


Sharpness

In Figures 4.9, 4.10, 4.11 and 4.12 the plots of ADC values from a line through the body
of pancreas is shown. In Figure 4.9 and 4.10 the line is placed, in PE direction and RO
direction respectively, in the ADC0,200 map. In Figure 4.11 and 4.12 the line is placed,
in PE direction and RO direction respectively, in the ADC200,800 map. Plots of the ADC
values from lines in PE and RO direction through pancreas in ADC0,200 and ADC200,800

in all patients are displayed in Appendix A.4, A.5, A.6, and A.7.
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Figure 4.9: Plot of ADC0,200 along a line running through the pancreas in the phase encoding
direction for both the free breathing (blue) and respiratory triggered (red) protocol in patient 5.
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Figure 4.10: Plot of ADC0,200 along a line running through the pancreas in the read out direction
for both the free breathing (blue) and respiratory triggered (red) protocol in patient 5.
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Figure 4.11: Plot of ADC200,800 along a line running through the pancreas in the phase encoding
direction for both the free breathing (blue) and respiratory triggered (red) protocol in patient 5.
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Figure 4.12: Plot of ADC200,800 along a line running through the pancreas in the read out direction
for both the free breathing (blue) and respiratory triggered (red) protocol in patient 5.

In Figure 4.9 and 4.10 it is clear to see that the pancreas do not have an ADC0,200 dif-
fering much from the neighbouring tissues in neither RO or PE direction. The ADC200,800

of the pancreas have greater contrast to the surrounding tissues. The transition is generally
sharper in the ADC200,800 map for the respiratory triggered protocol for both RO and PE
direction. This applies for both transition into and out of the pancreas, with the transition
into pancreas in patient 5 being the only exception.
For the ADC200,800 maps for both the free breathing protocol and the respiratory triggered
protocol the transition is sharper in the RO direction than in the PE direction, though the
difference is larger in the free breathing protocol.
The transition into and out of the pancreas is not located in same position this is evident in
the plots in Figure 4.11 and 4.12. The transition is located at different position along the
line for the respiratory triggered protocol and the free breathing protocol. The pancreas is



wider in the ADC200,800 maps for respiratory triggered protocol than in the ADC200,800

maps for the free breathing protocol. This is generally true for all patients with excep-
tion in patient 1 where the pancreas appear wider in the ADC200,800 map for the free
breathing protocol. These differences are clear even though the exact same line is applied
in ADC200,800 maps for both protocols and the slices are chosen to correspond to same
anatomical location.

4.1.5 RED map
The RED map calculated from all values in both the free breathing images and the respi-
ratory triggered images is shown in Figure 4.13. In this image the the background is set to
be black, while all RED values above 400 are set to be burgundy. The RED map for the
respiratory triggered protocol has less values above 400 and more values within the range
of 1-200 than the RED map for the free breathing protocol. The body, pancreas and the
tumor suspicious tissue is more apparent in the respiratory triggered RED map.

Figure 4.13: A RED map created from images obtained with the respiratory triggered protocol, to
the left, and free breathing protocol, to the right, in patient 8. In this slice the body and the head of
the pancreas is visible, and clearly visible in the RED map for respiratory triggered protocol, where
it is with a ellipsoid, tumor suspicious tissue is also visible here and marked with an arrow.





CHAPTER 5

DISCUSSION

When creating a new protocol that is in order to be implemented clinically there are several
things to consider such as if the new protocol actually is an improvement, if the image
quality is adequate so that the information can be correctly interpreted, if the protocol
is applicable in the clinical setting, if the protocol is compatible with the hardware and
software available, and if not if the modifications are feasible in terms of cost and time. In
the end the new protocol might end up as a trade off between the different aspects, perhaps
the protocol is time consuming, but the image quality is superior to all other alternatives
an therefor the protocol is chosen.

5.1 Image Quality
The quality of the image is an important aspects of the protocol, if the quality is inadequate,
and the information is lost, the imaging is pointless. The pancreas is subject to a range
of motion caused by respiration and peristalsis, thus one of the main challenges is to get
images with sufficient quality. Peristalsis is handled by administration of Buscopan, which
anaesthetises the intestine [10].
The main scope of this thesis is to compare the image quality of images obtained with two
different protocols; one where imaging is conducted while the patient breaths freely and
the images are created as a median, and one where the imaging is respiratory triggered
and images are created as an average, in order to conclude which protocol creates the best
images, and should be continued in the project of implementing a new DWI protocol for
differing pancreatic cancer and pancreatitis.

In both free breathing and respiratory triggered protocol, three b-values where chosen
to be utilised. Since the protocols were added to an regular MR examination of pancreas,
the addition of two protocols where 10 b-values, as required for IVIM [19], would be
impossible. Thus the RED model was chosen, hence giving both the possibility to compare
the protocols and assess if they are compatible the RED model. Even if RED had been
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shown to be completely useless in the pancreas, the protocol that is superior could still be
further developed as an IVIM protocol.

5.1.1 SNR
The SNR are significant higher in the respiratory triggered images than the free breath-
ing images for all diffusion weighting, though with decreasing magnitude as the diffusion
weighting increases. This is despite the fact that the respiratory triggered images were
created from 12 original images while the free breathing images were created from 24
original images. Additionally the free breathing images were median images unlike the
respiratory triggered images that were mean images. Hence the extreme values should
have a greater impact on the respiratory triggered images than the free breathing images;
the motion during imaging is more apparent in the respiratory triggered images than the
free breathing images. Though the result indicate that the respiratory triggering limits the
motion range to such an extent that it outperforms the median filtering of the free breathing
protocol.

In the free breathing images there is a significant increase in SNR when the median
images are created from 24 original images as opposed to 12 original images. However
the magnitude of the increase is not that large. When doubling the number of images the
SNR in a mean image is expected to increase with

√
2 [27]. Median is a more stable value,

not inflicted in same manner by extreme values, and SNR will not have the same increase
with increasing the number of repetitions. Hence it is not just to increase the number of
repetitions within the free breathing protocol in order to get the same SNR as in the respi-
ratory triggered images.

There is no significant difference between the median 1-12, and median 13-24. This
is as expected an confirms the repeatability [29]. A significant difference could indicate
a serious error on the scanner, or that patients were unable to remain still through out the
entire scan. Which would be unlikely with a scanning time of roughly 3 minutes, which is
within the normal duration of a clinical scanning.

The time requirement is one of the features of a protocol that is important in a clini-
cal setting. The respiratory triggered imaging takes approximately the twice the amount
of time of the free breathing imaging. However the time span of a respiratory triggered
imaging is ultimately dependent on the patient and its breathing pattern. A continuous and
even breathing pattern generates the best images. If the patient have an uneven breathing
pattern the duration of the imaging increases. Which in turn could effect the imaging qual-
ity, giving room for more motion and conducting imaging in a larger part of the cycle then
planed. If a patient has a reduced general condition or is very uncomfortable during the
examination the breathing, and the image quality, could be affected. Thus the quality of
the respiratory triggered images rely more on the patients then in a free breathing protocol,
and might give more variation in the quality.

The ROI placed in pancreas was not the exact same for the respiratory triggered pro-
tocol and the free breathing protocol. Ideally the pancreas should be similar in images



from both protocols and one ROI should fit in both. However when drawing the ROI’s,
the same ROI did not seem suitable for the pancreas in both images. An effort was made
to find the corresponding anatomical location, this might have been unsuccessfully due
to motion between the protocols or just inexperience of the person placing the ROI. This
would give a signal that originate from different areas of the pancreas, and making a com-
parison faulted. However it is unlikely that displacement between the two protocols would
favour one of the protocols.

The size of the ROI area was general smaller, however not significantly, in free breath-
ing obtained images, with patient 7 as the only exception. The ROI was drawn in to
include the entire part of pancreas visible in the slice and the similar approach was applied
for both protocols. Variation in ROI area size could be due to different anatomical loca-
tion. Variation in size could originate from differences in median and mean creation of
images. The median images smooths the signal in the periphery of the pancreas making
it appear smaller than in mean images. This could affect the sensitivity of detection in the
periphery of the pancreas. Even if the difference is not significant it can be kept in mind
when further developing protocol.

5.1.2 Ghosting
The percentage-signal ghosting test is originally a test applied on phantoms while con-
ducting quality control of a scanner. The ROI is set to a large region within the phantom,
thus the signal recorded as ghost in the regions outside is the actually originate from the
ROI, making the result of the test an actual percentage of the signal that is displaced in
ghosts [12]. In this study the ROI is set to the pancreas, which ghosts would be located
inside the body. Subsequent the ghosting ratio derived with equation 1.4 is not an actual
ghosting ratio. Thus the calculated ratio itself is without meaning and can not be extracted
and applied in any other studier. However it gives a value that is similar for both protocols
and can be applied in comparing the degree of ghosting in images obtained with different
protocols in the same patient.
When looking at the images, there are no clearly visible ghosts of the pancreas in images
from either of the protocols. This might be due the intermediate signal intensity of the
pancreas, thus the ghosting rather appear as a smearing of the signal. Visually comparing
images from the two protocol, the signal in the free breathing images is more smeared than
the signal in the respiratory triggered obtained images.

The ghosting ratios derived by the percentage-signal ghosting test also show lower
degree of ghosting in the respiratory triggered obtained images than the free breathing
obtained images. However only the images from two patients meets the criteria in order to
assess the ghosting by the percentage-signal ghosting test. Thus these results may not be
representative for the actual ghosting in images obtained with the different protocols.
It is more difficult to obtain images with high image quality in obese patients. The fat
suppression is less successful and this, in addition to other effects, make the image quality
degraded including an increased ghosting. Thus images from the slimmest patients within
the study might not give a ghosting that is true for the population.



5.1.3 Threshold ADC maps

In order to make the ADC maps more interpretable a threshold is set, and all values below
this threshold value is set to 0. In the ADC map the threshold is set in the DW-image with
b-value 0, instead of the actual ADC maps. When selecting the value for the threshold it is
important to find a value that removes noise without removing true signal and information.
In the ADC maps shown in Figure 4.6 the quantity of ADC values within a map clearly
decreases with the increasing threshold value. When the threshold is set to 10, there is still
much noise visible in the ADC map. On the other hand when the threshold is set to 50
not much visible noise is present but the signal inside the anatomy is lost, changing the
appearance of the organs, indicating that some true information could be lost. Therefor the
threshold value 20 was chosen, it seem to be a good choice of value, removing most of the
visible noise but remaining the appearance of the organs.
When setting a threshold of 20 in the ADC maps from free breathing protocol and the
respiratory triggered protocol, the noise removal seem most successful in the respiratory
triggered ADC maps: the area surrounding the body is mainly set to zero while the re-
gions inside the body seem to be mostly unaltered and without suspicious black regions,
corresponding to the value 0. In the ADC maps from the free breathing protocol the noise
outside the body is much more present, and more black regions are visible in the anatomy.
This is especially apparent in the ADC0,200 maps, while the ADC200,800 maps form the
two protocols are harder to visually separate on quality. These observation is in agreement
with the lower SNR in the free breathing images then in the respiratory triggered images.
A higher SNR will make it easier to set a cut off between the noise and the signal.

5.1.4 Sharpness

In ADC0,200, in both PE and RO direction, there is no clear transition into or out from the
pancreas, with a couple exception: patient 1 in PE direction and patient 3 in RO direc-
tion. In order to assess the sharpness between zones in an image the property displayed in
the image, here the ADC0,200, has to differ between the zones. In ADC0,200 the pseudo-
diffusion, perfusion, is a great contribution to the ADC values [18]. In these ADC0,200

maps the pancreas and the neighbouring tissues seem to have similar values for ADC0,200,
resulting in no transition between the different zones. Looking at the ADC0,200 maps
the pancreas is even hard to identify. Thus the lineplots from line throughout pancreas
is useless in evaluating the sharpness of the ADC0,200 maps from the free breathing and
respiratory triggered protocol. The sharpness of the ADC0,200 map could be evaluated in
different part of the image. However the protocol is for imaging of the pancreas and the
difference in motion experienced by the different organs makes sharpness in any other part
of the image irrelevant.

In ADC200,800 the contribution from perfusion less profound and the pancreas appear
to have greater contrast to its surrounding tissues. Thus the sharpness in the ADC200,800

from free breathing images and respiratory triggered images can be compared. The ADC200,800

map from the respiratory triggered protocol generally have a higher sharpness then the
ADC200,800 map from the free breathing protocol. This is true for both transition into and



out of the pancreas in both PE and RO direction. The only exception being the transition
into pancreas in PE direction for patient 5. The sharpness can vary within the image, and a
selected position can give a sharpness that does not represent the entire image. The better
sharpness in the ADC maps from the respiratory triggerd protocol is in compliance with
the earlier detection, that the respiratory triggered images have higher SNR and less ghost-
ing present than the free breathing images.

As expected the sharpness is lower in the PE direction than in the RO direction. This
is especially evident in the ADC200,800 map for free breathing protocol, where even tran-
sition is invisible in the line plots from a couple of patients. Hence the difference in the
sharpness between the two protocols is even larger in the PE direction.

In line plots for ADC200,800 in Appendix A.5 and A.7 it is clear to see that the tran-
sition into and out of the pancreas is not located at the same place along the line for both
protocols, generally the free breathing have narrower pancreas. This is the same effect as
seen in smaller area of ROIs in the free breathing images than the respiratory triggered
images, this was discussed in Section 5.1.1. The reason is believed to originate in the dif-
ferences with creation of images as a median or a mean.

5.1.5 RED map

In the RED maps the difference in quality between the two protocols are even more evi-
dent than in any of the ADC maps or the DW images. The RED map for the free breathing
protocol clearly has a lot of noise in the map simultaneously some signal in the region of
the zone of the pancreas seem to have been removed by the threshold in ADC map. In the
RED map from the respiratory triggered protocol the RED values in the pancreas remain,
it is even identifiable in the images, the same is true for the tumor suspicious tissue within
the pancreas head. The noise is less present in the RED map for the respiratory triggered
protocol, however a cut off value to remove this from the image could improve the RED
map, make it more interpretable. Looking at the RED map the respiratory triggered pro-
tocol is superior the free breathing protocol. The free breathing obtained images seem to
have a image quality too poor to be used in creation of RED maps.

5.2 Is RED a good parameter in evaluation of pancreatic
cancer and pancreatitis?

RED is a fairly new developed model that instead of separating the diffusion and perfu-
sion, such as in IVIM model, calculated the relation between the perfusion and the diffu-
sion [20]. This relation makes the imaging procedure much easier, when three diffusion
weightings are required in contrast to 10 diffusion weighting which is a minimum in an
IVIM imaging, in order to get good values [15]. A DW imaging with 10 b-values give a
long duration of the scan, especially when the imaging is respiratory triggered, perhaps so



long that it is not an option in the clinic.

In many types of cancer the perfusion is increased while the diffusion is decreased
compared to the healthy tissue. Resulting in a high increase in the RED value, which
easier can be separated from the healthy tissue than the traditional ADC values.
However in PDAC, the most common type pancreatic cancer, fp decreases, while Dt is
not significant changed [22] [23]. Subsequent the RED value decreases, probably with a
smaller magnitude than the increase expected in many cancer types .

Chronic pancreatitis have a fp significantly higher than PDAC, but also significantly
lower than healthy pancreatic tissue. The Dt for pancreatitis does not vary significantly
from either healthy pancreas or PDAC [4]. Resulting in a intermediate RED value. If the
RED value is significantly different between chronic pancreatits and PDAC is subject for
further investigation. However it is probable when fp differences are significant and perfu-
sion parameter in RED value is closely related to the fp . The clinical DWI-protocol at St.
Olavs Hospital today create a ADC map from b-value 50, 200, 400 and 800, where there
is no significant difference between PDAC and pancreatits [4]. An imaging method where
there is a difference would be a helpful tool even if the difference is small and not as easy
to interpret as ideally.

In studies of pancreas the fp is the DWI-derived constant that was the best in differing
PDAC and pancreatitis. Therefore fp map from an IVIM scanning might seem to be a good
solution. In addition to the time consumption of an IVIM scanning diffusion sensitive
parameters fp and D∗ have a unacceptable low reproducibility [30].
Consequently the RED model seems promising as an part of a new protocol since it does
not require a long scanning time and the reproducibility of ADC values, which the model
is based on, is far better than the reproducibility of fp [30].

5.3 Software Compatibility
In free breathing protocol the images are created as a median image. This is done because
of the large range of motion during imaging resulting in mean images where the quality
probable is too low. The creation of median images is not a function available at the scan-
ners or in other clinical software at St. Olavs Hospital. However the original images can
be retrieved after scanning and manipulated in Matlab or other software. However this
gives challenges in further manipulation in clinical software. This challenge can be over-
come, however it will be more labour intensive than if creation of a median images was a
function in the clinical software.
The protocol for respiratory triggering apply the traditional averaging, thus being com-
patible with the software in its current state. Giving this protocol an advance, since the
majority of the protocol can be executed with the current state clinical software. Creation
of RED map is, of course, not a function available in the software. This is the same for
both protocols, not giving either of them an advantage.

If software is updated in order to create median images, this function should also be
applied on respiratory triggered protocols. When imaging is respiratory triggered the mean



images is created during the imaging, and only these images are saved for further exami-
nation and manipulation. The more stable nature of the median value in comparison to the
mean, gives hope that median images could give a better result in the respiratory triggered
images. An attempt in order to create the median images from the raw data by changing
the reconstruction in IDEA, a reconstruction software, was conducted. However the lack
of sufficient local knowledge on IDEA made it time consuming and problematic. With the
time limitations on this study, this was excluded from the thesis. However it is unlikely
that a protocol that require median respiratory triggered images is included in a clinical
trial when the raw data is only stored for approximately 2 days, and have to be manually
retrieved from the MR-scanner while it is not scanning, making it impractical, when the
scanners are in use two shifts each day, in addition to labour intensive.





CHAPTER 6

CONCLUSION AND FURTHER
WORK

6.1 Conclusion
The images obtained with respiratory triggering have better image quality than the median
free breathing images, with a significant improved SNR for images with all b-values, 0,
200 and 800, less ghosting is apparent, the ADC maps have a better sharpness and at the
end line the RED map is better. This is despite the fact that the free breathing protocol
have twice the amount of repetitions as the respiratory triggered protocol. Additionally
the respiratory triggered protocol is more compatible with the software available on MR-
scanner and elsewhere on St. Olavs Hospital, making a clinical trial with this protocol
easier to conduct than a clinical trial with the free breathing protocol.
Based on these results the respiratory triggered protocol is the favourable protocol. Fur-
ther development of a DWI pancreas protocol should be based on the respiratory triggered
protocol.

Based on the results form one patient the RED model is promising when the images
have the quality of the respiratory triggered images and it should be subject for further
investigation.

6.2 Further Work
Further investigations has to be done on RED values in PDAC and chronic pancreatitis
to establish if there actually is a significant difference in RED value between the two.
Additionally a study should be conducted to see how the IVIM parameters behave in com-
parison to the RED value, and which gives the best differentiation of PDAC and chronic
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pancreatitis. Thus a study where a protocol with sufficient b-values to apply the IVIM
model could be conducted in order to compare RED and IVIM, whilst evaluating the RED
model in the same study.

The RED model seems promising, however it could be assessed if the creation of
ADC maps from three b values instead of two improve the quality of the resulting RED
map. In the images, obtained with the respiratory triggered protocol, for this study the
excess b-values, from the original DWI protocol, it is possible to create ADC0,50,200 and
ADC200,400,800 maps. Thus such an assessment can be performed without acquisition of
new data.
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APPENDIX A

A.1 Matlabcode; ADC map creation

Caption





A.2 Respiratory Triggered Protocol







A.3 Free Breathing Protocol





A.4 Plot of ADC0,200 along a Line through the Pancreas
in phase encoding Direction

0 4 8 12 16 20 24 25

Voxel Number along Line through Pancreas

0

2000

4000

6000

8000

A
D

C
 v

a
lu

e
 [
1
0

-6
 m

m
2
/s

]

Free Breathing

Respiratory Triggered

The plot of ADC0,200 values along a line though the pancreas in the PE direction in patient 1.
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The plot of ADC0,200 values along a line though the pancreas in the PE direction in patient 3
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The plot of ADC0,200 values along a line though the pancreas in the PE direction in patient 4.
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The plot of ADC0,200 values along a line though the pancreas in the PE direction in patient 5.
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The plot of ADC0,200 values along a line though the pancreas in the PE direction in patient 6.
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A.5 Plot of ADC200,800 along a Line through the Pancreas
in phase encoding Direction
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A.6 Plot of ADC0,200 along a Line through the Pancreas
in read out Direction
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A.7 Plot of ADC200,800 along a Line through the Pancreas
in read out Direction
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