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Abstract

Many pulmonary diseases, such as cystic fibrosis (CF), chronic obstructive pulmonary disease
(COPD) or asthma are disrupting the lung perfusion/ventilation ratio. Therefore, monitoring
it gives a good overview on the evolution of the disease. There are several imaging modalities
to assess the ventilation and perfusion, but they either use ionizing radiation, are expensive,
uncomfortable or pose the risk of allergic reactions. Fourier decomposition MRI is a radiation
and contrast free technique to image the lungs that is also used while the patient can breathe
freely. It is based on the separation of the ventilation and perfusion signals, according to their
frequency. Built on top of this is the Phase-Resolved Functional Lung MRI (PREFUL) which
allows for the reconstruction of the breathing and cardiac cycle based on the phases of the
acquired signal. The present study analysed different methods to extract the phase, to obtain
the ventilation and perfusion maps and to threshold and detect the defects. It was found
that the methods based on sine fitting and Morlet wavelet are the most promising, with the
latter having the advantages of a variable window size and frequency. The most promising
threshold for perfusion is the 75" percentile * 0.6 and for ventilation the 90" percentile *
0.4. Despite not correlating very well with the established methods, PREFUL analysis could
still be useful in comparing different patients and tracking the progress of lung diseases.
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Chapter 1

Introduction

1-1 Context

The primary function of the lungs is to perform the gas exchange in the alveoli, such that
oxygen is delivered and carbon dioxide is eliminated in the blood [1]. This exchange is pos-
sible because of the lung ventilation, which is the action of replacing the gases in the lungs
with fresh air from the atmosphere [2]. Another factor that influences the gas exchange is
the lung perfusion, which describes the amount of blood that reaches the alveoli and how
homogeneously is distributed in the lung. These two factors, ventilation and perfusion of the
lungs are important physiological processes, that are affected by several pulmonary diseases
[3]. Pulmonary diseases determine a mismatch in the ventilation/perfusion ratio due to the
hypoxic vasoconstriction reflex. This physiological process occurs when areas of the lung
parenchyma are not well ventilated and therefore causing hypoxia. To keep the gas exchange
efficient in the alveoli, those areas are consequently less perfused. Therefore chronic hypoxia
also determines hypo-perfusion. This effect is seen in several chronic lung diseases, such as
asthma, cystic fibrosis (CF), pulmonary hypertension or chronic obstructive pulmonary dis-
ease (COPD) [4]. One of the most common chronic pulmonary disease is CF, an inherited
genetic disease which affects the pancreas, liver and intestine, besides the lungs. It causes
mucus plugging, infection and inflammation by changing the volume, viscosity and compo-
sition of the airways surface liquid [5]. COPD is described both by a change in the airway
structure (bronchioectasis) and by destruction of parenchyma (emphysema) [6]. In both of
these diseases, as well as in other chronic ones, following their progress is of great importance
to effectively time the therapeutic interventions. In case of COPD, pulmonary blood flow im-
pairment has been observed even in mild cases, so a perfusion assessment can lead to earlier
detection and monitoring of the affliction [7].

There are several methods to diagnose and monitor chronic lung diseases. Spirometry is used
to test the pulmonary function by measuring the volume or flow of air during inspiration and
expiration. While it provides valuable insight into the disease evolution, it is still a global
measurement which cannot give the level of detail and regional information requiered for a
proper disease assessment. One of the most widespread modality for functional lung imaging
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used to be SPECT/CT. However, it has several disadvantages, namely poor spatial resolution,
usage of radioactive materials, which makes repetitive scans an issue, especially in children
and pregnant women and patient discomfort. All these made CT a more attractive option for
lung ventilation and perfusion assessment. FEven though, CT is faster than SPECT and has
a higher spatial resolution, it still poses the danger of radiation and it should be used with
caution, especially in the case of periodic scans and in the case of children, who are more
sensitive to radiation exposure than adults [8].

To overcome this problem, magnetic resonance imaging is used as a non-ionizing alternative to
assess the regional lung ventilation and perfusion and there are three main functional imaging
techniques employed for this goal. Dynamic contrast-enhanced MRI (DCE-MRI) is used to
obtain perfusion maps by intravenously injecting contrast agents based on gadolinium, which
provide contrast by shortening the T1 relaxation time. Besides the patient discomfort of
breath hold and contrast injection, another disadvantage of DCE-MRI is that it sometimes
can cause allergic reactions due to the administration of gadolinium. It is especially dangerous
for patients with renal dysfunction since it can lead to a condition known as nephrogenic sys-
temic fibrosis [9]. This is why DCE-MRI in children up to 1 year old should be avoided, since
their kidneys are not yet fully developed [3]. An alternative to evaluate the lung perfusion is
to use arterial spin labeling (ASL) MRI where the arterial blood water is magnetically tagged
before entering the region of interest by applying a radiofrequency pulse which inverts the
water protons. While ASL is a non-invasive technique which poses no risks for people allergic
to contrast media, it has low signal-to-noise ratio and low temporal resolution which does
not allow for scanning the whole lung volume in a reasonable time [9]. Regarding ventilation
maps, they can be obtained by imaging the lungs after the patient inhaled hyperpolarized
noble gas, such as *He or 12?Xe. This is a fast method that allows to monitor the ventilation
changes in the lungs, but the production cost of the gases is high, it requires specialized
hardware adapted for a different Larmor frequency and these tracers are not widely available
[4]. For these reasons, this method is not commonly used in many health centers.

The disadvantages of these methods prompted the development of a new, non-contrast en-
hanced functional MRI technique to evaluate the regional ventilation and perfusion in the
lungs, called Fourier decomposition MRI (FD-MRI) [9]. It brings together the advantages of
having no need for breath-hold and no need for a contrast medium as well as being radiation-
free. It is well known that the MR signal changes with the proton density and in lungs this
fluctuates according to the respiration motion because air goes in and out. It has been shown
that the changes in the MR signal correlate with changes in the lung volume [10], but since
there is a fixed volume of tissue, the only variable is the volume of air entering or leaving
the lungs. When air is entering the lungs, their density decreases, as tissue is being replaced
by air. This decrease in density will lead to a decrease in signal, which can then be used to
calculate the change in air volume, which is the ventilation [11]. The opposite is true for the
expiration, when the air is expelled the lung density and MR signal increase. Another factor
that contributes to the signal change is the cardiac cycle. Thus, by acquiring a time series of
a coronal slice, the MR signal change that is observed in time is given both by the respiration
motion and the cardiac cycle.

Because the frequency of the respiratory movement of 16 breaths per minute on average is
different than the heart rate of 60-80 beats per minute for adults, the signals contributing to
these cycles can be separated in the frequency domain. For this, the time series has to be
acquired with a rate at least double of the highest frequency in the spectrum. By applying a
Fourier transform, the peaks for the respiration and cardiac movement can be identified in the
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1-2 Related work 3

spectrum and the signals can be separated to obtain ventilation and perfusion information.
The final ventilation and perfusion maps are obtained by integrating the time series over the
two separate peaks and the possible defects identified.

1-2 Related work

Fourier-decomposition MRI has first been described by Bauman et al. [9] as a non-contrast-
enhanced MRI technique to obtain lung ventilation and perfusion maps. Because of its many
advantages, like the lack of radiation, the fact that it is non invasive and it does not require
breath hold, FD-MRI became a promising technique to assess lung diseases, especially for
pediatric patients. Before it could be implemented in the clinical routine, further testing and
validation were necessary. First such tests were performed on pigs and FD-MRI was first
compared with SPECT-CT [12] and then with hyperpolarized *He and DCE-MRI [3]. They
found that the agreement between the different methods compared was visually good and the
defective regions from the FD maps had significantly different values than the healthy regions
and thus they could be identified.

Any new diagnostic method needs to be validated against well established techniques and for
different scenarios. FD-MRI has been compared with DCE-MRI in CF [5] and lung cancer
[13] patients, with *He MRI in COPD [6] and asthma [14] and with 1F MRI in COPD [15].
Its feasibility was also tested in the detection of chronic allograft dysfunction [16] and kidney
perfusion [17]. Besides this, there have been efforts done to quantify the maps [18, 19], for
easier comparison. The results showed that the FD-MRI images have lower quality than
DCE-MRI. The correlation was good with all the major defects being identified by FD-MRI
but the small ones generated false positives and negatives. The correlation was not the best
between FD-MRI and hyperpolarized gasses imaging either because of the different informa-
tion the two methods capture and provide. Overall, the FD-MRI showed its potential of being
used to identify different lung afflictions and even renal diseases.

Starting from the acquisition of free-breathing time series and from the FD algorithm, Voskreben-
zev et al. [20] introduced a new post processing method to fully reconstruct the cardiac and
ventilation cycles and analyze the data dynamically. The method is based on sorting the
frames from the time series based on their estimated phase to resolve the cycle with a higher
temporal resolution and it is named Phase-Resolved Functional Lung (PREFUL) MRI. This
means that from approximately 65s of acquired images spanning over multiple breathing or
cardiac cycles only one cycle is reconstructed with all the images sorted according to the phase
they belong to. This enabled the calculation of new quantities, like time-to-peak, regional
ventilation, pulmonary transit wave time, as well as ventilation and perfusion defect maps.
Like the original FD method, the PREFUL one has been tested against other established
techniques to assess the ventilation and perfusion of the lungs in several diseases. It has been
tested against DCE-MRI [7, 21], hyperpolarized 129Xe [22, 23] and in COPD [24], chronic
lung allograft dysfunction [25] and chronic thromboembolic hypertension treatment [26]. The
results are similar to the ones that have been found when testing FD-MRI. PREFUL MRI is
promising in being a reliable diagnosis tool for a wide range of lung afflictions, especially when
calculating the new dynamic quantities. The correlation with the other diagnosis tools is not
excellent, but this is mostly due to the differences in their working principles. This shows
that the results from all these techniques should be interpreted and used in a complementary
way and analysed independently too.
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4 Introduction

1-3 Objective

The goal of this study is to take a look at how the PREFUL and FD analysis are being done
and described in literature and from all the options available to obtain the ventilation or
perfusion maps and to segment the defects, propose a processing pipeline that is generally
applicable. Besides this, the study aims to find out if there is another, maybe more intuitive
way to perform the phase extraction step in the PREFUL algorithm than the one described
in the original paper on this topic.
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Chapter 2

Methods

2-1 Data

The data were acquired from Erasmus Medical Center in Rotterdam and the regional medical
center in Treviso, Italy. In total 7 subjects from Erasmus and 2 subjects from Treviso were
analysed. The last 2 have been scanned twice at two different dates and the second acquisition
is accompanied by expiratory CT scans obtained in the same day. The scans from Erasmus
MC were acquired from a GE MEDICAL SYSTEMS machine with an SPGR sequence. The
FD data has the following characteristics: TR=2.3ms, TE=0.8ms, slice thickness=15mm,
pixel spacing=1.95x1.95mm, matrix size=128x128. The expiratory MRI scan has the follow-
ing characteristics: TR=1.3ms, TE=0.6ms, slice thickness=3mm, pixel spacing=1.4x1.4mm,
matrix size=120x120. The data from Treviso was acquired from a SIEMENS scanner with
a FLASH sequence. Other characteristics for the FD data are: TR=90.7ms, TE=1ms, slice
thickness= 15mm, pixel spacing=1.95x1.95mm, matrix size= 128x129. The reference expi-
ratory MRI from Treviso was acquired with a Spiral VIBE sequence and has: TR=3.3ms,
TE=0.1ms, slice thickness=2.5mm, pixel spacing=2.08x2.08mm and matrix size=288x288.
The contrast MRI scans were acquired with the 3D TWIST sequence and are characterised
by: TR=1.7ms, TE=0.6ms, slice thickness=3.09mm, pixel spacing=3.12x3.12mm, matrix
size=160x50.

2-2 Pre-processing

Before the images were analysed some pre-processing was required to ensure they are all
standardised. The first step was to convert them from the DICOM format to NIfTI. They
were sorted according to the acquisition time stored in the DICOM metadata and named
accordingly. The next step was to correct for the inhomogeneities present in the intensities
of the MRI image. This non-uniformity is caused by the inhomogeneities in the magnetic
field which lead to the corruption of the images such that the grey levels for the same tissue
vary in space [27]. To solve this issue, the N4 bias field correction algorithm from SimpleITK
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(a) Before the N4bias correction (b) After the N4bias correction

Figure 2-1: Images before and after the bias field correction

[28, 29, 30] was applied and the effect can be seen in 2-1. This was done in the Biomedical
Imaging Group Rotterdam (BIGR) CPU cluster along with the registration. The elastix
software [31, 32] was used for the non-rigid registration of all the frames to a frame in mid-
respiration. This was done for each slice. Once all these were done, the two lungs, the
chest, the region around the diaphragm and aorta, where present, were manually segmented
separately in 3DSlicer [33]. The diaphragm region of interest (ROI) and the aorta were
segmented because the mean signal from these regions was used in a later step of the algorithm
where the phase is extracted. Some examples are in 2-2. The last step in the pre-processing
was smoothing the images with a guided filter, which is an edge-preserving filtering technique
that outputs similar results to the bilateral filter, but is faster [34].

2-3 Analysis

After pre-processing, the first 20 images were removed from the analysis because they were
acquired while the steady state had not been reached. The steady state occurs when the radio
frequency pulses are delivered faster than the time it takes for the longitudinal magnetization
to recover. The amount it regains is equal to the amount of transversal magnetization induced
by the next pulse and the spins become static and saturated [35]. By spatially averaging each
frame, a signal that captures the variation of the series in time was obtained. This signal
was high-pass filtered with a cut-off frequency of 0.7 Hz to get the perfusion signal and the
same threshold was used for low-pass filtering it to get the ventilation signal. An example of
the signals obtained by spatially averaging the smoothed images, the low-pass and high-pass
filtered ones can be seen in 2-4. The frequency of each signal was determined after it had
been Fourier transformed and the peak with the highest amplitude has been identified. The
spectra and the highest peak for each of them can be seen in 2-5. The final step for the FD
analysis was to integrate the spectra from each voxel over the full width half maximum of the
previously identified peak to obtain the perfusion or ventilation map, depicted in 2-6.
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(c) Chest segmentation (d) Diaphragm region segmenta- (e) Aorta segmentation
tion

Figure 2-2: Different masks

(a) Mean image before filtering (b) Guided filtered image

Figure 2-3: Images before and after the guided filter
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The starting point for the PREFUL method was having the signal separated into ventilation
and perfusion signals, as described before. The ventilation signal was obtained from the di-
aphragm ROI, according to literature, but the signal coming from the lungs was also analysed
to observe the differences. For perfusion, the signal was obtained from the aorta in the frames
where it was present or from the lungs, otherwise. In this case the signal from the lungs was
analysed as well for comparison. On each of these signals, three methods to extract the phase
of each time point were studied.

The first method to extract the phase is the one described in the original paper about PRE-
FUL [20] and it involves a sine wave to be fitted on windows of the signal. These windows
are defined as the signal between two peaks in the paper by Voskrebenzev et al., but because
they proved to have too few time points for the fitting algorithm to work, the length of a
window was set to 20 points for perfusion and to 50 points for ventilation. The stride of
sliding the window is one time point. Every time a point was inside the sliding window its
phase was determined from the fit sine wave. The final phase for each point was estimated
as the normalized phase over all the times the point was covered by the window. The sine
waves fitted on the two signals can be seen in 2-7. The method described here is the one used
for perfusion in the original PREFUL paper. There, for ventilation, a model function was
used to separate the signal into inspiration and expiration and from there calculate the phase.
In this thesis, the same algorithm described above for perfusion was used for the ventilation
signal as well .

The next two methods of extracting the phases were based on time-frequency analysis, namely
short-time Fourier transform (stft) and Morlet wavelet transform. This type of analysis is
often used to manipulate non-stationary signals which are not characterized by one value of
the frequency, but for which it varies in time, as it is the case in this study. Fourier analysis
describes the frequency components of the signal globally and assumes it is infinite or periodic.
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Figure 2-8: STFT spectograms

The time-frequency analysis takes into consideration the signal variability and assumes that
there are short windows within it where the frequency is constant. Therefore, the signal can
be simultaneously analysed both in time and frequency and increasing the resolution in one
domain will decrease it in the other. The first method was the short-time Fourier transform,
where the signal is divided in small windows and for each of them the Fourier transform is
computed. Particularly, the Gabor transform was used, which means that the window has
the shape of a Gaussian function which is slid over the signal. At each time point, the win-
dow is multiplied with the signal covered by it. This ensures that the points closest to the
point being analysed have the highest weight. The complex coefficients are used to obtain the
amplitude and the phase for each point. Once the run-through was complete, a spectrogram
was created by plotting the amplitude intensity on a graph where time is on the x-axis and
the frequency is on the y-axis, as seen in fig 2-8. As the colours indicate, in this example, the
highest amplitude for perfusion corresponds to a frequency of around 1 Hz and for ventilation
it is around 0.23 Hz. The standard deviation of the Gaussian window was set to 20 and
the number of points it covers from the signal to 100. The second way that the signal was
analysed in the time and frequency domains was by using a Morlet wavelet, which can be
seen in 2-9. The signal was convolved with the wavelet whose frequency and width are varied
by taking the values from a user-defined interval. This is also the main difference between
the two time-frequency analysis methods. In case of the stft the width of the window is fixed
and is given by the standard deviation of the Gaussian. For the Morlet wavelet, the width
varies according to the frequency of the wavelet currently used: the higher the frequency, the
narrower the window and vice-versa. The width of the Morlet wavelet for a certain frequency
is given by:

s=wx fs/(2x f*m) (2-1)

where w is the central frequency, fs is the sampling frequency and f is the frequency for which
the width is being calculated and it can take values between zero and half of the sampling
frequency, according to the Nyquist theorem. From the complex coefficients that result from
the convolution, the amplitude and the phase were calculated and a spectrogram was created,
similarly to the short-time Fourier transform, as seen in 2-10. For both methods, for each
time point, the frequency with the highest amplitude was picked and its corresponding phase
was assigned to that particular point.
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Figure 2-9: Morlet wavelet
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Figure 2-10: Morlet wavelet spectograms
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2-3 Analysis 13

For each of the signals, first the phase was extracted for each time point with all three
methods, one at a time. Then the values were sorted and interpolated on a regular grid of 60
points. The order of the sorted phases was used to sort and then interpolate the frames too
into one cycle. From this, several characteristics can be extracted, like time-to-peak (TTP),
pulmonary perfusion time or flow volume loops, but also the defect maps. For perfusion, the
defect maps were calculated in two ways. The first one was by taking the difference between
the frames corresponding to the maximum value and the minimum value in the cycle obtained
by ordering the phases [36]. The second approach was to find the index of the phase with the
maximum signal intensity for each voxel in the lung parenchyma and then to choose the frame
corresponding to the phase with the most occurrences [21]. For ventilation, the maps were
calculated as fractional ventilation (FV) and regional ventilation (RV), which are described
in 2-2 and 2-3, respectively:

Seap — Si
FV = exp insp 2.9
S, (2-2)

Sinsp Sezp

The expiratory image (Seszp) is the frame corresponding to the phase with the highest inten-
sity and the inspiratory image (Sinsp) corresponds to the lowest intensity in the reconstructed
cycle. The signal in the middle (S,,;4) comes from the middle point between the expiratory
and inspiratory images.

The defects of perfusion and ventilation were assessed by applying a threshold to their re-
spective, previously acquired maps. The were several thresholds taken from literature and
their results compared with each other to find one that is generally applicable.

For the perfusion-weighted values the thresholds used were: the median value - 0.5 * standard
deviation [20], the 75" percentile * 0.6 [7, 36, 21, 26], the median value - 0.75 * standard
deviation [37].

Similarly to the perfusion defect percentage, the ventilation defect percentage was determined
in literature using several thresholds, such as: median value - 4 * standard deviation [20], the
75! percentile of all the RV values * 0.7 [36], the median value - 1.75 * standard deviation [37]
or the 90th percentile of all the RV values * 0.4 [38, 22, 39]. In one study [23] the ventilation
defect percentage was determined after the k-means algorithm was applied to the fractional
ventilation map and the first 5 clusters in terms of intensity were deemed defective. In this
study, the k-means algorithm was applied with 5 clusters and the second one was chosen as
the defective one after they were sorted in ascending order of their centre value. In this case
the k-means algorithm was applied to both ventilation and perfusion maps.
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Chapter 3

Results

In this chapter the results of the experiments performed are presented. Their aim was to com-
pare several of the characteristics of the PREFUL algorithm and to determine which ones
were the most appropriate to be used in the Erasmus MC pipeline. For this goal, the results
obtained from the lungs signal were compared to the results obtained from the ROIs signal.
Other comparisons were done between the three methods for phase extraction, the different
thresholds to determine the defect percentage and between PREFUL and FD results.

First of all, the signal used to extract the phases for the PREFUL algorithm was obtained
from the diaphragm ROI for ventilation and from the aorta for perfusion. In many slices
the aorta was not visible and then the signal from the lungs was used instead. When the
results from the aorta and diaphragm ROI were compared with the results from the lungs,
little differences were visible in the reconstructed cycle for the sine fitting method and the
Morlet wavelet one. This can be seen in 3-1 and it shows that the signal from the lungs can
be used in the analysis, therefore saving time by removing the need for extra segmentations.
The aorta would still need to be segmented for further characterization, like quantification or
TTP.

When it comes to ways of visualising the ventilation maps, between the fractional and regional
ventilation, in most cases the latter provided a better contrast, wider intensity range and ease
of observing the defects, as it can be seen in 3-2. For perfusion, the method that defined it as
the difference between the frames corresponding to the maximum and the minimum values
in the reconstructed cycle was chosen for further analysis. Despite the fact the both methods
had similar outputs, as it can be seen in 3-3, the choice was made in collaboration with the
radiologist that supervised this study who visually assessed both methods. Besides this, the
chosen method is most commonly used in literature and in some cases it is visually more
similar to the contrast-enhanced MRI scans.

The three methods of extracting the phases output similar looking perfusion and ventilation
maps, despite the fact that the reconstructed cycles look different. An example of the dif-
ference between the cycles and the similarity of the maps can be seen in 3-4 and 3-5. The
stft results were the most different visually compared to the other two methods, which was
also emphasised in the differences between the mean defect percentages across all the thresh-
olds. For perfusion, the overall difference between PREFUL and sftf was 2.10% and between
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(a) PREFUL defect map (b) STFT defect map (c) Morlet defect map

Figure 3-6: Difference in the defect percentage

PREFUL and Morlet 1.22%, while for ventilation the PREFUL and stft showed a difference
of 1.72% and between PREFUL and Morlet there was one of 0.77%. These differences are
also illustrated in 3-6. Even though visually the output maps from FD were similar to the
ones from PREFUL, as shown in 3-7 the defect percentages showed significant differences,
especially in the ventilation case. These were 2.1% for perfusion and 5.68% for ventilation.
Differences in defect percentages were also present in the results output by applying different
thresholds. In 3-8 it can be seen the results of applying the aforementioned thresholds on the
same perfusion map obtained with the original PREFUL method and in 3-9 the same thing
is illustrated for the regional ventilation maps resulted from the original PREFUL method as
well.

The results obtained with this algorithm were compared with expiratory MRI reference and
CT scans for ventilation and with contrast-enhanced MRI scans for perfusion. One example
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(a) PREFUL perfusion map

(c) Median value - 0.5*std

Figure 3-8: Perfusion thresholding results
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Figure 3-9: Ventilation thresholding results
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Figure 3-10: Perfusion/ventilation maps compared to the reference scans

can be seen in 3-10. One of the CT scans was analysed with the Myrian 2.9.2 software [40]
where the lungs as well as the low attenuation regions with HU between -856 and -950 had
been segmented. The defect percentage obtained with this method was 26.38% and the mean
one resulted from the PREFUL analysis on the same patient was 49.36%. Looking at the
results of the three methods to extract the phase with the threshold of 90" percentile * 0.4,
the values of defect percentages are very close to each other: 49.86% for the sine fit method,
48.01% for stft and 50.22% for the wavelet transform, but still far from the 26.38% obtained
from the CT scan.
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Chapter 4

Discussion and conclusions

In this study, different aspects of the PREFUL algorithm that measures properties of lung
perfusion and ventilation were analysed. I studied methods for extracting the phase, thresh-
olds for the defect assessment, defect map definitions and comparison with the FD method.
Taking a step away from the original description of the PREFUL algorithm, the same steps
were used for the perfusion and the ventilation analysis with satisfactory results. Besides this,
it has been found that using the signal from the lungs or the signal from an ROI, be it the
aorta or the diaphragm region, outputs almost identical results for two of the phase extraction
methods. Therefore, to simplify the whole process, only the lungs need to be segmented when
there is no quantitative analysis being done which would require the segmentation of blood
vessels.

Three methods of retrieving the phase of each point in the signal have been implemented: the
original method described in the paper about PREFUL based on sine fitting and two meth-
ods based on time-frequency analysis: short-time Fourier transform and the Morlet wavelet
transform. The ordering of intensities corresponding to the detected phases is different for
each method, resulting in cycles with different shapes. The reconstructed cycle with the orig-
inal algorithm looks very similar to a sine wave, which is not surprising given the fact it was
obtained by fitting one to the signal. The cycle obtained with a Morlet wavelet often times
resembles a bell-shaped plot, similar to the Gaussian envelope of the wavelet. The stft cycle
shows the most variation, having different shapes for different data or even slices of the same
scan. The stft results are also the furthest away from the other two methods in terms of
the values of the defect percentages. The disadvantage of the sine fitting method is that the
window length is fixed and the effect of varying has not been studied. The Morlet wavelet
combines the advantages of a variable window size and frequency value, but these have yet
to be quantified and the wavelet proven worthier than the other method.

When it comes to how the defect maps are defined, regional ventilation was chosen opposed
to fractional ventilation. For perfusion, the map was defined as the difference between the
frames corresponding to the maximum and the minimum point in the reconstructed cycle, as
opposed to the frame corresponding to the most common phase. The thresholds to detect
the defects were applied on these two types of maps. A the threshold of 75" percentile *
0.6 appears to be the closest to what is visible in the perfusion map. For the ventilation
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assessment, the 90" percentile * 0.4 looks like the most promising threshold to segment ven-

tilation defect maps. When the segmentation results are put against the reference scans, the
former are consistently overestimating the defects, both from a visual point of view, as well
as quantitatively, as showed by the comparison with the CT data. It is a complex issue to
find the correct or true position and amount of defects given the fact that each modality is
measuring different properties, i.e. MRI the magnetization and CT the X-ray absorption.
Overall, the position of the low ventilated and perfused areas is similar throughout all the
modalities, but the amount and exact location are varying. This is also a limitation of this
study and of FD methods in general. The lack of a very good correlation between the output
and the reference scans makes the defect assessment a complicated task.

Another limitation of this study that can be tackled in the future is the lack of lungs and
defect segmentations for the reference scans. With these a quantitative comparison can be
done between the results from the PREFUL analysis and the established modalities. Manual
segmentation of the lungs takes a long time, so in this study, a smaller number of scans were
considered than there were available. In the future, more data should be included and if
possible, the segmentation process should be automated.

Nevertheless, PREFUL-MRI has a great diagnostic potential, by eliminating patient discom-
fort and the need for ionizing radiation, expensive hyper-polarised gases or contrast agents
in the assessment of ventilation and perfusion defects in pulmonary diseases. Even in the
absence of a very good correlation with other imaging modalities, the results from PREFUL
MRI can be used to compare different patients or monitor the progress of the disease in
the same patient if the same agreed upon characteristics of the algorithm have been used.
Additionally, it opens the possibility of quantifying the ventilation and perfusion and of de-
termining the times-to-peak or the pulmonary wave transit time, which will give a broader
view of the patient’s health status.
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