast was calculated to 0.818. The resulting
overall quantification of image sharpness was then 0.876.

A similar image where found in the scanner "MR2" which can be seen in Figure 5.8.
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Figure 5.8: T2 weighted image of the Siemens star from MR2.

The minimum line width measured of the Siemens star in Figure 5.8 was 0.386 mm
with a ratio of 0.935. The mean image contrast was calculated to 0.826. The resulting
overall quantification of image sharpness was then 0.881.

Lastly an image where extracted from the scanner "MR4" for the T2 weighted sequence
which can be seen in Figure 5.9.
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Figure 5.9: T2 weighted image of the Siemens star from MRA4.

The minimum line width measured of the Siemens star in Figure 5.9 was 0.292 mm
with a ratio of 0.951. The mean image contrast was calculated to 0.829. The resulting
overall quantification of image sharpness was then 0.890.

The evaluation shown above was performed on all the consistency data sets from the
3 MR scanners, which were 30 consistency data sets from "MR1", 29 from "MR2" and
lastly 30 from "MR4". The results from the evaluation of the Siemens star of the T2
weighed images can be seen in Table 5.2
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Table 5.2: The evaluation of the Siemens star for T2 weighted images, with the number
(N) of consistency data sets, minimum line width both in millimeter and converted to a
ratio from 0 to 1. Image contrast and the quantified sharpness of the algorithm and lastly
the VAS score performed by a professional from the Department of Radiology is shown.

Scanner N Contrast(+£1.96SD)  Min. line width(+1.96SD) | Sharpness(+1.96SD) ,  VAS
Ratio [0-1] Width [mm] Ratio [0-1] Ratio [0-1] i Ratio [1-5]
MR1 30 0.821(+£0.009) 0.359(£0.05)  0.940(40.009) 0.880(£0.007) | 4
MR2 29 0.828(£0.005)  0.358(£0.063) 0.940(£0.011) |  0.884(£0.007) | 4
|
MR4 30 0.829(£0.005)  0.208(+0.114) 0.950(+0.019) |  0.890 (£0.010) ' 4

The results from Table 5.2 showed a sharpness from the Siemens star of 0.880+0.007,
0.884+0.007 and 0.890 +0.010 for MR1, MR2 and MRA4, respectively. MR1 had a
mean minimum line width of 0.359+0.05 which is equal to ratio of 0.9404+0.009 and
lastly a contrast of 0.8214+0.009 for the Siemens stars of the 30 consistency data sets.
The Department of Radiology evaluated the images to a VAS score of 4 for all three
scanners. The minimum line width found for MR2 was 0.358(40.063), which was a
ratio of 0.9404+0.011. The Michelson contrast was found to be 0.82840.005 for MR2
for the Siemens stars of the 29 consistency data sets. MR4 had a mean line width of
0.298+0.114, which translates to a ratio of 0.950+£0.019. Lastly MR4 had a Michelson
contrast of 0.82940.005 for the Siemens stars from the 30 consistency data sets.

5.3.2 Low-quality T2 Weighted Siemens Star

Low quality images were created to show the difference in the contrast, line width and
the mean sharpness when the test is performed on low quality images. On Figure 5.10
a Gaussian filter have been added with a mask of with 15 pixels in height and width.
A Gaussian filter was used to simulate noise in a Siemens star.
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Figure 5.10: Low-quality Siemens star with Gaussian filter of 15x15 was
applied.

The minimum line width measured of the Siemens star in Figure 5.10 was 1.245 mm
with a ratio of 0.791. The mean image contrast was calculated to 0.524. The resulting
overall quantification of image sharpness was then 0.658. The Department of Radiology
rated this Siemens star with a VAS of 2.

A Gaussian filter was also applied to the second image, where the filter size was
increased to 25 pixels in height and width to simulate more noise in a Siemens star.
The image can be seen in Figure 5.11.
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Figure 5.11: Low-quality Siemens star with Gaussian filter of 25x25 was
applied.

The minimum line width measured of the Siemens star in Figure 5.11 was 2.103 mm
with a ratio of 0.647. The mean image contrast was calculated to 0.318. The resulting
overall quantification of image sharpness was then 0.483. The Department of Radiology
rated this Siemens star with a VAS of 1.

The last low quality image was an image where lower intensities were added, to simulate
a smaller contrast difference between the black and white contrast bars. The image of
the low quality Siemens star is shown in Figure 5.12.
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Figure 5.12: Low-quality Siemens star where high intensities were lowered.

The minimum line width measured of the Siemens star in Figure 5.12 was 0.558 mm
with a ratio of 0.906. The mean image contrast was calculated to 0.569. The resulting
overall quantification of image sharpness was then 0.738. The Department of Radiology
rated this Siemens star with a VAS of 2.

A summary of the three altered images with the Michelson contrast, minimum line
width in millimeters and ratio, sharpness and the VAS score can be seen in table 5.3.
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Table 5.3: The evaluation of the low quality Siemens star, minimum line width both in
millimeter and converted to a ratio from 0 to 1. Image contrast and the quantified sharpness
of the algorithm and lastly the VAS score performed by a professional from the Department
of Radiology is shown.

Altered image Contrast Min. line width Sharpness | VAS
Ratio [0-1] Width [mm] Ratio [0-1] | Ratio [0-1] i Ratio [1-5]

Gaussian 15x15 0.524 1.244 0.791 0.658 | 2

Gaussian 25x25 0.318 2.103 0.647 0.482 : 1
|

Lowered intensities 0.569 0.558 0.906 0.738 } 2

5.3.3 ADC Map Siemens Star

The Siemens star was also evaluated for the ADC map, where the Radiologist from
the Department of Radiology rated the Siemens star quality with a VAS of 2 for the
two scanner with 1.5 T and a VAS score of 1 on the 3 T scanner. The Siemens star
was evaluated on one slice from each of the three MR scanners. The slice from the
MR scanner MR1 can be seen in Figure 5.13.
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Figure 5.13: ADC Siemens star of MR1.

The minimum line width measured of the Siemens star in Figure 5.13 was 1.388 mm
with a ratio of 0.767. The mean image contrast was calculated to 0.224. The resulting
overall quantification of image sharpness was then 0.496.
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Figure 5.14: ADC Siemens star of MR2.

The minimum line width measured of the Siemens star in Figure 5.14 was 1.248 mm
with a ratio of 0.790. The mean image contrast was calculated to 0.242. The resulting
overall quantification of image sharpness was then 0.516.
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Figure 5.15: ADC Siemens star of MR4.

The minimum line width measured of the Siemens star in Figure 5.15 was 1.218 mm
with a ratio of 0.796. The mean image contrast was calculated to 0.099. The resulting
overall quantification of image sharpness was then 0.447.

A summary table can be seen in Table 5.4 where the Michelson contrast, the width in
millimeters and ratio of the minimum line width and the mean sharpness are displayed
for the 3 MR scanners.
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Table 5.4: The evaluation of the Siemens star from the ADC maps, with the number (N)
of consistency data sets, minimum line width both in millimeter and converted to a ratio
from 0 to 1. Image contrast and the quantified sharpness of the algorithm and lastly the
VAS score performed by a professional from the Department of Radiology is shown.

Scanner N  Contrast(£1.965D) Min. line width(£1.965D) Sharpness(+£1.965D) |, VAS
Ratio [0-1] Width [mm] Ratio [0-1] Ratio [0-1] i Ratio [1-5]
MR1 30  0.231(£0.019)  1.647(£1.576) 0.724(£0.264) 0.478(+0.135) 2
MR2 29 0.242(£0.090)  1.201(£0.343) 0.799 (£0.058) |  0.521(£0.065) . 2
|
MR4 30 0.100(£0.020)  1.229(£0.213)  0.794(£0.036) 0.447(+0.025) 1

The mean sharpness of the 3 scanners were found to be 0.478+0.135, 0.52140.065
and 0.44740.025 for MR1, MR2 and MR4, respectively. The minimum line width
was in MR1 1.647+1.576, which was a ratio of 0.724+0.264. The Michelson contrast
was 0.23140.019 for the Siemens stars in the 30 consistency data sets. For MR2 the
Siemens stars for the 29 consistency data sets ended with a minimum line width of
1.201£0.343 that translates to a ratio of 0.79940.058. The Michelson contrast for MR2
was 0.24240.090. The minimum line width found for MR4 was 1.229+0.213, with a
calculated ratio of 0.79440.036. The Michelson contrast for MR4 was 0.100+0.020 for
the Siemens stars of the 30 consistency data sets.

5.4 Day-to-day Variance

This section explains the results of the day to day variance of ADC and sharpness
and the variance between MR scanners. Regarding the variance between scanners,
the calculated mean ADC for all consistency data sets for MR1, MR2 and MR4 were
respectively; 1,762.53 (£42.40), 1,742.23 (+101.27) and 3,191.47 (£82.82) nm?/s. A
minor difference of 1.15 % was found between the two 1.5 Tesla scanners, MR1 and
MR2. However a larger difference was found between the 1.5 Tesla scanners and the 3
Tesla scanner, MR4, of 45.09 %. Moreover the simulated ADC of the PVP solution in
the phantom was 1599 #m? /s according to Section 2.3.1. To investigate this, an ADC
map of the MR4 scanner was calculated based on the DW images, b0 and b1600.
The calculated ADC map was compared to the ADC map created by the Philips MR
scanner, referred to as the post-processed ADC map, see Figure 5.16.
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(a) ADC map post-processed by the Philips MR4 scanner.
The ADC ROI had a mean ADC of 3,110.1 (£23.4) #m?/s.

(b) Calculated ADC map of the b0 and b1600 DWI from
MRA4, of the ADC benign region. The calculated ADC ROI
had a mean ADC of 1,681.1 (£12.6) #m?/s

Figure 5.16: Both the post-processed ADC map and the calculated ADC
map from a consistency data set of MRA4.
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The post-processed ADC map had a mean ADC of 3,110.1 (£23.4) »m*/s, the ADC
map can be seen in Figure 5.16a . The calculated ADC map of the two DW images
of MR4, as seen in Figure 5.16b had a mean ADC of 1,681.1 (£12.6) #m?/;.

The calculated mean ADC for all consistency data sets for MR1, MR2 and MR4 were
then respectively; 1, 762.53 (£42.40), 1,742.23 (+101.27) and 1, 725.06 (£+44.76) nm?/s.
These mean values was however still different from the simulated ADC within the
phantom of 1599 #m?/s. Therefore an investigation into the correlation between ADC
and temperature was conducted as explained in Section 4.3.4.

Figure 5.17 shows the correlation between the measured ADC for MR1 and the tem-
perature of the measurement.
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Figure 5.17: Results of non-corrected ADC temperature dependency of MR1.

As seen in Figure 5.17 a high linear correlation was found with a R? value of 0.6
between ADC and temperature. The minimum and maximum ADC were calculated
to be respectively 1,720.67 and 1,812.61 #m®/s. Therefore in order to correct this
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dependency of temperature in the calculation of ADC, the ADCs were corrected for
the temperature with Equation 4.14 in Section 4.3.4. The resulting correlation between
ADC and temperature is shown in Figure 5.18.
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Figure 5.18: Results of temperature corrected ADC of MR1.

As seen in Figure 5.18 the linear correlation between ADC and temperature is no longer
present with a R? value of 0.0. The mean ADC for the corrected ADC measurements
of MR1 was calculated to 1,634.23 (+24.87) #m?/s. The minimum and maximum ADC
were calculated to be respectively 1,579.11 and 1,647.60 #m?/s.

Figure 5.19 shows the correlation between the measured ADC for MR2 and the tem-
perature of the measurement.
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Linear regression for Mr2 - non-corrected ADC
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Figure 5.19: Results of non-corrected ADC temperature dependency of MR2.

As seen in Figure 5.19 a high linear correlation was found with a R? value of 0.61
between ADC and temperature. The minimum and maximum ADC were calculated
to be respectively 1,566.19 and 1,787.79 »m?/s. Two outliers, as seen in Appendix B
in Figure B.1f with an ADC of 1,566.19 and 1,572.60 #»m*/s, were removed for the in-
vestigation into temperature correlation, as these ADC measurements were conducted
on low-quality consistency data sets. The dependency of temperature in the calcula-
tion of ADC was corrected with Equation 4.14. The resulting correlation between the
corrected ADC and temperature is shown in Figure 5.20.
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Linear regression for Mr2 - corrected ADC
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Figure 5.20: Results of temperature corrected ADC of MR2.

As seen in Figure 5.20 the linear correlation between ADC and temperature is lowered
to a R? value of 0.07. The mean ADC for the corrected ADC measurements of MR2
was calculated to 1,632.61 (£23.68) #m*/s. The minimum and maximum ADC were
calculated to be respectively 1,618.20 and 1,681.45 #m?*/s. The regression line indicates
a minor decrease in ADC as a function of temperature. The minor decrease could be
caused by an outlier in ADC of approximately 1,680 #m*/s with 22.4 C°.

Figure 5.21 shows the correlation between the measured ADC for MR4 and the tem-
perature of the measurement.
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Linear regression for Mr4 - non-corrected ADC
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Figure 5.21: Results of non-corrected ADC temperature dependency of MR4.

As seen in Figure 5.21 a high linear correlation was found with a R? value of 0.76
between ADC and temperature. The minimum and maximum ADC were calculated
to be respectively 1,660.02 and 1,757.17 #m?/s. The dependency of temperature in
the calculation of ADC was corrected with Equation 4.14. The resulting correlation
between ADC and temperature is shown in Figure 5.22.
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Linear regression for Mr4 - corrected ADC
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Figure 5.22: Results of temperature corrected ADC of MRA4.

As seen in Figure 5.22 the linear correlation between ADC and temperature is lowered
to a R? value of 0.13. The mean ADC for the corrected ADC measurements of MR4
was calculated to 1,600.60 (4£21.91) #m?/s. The minimum and maximum ADC were
calculated to be respectively 1,577.61 and 1,625.56 #m*/s. The regression line indicates
a minor increase in ADC as a function of temperature.

5.5 Completion Time of the Algorithm

The algorithm was tested for its completion time of a single consistency data set by
running the algorithm for all three MR scanners. The mean completion time was
calculated with 1.96 SD for all consistency data sets. The completion time for running
the algorithm for each scanner compared to the completion time of the Department
of Radiology, according to Section 2.3.2, can be seen in Table 5.5.
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Table 5.5: Results of completion time in seconds of the algorithm and the
Department of Radiology, for each MR, scanner with all consistency data
sets. N is the number of consistency data sets.

Mean completion time (£1.965D) [s]

Scanner N Algorithm Department of Radiology Time reduction (%)
MRI1 30 14.76 (£ 1.45) 360 95.90
MR2 20 15.17 (& 2.06) 360 95.79
MRA4 30 16.60 (£ 3.10) 360 95.39

As seen in the table the mean completion time for "MR1" was found to be 14.76+0.74
seconds, which were almost the same completion time for "MR2" with a mean comple-
tion time of 15.1741.05 seconds and lastly the scanner "MR4" had a mean completion
time of 16.60+£1.58 seconds. The time reduced by the algorithm compared to the
Department of Radiology was approximately 95 % for all three scanners.
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Discussion

In order document consistently high-quality DW images and fDM, it is mandatory
to conduct QA of MR scanners. QA of the MR scanners was performed with a DWI
phantom, with a scanning protocol consisting of T2 weighted, DWI and ADC scanning
sequences of an ADC region and a Siemens star for sharpness assessment. Different
automatic QA algorithms are available today, however an automatic assessment of the
scanner sharpness is not yet available. Therefore an automatic algorithm for QA of
MR scanners using DW images from the DWI phantom was developed.

The automatic slice detection had an accuracy of 100 % for the 89 consistency data
sets for both the ADC ramp and the Siemens star. Concerning the slice detection
of the Siemens star, low accuracy was achieved when only using a single method for
histogram similarity. Therefore it was chosen to base the slice detection on a majority
vote of all methods for histogram similarity. However the algorithm might not always
select the correct slice. If the consistency data set is of too low quality, then there
will not be a high similarity between the reference images of the Siemens star, and the
images within the consistency data set. The same restriction could be present for low
quality images of the ADC ramp when using the Procrustes method in the automatic
slice detection.

The sharpness of the cross-sectional images of the Siemens star in the phantom was
investigated with a method that quantified the minimum detectable structure line
width, as a function of image contrast. An overall quantification of the image sharp-
ness was conducted with a mean value of the minimum detectable line width and the
mean contrast of the image. The algorithms quantification of image sharpness was
compared to the quantification of the radiologist by the Department of Radiology.
Concerning the image sharpness of T2 weighted images of the Siemens star, Section
5.3, a connection was seen between the algorithm and the VAS score performed by
the radiologist. For MR1 the mean sharpness was 0.880 and the mean VAS score was
4. This indicates that when quantifying T2 weighted images, the VAS score relatively
high with a score of 4 out of 5, whereas the algorithm quantification was relatively high
with a sharpness of 0.880 with a maximum value of 1. The same connection was found
for MR2 and MR4 with a mean sharpness of respectively 0.884 and 0.890 and a mean
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VAS of 4 for both. The investigation of the minimum detectable line width gave a
quantification of the ability of the scanner to reproduce fine details in the images. The
mean minimum detectable line width was relatively small for MR1, MR2 and MR4,
which were able to detect fine details down to respectively 0.359, 0.358 and 0.298 mm,
before the details became blurred. For both the overall sharpness and the minimum
detectable line width, the 3 T MR scanner, had a slight indication of providing higher
image quality and sharpness compared to the two 1.5 T MR scanners. These findings
are consistent with Wolfsberger et al. [40], who found that 3 T MRI was superior to
1.5 T MRI in higher resolution and image quality. The advantages of 3 T MRI are due
to the higher signal to noise ratio (SNR), which gives approximately twice the SNR
resulting in faster scanning time or higher resolution. [41]

Three low-quality T2 weighted images of the Siemens star were created in order to
investigate the performance of the algorithm to quantify low-quality sharpness in the
images. To simulate relevant MRI artifacts, two images of the Siemens star were
blurred with two different degrees and the intensities in the third image were changed.
The results showed that the algorithm rated the low-quality images of the Siemens star
of respectively 0.658, 0.482 and 0.738, which was lower than the quantification of the
unchanged T2 weighted images. Similar to the unchanged T2 weighted images there
was found a connection between the algorithm and the radiologist for the low-quality
images, as the VAS scores was respectively 2, 1 and 2. These VAS scores indicates
that blurring of the Siemens star is regarded worse than a change in intensities. This
relation is found to be consistent with the quantification of the algorithm, as the image
with a change in intensities was rated higher than the blurred images.

These findings were also consistent with the quantification of image sharpness con-
ducted on the ADC maps. As seen on the ADC maps, both blurring and change in
image intensities were present, which also was indicated by the mean VAS scores of
2, 2 and 1 for respectively MR1, MR2 and MR4. A connection was seen between the
algorithm and the VAS score performed by the radiologist, as the algorithms quan-
tification of image sharpness for the ADC maps were respectively 0.478, 0.521 and
0.447. The blurring of the MR4 ADC map was more significant compared to the ADC
map of MR1 and MR2, which is also indicated by the sharpness quantification of the
algorithm and the VAS score. These findings suggests that the DW images of the 3 T
MR scanner are of lower quality compared to 1.5 T MR scanners, which is opposite
of the findings based on T2 weighted images and the findings reported by Wolfsberger
et al. [40]. Lavdas et al. [42] compared DW images and ADC maps of a phantom
acquired of a 1.5 T and a 3 T scanner. They found that 1.5 T DW images resulted in
high-quality images, and when acquiring DW images with 3 T scanner with the same
protocol as for the 1.5 T, the resulting images was of low-quality. The images included
severe artifacts as distortion and signal loss. A protocol optimization which fitted to
the 3 T scanner was then conducted, which included a minimization of the echo time
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(TE) of the scanning sequence. The optimization resulted into a significant reduction
in signal losses in the images, it was however still questionably if the image quality
of the DW images was of as high quality, as the images from the 1.5T scanner. [42]
These findings by Lavdas et al. and the findings of this Master’s thesis are however
contradicted by Sanchez-Gonzdlez et al. [43], who reports that the higher SNR of the
3T scanner benefits DWI.

The method for quantification of image sharpness by the algorithm could be elaborated
with directional information in the vertical and horizontal direction within the Siemens
star. This elaboration could be investigated by dividing the Siemens star into segments
in both directions. The quantification of the minimum line width was conducted on
the mean image contrast, but with the division into segments, information regarding
the dependence on direction could be achieved. This could potentially give quality
assurance on specific directional gradients of the MR scanner.

The benign values for the scanning sequences b0, b1600 and the ADC map were
extracted and compared to the values quantified by the Department of Radiology. The
mean differences between the algorithm data and the reference data were between -
1.856 to 5.44 when observing the signal intensities and size of ADC values varied
greatly. As an example the signal intensities for b1600 for MR1 were between 38.8
and 86 likewise the ADC values varied between 1719 to 1812 wm?/s. So the difference
in percentage was found to explain the varying size. When examining the percentage
difference the mean of the values varied between -1.21 and 1.15 percentage points
(p.p.), while the lowest 1.96 SD were +0.2271 p.p. and the highest were +5.9045 p.p.
The difference between the algorithm data and the reference data could be caused by
the size of the ROI used in the algorithm compared to the radiologist. The ROI used
in the algorithm is the largest possible while being completely certain that no errors
were present due to reaching the edge of the ADC ramp. But the values could also
have varied due to the specific placement of the ROI where the radiologist avoided all
black spots and other noise sources, the algorithm used a specific placement within
the ADC ramp to determine a ROI. The minor difference between the algorithm data
and the reference data could be explained by the difference in placement and size of
the ROL.

A significant difference between the values in the 3 T scanner and the 1.5 T scanners
was found, where the mean ADC values for MR1, MR2 and MR4 was respectively;
1,762.53 (+42.40), 1,742.23 (£101.27) and 3,191.47 (£82.82) »m?/s. According to an
article by Wagner et al. [17] ADC values should be independent of the strength of
the magnetic field. This indicated problems with the post-processed ADC maps of
the consistency data sets from the 3 T MR scanner. Therefore a calculation of the
ADC map was performed from the two b-values of 0 and 1600 $/mm? from the 3 T
MR scanner. The correction of the ADC values resulted into values between 1660 and
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1755 wm? /s as expected based on the article by Wagner et al. This correction indicated
an error in the post-processing of the ADC map from the scanner. This was reported
to and acknowledged by the Department of Radiology, which shows the necessity and
benefits of QA of MR scanners, when working with diffusion weighted imaging.

The temperature correction of the ADC values was performed with an equation from
Wagner et al. [17], where the ADC value was changed to the expected values at 20
C°. The equation changed the R? value for the regression line from 0.6, 0.61 and 0.76
to a corrected R? value of 0.0, 0.07 and 0.13 for MR1, MR2 and MR4, respectively.
After the temperature correction was conducted on the ADC values, the mean ADC
for MR1, MR2 and MR4 was respectively 1,634.23 (£24.87), 1,632.61 (£23.68) and
1,600.60 (+21.91) #»m?/s. These results imply that the temperature corrected mean
ADC values are closer to the expected ADC of 1599 #m?/s. The 1.96 SD was also
lowered by 17.53, 77.59 and 22.85 after the temperature correction for respectively
MR1, MR2 and MR4, which indicates a higher precision of the ADC measurements.
This means that the temperature correction could be a potential implementation in
the algorithm for more precision in the calculation of ADC values, and thereby show
a more consistent change in ADC values.

A further algorithm development objective could be to implement manual selection of
the correct cross-sectional slices of the ADC ramp insert and the Siemens star. As
mentioned before, if the consistency data set is of low quality, the cross-sectional slices
would not have a high similarity to the reference images. On the other hand, this
might not be considered as a major problem, as a wrongly selected slice of the ADC
ramp, because of low quality of the concerned consistency data set, would in one way
or another provide a quantification of the mean ADC that is significantly different
from the mean and standard deviation of all the other ADC quantifications.

An implementation of temperature corrected ADC calculations in the algorithm could
be conducted. This would provide more consistency between calculations of the ADC,
as less day to day variance. The temperature of the consistency data set is however
manually noted from the thermometer in the phantom and cannot be saved in the
metadata of the DICOM images. This would therefore mean that the temperature for
the concerned consistency data set would have to be manually typed into the GUI.
This might not be a limitation to the algorithm, as the temperature could be typed in
at the same time the concerned consistency data set is chosen to be loaded. However
when loading multiple consistency data sets, the temperature would have to be typed
in for each one of them, which would be time consuming.

An investigation into the versatility of the algorithm to perform QA on different types
of phantoms could be of interest, as there is several types of DWI phantoms. Moreover,
QA performed on a DWI phantom with different PVP solutions simulating both benign
and malignant regions would be of interest, to investigate the day to day variance of
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simulated ADC benign and malignant regions.

6.1 Conclusion

Functional diffusion maps (fDM), created by DWI, assess the treatment response with
ADC over time, earlier than traditional RECIST methods. DW images may however
contain artifacts due to the low signal to noise ratio. Low-quality DW images may
impair diagnosis and the assessment of treatment response and therefore QA of the
MR scanners has to be conducted to investigate performance. QA is today mostly
performed manually by visually inspecting DW images, which may result in low con-
sistency between the examinations. MRI and DWI phantoms are therefore increasingly
being used for QA of MR scanners. DWI phantoms includes an ADC region for as-
sessment of the accuracy and precision of ADC measurements, and a Siemens star for
assessment of the achieved sharpness of the images. Manual QA of MR scanners with
a DWI phantom can be time consuming for the professionals at a hospital department,
and an automatic assessment of the achieved sharpness is not yet available. Therefore
an automatic algorithm for QA of MR scanners was developed, which quantified the
accuracy and precision of the ADC measurements and the achieved sharpness, based
on DW images of the DWI phantom.

The automatic algorithm included the development of a GUI, where an automatic
slice detection was performed to detect a Siemens star and an ADC ramp within a
consistency data set. The algorithm had a 100 % accuracy for detection of the corrects
slices from the consistency data sets. The sharpness of the Siemens star was quantified
by the Michelson contrast and the minimum line length. The sharpness quantified by
the algorithm had a connection to the VAS score evaluated by a radiologist, and was
therefore found to be a promising scale for the sharpness of the MR images. A ROI
was determined within the benign region to extract the signal intensities of the DW
images and the mean ADC of the ADC map. The obtained values were found to have
minor differences from the values quantified by a radiologist from the Department of
Radiology.

The day-to-day variance was presented in the GUI, so the Department of Radiology
can observe the quality of their scanners over time. The algorithm could potentially
aid the radiologists to have an overview of the variance between the scanners and the
variance from day to day. In addition, a lower completion time for QA of their MR
scanners could be achieved, as the completion time of the algorithm was about 15
seconds, while the radiologists use 5 to 7 minutes per QA. The necessity of QA was
furthermore proven, when an error in the post-processed ADC map of the 3 T MR
scanner was found. The error was reported to the Department of Radiology, that has
performed immediate actions in order to investigate and resolve the issue.
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Appendix

Automatic slice detection

This appendix provides information about the automatic slice selection for MR2 and
MR4, where the results of the methods used are displayed. The displayed results are
the six histogram correlation method for the Siemens star and the disparity extracted
from the Procrustes method for detection of the ADC ramp.

The results for MR2 will be explained, were firstly the six histogram distance measures
are shown in two plots. The two methods Correlation and Intersection, where the
highest value of the distance measurement corresponds to the cross-sectional image
with the highest similarity to the reference image of the Siemens star, is shown in
Figure A.1.
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APPENDIX A. AUTOMATIC SLICE DETECTION

Histogram distance measurements for all 25 cross-sectional slices
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Figure A.1: Results of the two distance measurements correlation and
intersection of a consistency data set from MR2, where 25 cross-sectional
images were investigated to detect the Siemens star.

The histogram distance measures Chi-squared, Hellinger, Alternative chi-squared and
the Kullback-Leibler divergence, where the minimum values corresponds to the cross-
sectional image with the highest similarity to the reference image of the Siemens star,
as seen in Figure A.2.
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vestigated to detect the Siemens star.

In this example the majority vote ended by choosing slice number 5, where all methods

voted for the selected cross-sectional slice.
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Slice number 5 which were chosen by the majority vote can be seen in Figure A.3.
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APPENDIX A. AUTOMATIC SLICE DETECTION

Figure A.3: The result of the automatic slice detection found to be slice
5.

The Procrustes method resulted in a disparity value, where the lowest disparity cor-
responds to the cross-sectional slice with the highest similarity to the reference image
of the ADC ramp. This disparity value is visualized in Figure A.4 for MR2.
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Figure A.4: Results from the disparity value of a consistency data set from
MR2, where 25 cross-sectional images were investigated to detect the ADC

ramp.

The results from the automatic slice selection of the ADC ramp showed an disparity
value of 0.2409. The found image of the ADC ramp can be seen in Figure A.5, which
were selected by the lowest disparity of the Procrustes method.
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Figure A.5: The result of the automatic slice detection found to be slice
12 by the lowest disparity.

Now the results for MR4 is explained, were firstly the six histogram distance measures
is shown in two plots. The two methods Correlation and Intersection, where the
highest value of the distance measurement corresponds to the cross-sectional image
with the highest similarity to the reference image of the Siemens star, is shown in
Figure A.6.
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Figure A.6: Results of the two distance measurements correlation and
intersection of a consistency data set from MR4, where 25 cross-sectional
images were investigated to detect the Siemens star.

The histogram distance measures Chi-squared, Hellinger, Alternative chi-squared and
the Kullback-Leibler divergence, where the minimum values corresponds to the cross-
sectional image with the highest similarity to the reference image of the Siemens star,
as seen in Figure A.7.
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Chi-Squared distance

In this example the majority vote ended by choosing slice number 18, where 4 out of
6 voted for the selected cross-sectional slice. The histogram distance measurements
which voted for the slice were Chi-Squared, Hellinger, Alternative Chi-squared and the
Kullback-Leibler divergence, while the last two methods Correlation and Intersection

1600000

1400000

1200000

1000000

800000

600000

400000

200000

Histogram distance measurements for all 25 cross-sectional slices
Mr4 - Siemens star

—— Chi-Squared - Slice: 18
Hellinger - Slice: 18
Alternative Chi-Squared - Slice: 18
Kullback-Leibler divergence - Slice: 18

1 L L L L
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Cross-sectional slices

Figure A.7: Results of the four distance measurements Chi-Squared,
Hellinger, Alternative Chi-Squared and Kullback-Leibler divergence of a
consistency data set from MRA4, where 25 cross-sectional images were in-
vestigated to detect the Siemens star.

voted for slice number 20 and 19, respectively.

0.9

0.8

0.7

0.6

40.5

0.4

0.3

0.2

0.1

Slice number 18 which were chosen by the majority vote can be seen in Figure A.S8.

110

120000

100000

80000

60000

40000

20000

Alternative Chi-Squared distance



Figure A.8: The result of the automatic slice detection found to be slice
18.

The Procrustes method resulted in a disparity value, where the lowest disparity cor-
responds to the cross-sectional slice with the highest similarity to the reference image
of the ADC ramp. This disparity value is visualized in Figure A.9 for MRA4.

111



APPENDIX A. AUTOMATIC SLICE DETECTION

Disparity for all 25 cross-sectional slices
Mr4 - ADC ramp
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Figure A.9: Results from the disparity value of a consistency data set from
MR4, where 25 cross-sectional images were investigated to detect the ADC
ramp.

The results from the automatic slice selection of the ADC ramp showed an disparity
value of 0.0723. The found image of the ADC ramp can be seen in Figure A.10, which
were selected by the lowest disparity of the Procrustes method.
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Figure A.10: The result of the automatic slice detection found to be slice
12 by the lowest disparity.

After the IQA explained in Section 4.3.1 was performed the automatic slice detection
of 30 consistency data sets for MR1 and MR4 and 29 for MR2 all images chosen by the
algorithm were chosen to be acceptable which concludes the automatic slice detection
with an accuracy of 100 % for both the ADC ramp and the Siemens star.
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Appendix B

Quantification of the ADC benign values

This appendix includes the results of the comparison of the algorithms quantification
of the ADC benign values compared to the values from the Department of Radiology,
defined as reference data.

The results contain the data from the algorithm in 28 consistency data sets for MR2
and 26 for MR4. One consistency data set from MR2 were removed because of miss-
ing data from the Department of Radiology, likewise were four consistency data sets
removed from MR4 because of missing data. The sequences used in this result section
are b0, b1600 and the ADC map, which are the sequences the department of radiology
delivered results for. The values compared to the radiologist are for the ADC benign
region.

Figure B.1 illustrates the results of the b0, b1600 and ADC sequences from MR2 with
the benign values.
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(b) Bland-Altman plot for b0 from MR2.
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(d) Bland-Altman plot for b1600 from MR2.
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(f) Bland-Altman plot for ADC from MR2.

Figure B.1: Results from MR2 of b0, b1600 and ADC of the algorithm
compared to the reference data for 28 consistency data sets and the differ-
ences between the signal intensities and ADC are illustrated in BA plots.
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As seen in Figure B.la the benign values for the b0 varied between 552 and 1200 in
signal intensity, and had a mean of 847.68 in the reference data. The algorithm data
varied between 546 and 1208 with a mean value of 853.12, which gives a difference
of 5.44 in the mean between the two groups. The Bland-Altman plot seen in Figure
B.1b illustrates the differences in values between the two methods of quantifying the
benign b0 values. The maximum differences between the two methods of quantifying
data were two values outside the limits of agreements (LoA) which were 21.99 and
-5.83. The mean of the differences was 5.44, where the 95 % lower and upper LoA
were between -4.5 and 15.38.

Next the b1600 values for MR2 are illustrated in Figure B.1c, where the signal inten-
sities varied between 37.1 and 81.1 in the reference data, which had a mean of 58.05.
The algorithm data varied between 37.5 and 82.7 with a mean value of 58.79, which
gives a difference of 0.73 in the mean between the two groups. The Bland-Altman
plot seen in Figure B.1d illustrates the differences in b1600 values between the two
methods of quantifying the benign b1600 values. The maximum difference between
the two methods of quantifying data was 4.19, which where the only data point outside
the LoA. As seen on the image the mean of the difference was 0.74, where the 95 %
lower and upper LoA were between -0.98 and 2.46.

Lastly Figure B.1le the quantified ADC values varied between 1541 and 1791 #m®/s in
the reference data. The mean of the ADC values where 1740.23 #m?/s. The algorithm
data varied between 1566 and 1787 #m®/s with a mean value of 1742.23 wm? /s which
gives a difference of 2.0 in the mean between the two groups. The Bland-Altman
plot seen in Figure B.1f illustrates the differences in ADC between the two methods
of quantifying the ADC benign values. The maximum differences between the two
methods of quantifying data were 25.19 and 25.60, which where the two data points
outside the LoA. As seen on the image the mean of the difference was 0.38 #m*/s, where
the 95 % lower and upper LoA were between -14.53 and 15.28 #m?/s.

Figure B.2 illustrates the results of the b0, b1600 and ADC sequences from MR4 with
the benign values.
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(b) Bland-Altman plot for b0 from MRA.
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(d) Bland-Altman plot for b1600 from MRA.
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Figure B.2: Results from MR4 of b0, b1600 and ADC of the algorithm
compared to the reference data for 26 consistency data sets and the differ-
ences between the signal intensities and ADC are illustrated in BA plots.
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As seen in Figure B.2a the benign values for the b0 varied between 431 and 1463 in
signal intensity, and had a mean of 1015.62 in the reference data. The algorithm data
varied between 419 and 1459 with a mean value of 1013.76, which gives a difference
of 1.85 in the mean between the two groups. The Bland-Altman plot seen in Figure
B.2b illustrates the differences in values between the two methods of quantifying the
benign b0 values. The maximum differences between the two methods of quantifying
data were two values outside the LoA which were -65.23 and 64.38. The mean of the
differences was -1.86, where the 95 % lower and upper LoA were between -52.8 and
49.09.

Next the b1600 values for MR4 are illustrated in Figure B.2c, where the signal inten-
sities varied between 28.9 and 102 in the reference data, which had a mean of 65.10.
The algorithm data varied between 27.2 and 96.2 with a mean value of 64.39, which
gave a difference of 0.71 in the mean between the two groups. The Bland-Altman
plot seen in Figure B.2d illustrates the differences in b1600 values between the two
methods of quantifying the benign b1600 values. The maximum differences between
the two methods of quantifying data were three data points outside the LoA, which
were 4.25, -5.77 and -5.82. As seen on the image the mean of the difference was -0.71,
where the 95 % lower and upper LoA were between -5.04 and 3.63.

Lastly Figure B.2e the quantified ADC values varied between 3070 and 3289 #m®/s in
the reference data. The mean of the ADC values where 3189 #m?/s. The algorithm data
varied between 3071.16 and 3250.88 #m?/s with a mean value of 3191.47 #m?/s. which
gives a difference of 2.47 in the mean between the two groups. The Bland-Altman
plot seen in Figure B.2f illustrates the differences in ADC between the two methods
of quantifying the ADC benign values. The maximum differences between the two
methods of quantifying data were two data points outside the LoA, which were -48.64
and 45.51. As seen on the image the mean of the difference was 2.47 #m?/s, where the
95 % lower and upper LoA were between -25.1 and 30.04 #m?/s.
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