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POPULAR SCIENCE SUMMARY OF THE THESIS

Pulmonary embolism (PE) is caused by blockage of the pulmonary arteries and is a life-
threatening condition; it can be caused a range of diseases, or due to the patient’s
circumstances, for example if they are hospitalized and bed-ridden, or as a result of surgery.
The condition is caused by the body forming a clot or clots, often in the legs, which then
occludes or stops the normal blood circulations in the veins. If the clot detaches from the legs
and enters the circulation, it may then travel up through the major veins to the heart. From
there, the journey continues towards the pulmonary arteries. The pulmonary arteries become
increasingly smaller in diameter as the clot travels into the lungs, until it reaches a point at
which the clot is too large to travel any further. The clot then plugs the artery and stops the
blood flow in that part of the lung tissue. If the clot remains, then the tissue will not be
oxygenated. The process of blood oxygenation in the lungs may also decrease, reducing or
affecting delivery of oxygenated blood to the whole body. Pulmonary embolism is a serious
and acute condition, which should be investigated and treated as soon as possible to avoid
mortality.

In an emergency, PE is often difficult to diagnose; patients may present with various signs
and symptoms that are non-specific to the disease, such as chest pain, cough, and heavy or
irregular breathing for example. Blood tests and other diagnostics can help, but in this
situation pulmonary imaging is of most use to the physician. Generally, a computed
tomography (CT) scan is employed to diagnose a suspected PE. This imaging method
requires contrast medium to be injected into the bloodstream of the patient and for most, this
is relatively harmless. However, some patients are contraindicated for the contrast media, due
to impaired kidney function or allergic sensitivity, making a CT scan impossible for this
cohort.

In this thesis, a range of methodologies that use magnetic resonance camera technology to
investigate the presence of blood clots is considered. Magnetic resonance imaging (MRI),
unlike the CT scanning technique, does not require contrast media injection in order to
visualize blockages in the vessels. Therefore, the technique is well suited to patients who are
hypersensitive or whose kidneys will not tolerate the injection of contrast agents. In MR
images, the blood appears white, while the plug or clot will be gray, and so differentiation
between the two may be made. During the process of imaging the pulmonary region, patients
may also be asked to hold their breath to reduce any movement artefact in the image. Many
patients find this difficult to achieve, and so as another aspect of this thesis, we also tested
MRI techniques whereby breath holding was not necessary.



POPULARVETENSKAPLIG SAMMANFATTNING

Lungembolism ér ett sjukdomstillstdnd dér det fastnar blodproppar i lungkérlen. Det kan
orsakas av olika sjukdomar eller tillstdind som 6kar blodets forméaga att koagulera (bilda
blodproppar). Dessutom 6kas risken av stillasittande som ex flygresor, vara séngliggande en
lang period eller att genomga en operation. Dessa dr exempel som gor en risk att kroppen
bildar en propp eller proppar i en ven, ofta langst ner i benen. En propp &r en klump av blod.
Denna propp ockluderar eller stoppar blodstrommen i venerna, tillbaka till hjérta och lungor.

Ibland hénder att denna proppen lossnar och med hjélp av det cirkulerande blodet, och
transporteras upp genom de stora kroppvenerna till hjérta. Dérifran fortsitter resan mot
lungkérlet. Sdsom lungkérlet eller lungartdr blir mindre och mindre desto mer proppen flyttas
in 1 lungan, tills den nér en vis position dér proppen kommer inte att komma vidare pa grund
av sin egen storlek i relation till kérlets storlek. D4 stannar proppen, ddr namnet propp, och
orsakar att blodet inte nar fram eller sker en minskning av det normala blodflddet till en vis
del av lungvavnaden. Denna vdvnad som inte fa blod kan dod av néringsbrist. Dessutom
minskar mojligheten att syresétta blodet i lungorna, delvis beroende pa propens storlek. Det
orsakar ett allvarligt och akut patienttillstind, som bor utredas och behandlas snarast.

Akutldkare har manga ganger svart att stilla diagnosen lungemboli eller propp i lungkérlet.
Detta ofta pa grund av patienterna har olika tecken som kan vara ospecifika for sjukdom, tex
ont i brostet eller brostkorgen, hosta, svar eller oregelbunden andning, osv. Blodprov och
andra tester kan hjélpa till. Men véldigt ofta bestéller man bilder av lungkérlen. Den mest
anvéndbara och vanligaste testet ar skiktrontgen (datortomografi). Denna bildmetod anvander
rontgenstralning och har behov av spruta kontrastmedel in i blodet. For de flesta patienter
fungerar vildig bra och dr relativ ofarligt. Det finns en del patienter som pé grund av nedsatt
njurfunktion eller allergisk kénslighet, inte kan fa detta kontrastmedel, och d& kan man ¢j
gora skiktrontgen.

I denna avhandling vill vi presentera en metod som anvénder magnetkamerateknik, inte
skiktrontgen, for att avbilda de proppar som kan finnas i lungkérlen. Denna metod behéver
inte injektionen av kontrastmedel i blodet. Denna teknik passar bra for den patientgrupp som
ar overkénslig eller vars njurar inte tal kontrastmedel. Patienterna behdver inte heller hjdlpa
till med att hélla andan under bildtagningen utan kan andas fritt helat tiden. Vi har testat olika
satt att gora bilder med magnetkameran, med fokus pa nya metoder att samla i data, som ska
vara mindre kénslig for patientens rorelse, som andningen: Vi har ocksé gjort mojligt att
bearbeta data for att skapa ”snabba bilder” med biéttre kvalitet. Vi kan framstilla eller visa
blodet och proppen pa olika sett i bilderna, som hjilper till att identifiera om det finns ett
stopp i lungkarlets blodflode.



ABSTRACT

In recent years a range of imaging techniques have emerged to help diagnose patients with
suspected acute Pulmonary Embolism (PE). This is particularly useful for those who are
contraindicated (renal failure or allergies) to the contrast media that is needed to perform
Computed Tomography Pulmonary Angiography (CTPA), which would be the usual
diagnostic tool of choice. To aid the cohort of patients with this contraindication, we have
investigated the option of using Magnetic Resonance Imaging (MRI) to diagnose PE. In this
thesis, MRI sequences including gradient recall echo (more specifically balanced Steady
State Free Precession [b-SSFP]) with different trajectories of data sampling, and diffusion
weighted imaging (DWI) were assessed. None of the sequences investigated required the use
of intravenous contrast media.

In Study I, we investigated a group of positive PE patients (verified by CTPA) alongside a
volunteer group, who provided a negative PE control cohort. A b-SSFP sequence was
assessed, using repetitive sampling of each slice position, in three different orthogonal planes.
No triggering or breath hold techniques were used during imaging. This technique produced a
large number of slices at each location for evaluation by radiologist. An excellent specificity
and a good sensitivity were achieved.

In Study II, a group of positive PE patients (also verified by CTPA) and a control volunteer
group were used to test the DWI technique, which is not used commonly for the investigation
of thrombosis in the lungs. We compared DWI against the single slice per position approach
of b-SSFP and CTPA, and demonstrated its capability to depict pulmonary embolism, finding
a very high sensitivity but poor specificity for DWI.

In Study III, we tested two different sampling techniques for b-SSFP, Cartesian standard and
golden angle radial sampling trajectories, to image the pulmonary arteries in ten volunteers
and in two patients who had PE. We demonstrated the improvement of image quality when
using radial trajectory sampling in comparison to the Cartesian technique. We also
demonstrated that the post-reconstruction ‘sliding window’ method could be applied to the
golden angle radial sampling schema when a different temporal resolution is needed.



In Study IV, we used the sequence tested in Study IIT (b-SSFP with golden angle radial and
Cartesian sampling) in a clinical setting. The study included 64 patients who were suspected
of having acute PE; all were examined while waiting for CTPA diagnostic testing. We
compared radial sampling versus Cartesian, and also assessed post-reconstruction images of
the radial sampling, with varying temporal resolution. The radial sampling with golden angle
schema did not produce images of high enough quality to depict acute PE in patients.

In study V, a retrospective overview of 57 patients (2012—-2018) from our institution, with
suspected acute PE was made. This group of patients was contraindicated to CTPA, and so
were examined only using b-SSFP images. The clinical outcome of this cohort was obtained
from the electronical medical record system up to twelve months after their MRI assessments.
The MRI results allowed the clinicians to change or support their decision as to which
treatment strategy they chose, in patients with or without PE.
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2D two dimensional

3D three dimensional
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FIESTA Fast imaging employing steady state acquisition
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GRAPPA Generalized auto-calibrating partially parallel imaging

GRE Gradient recall echo

IPat Integrated parallel acquisition technique

MRA Magnetic resonance angiography

MRI Magnetic resonance imaging

NSF Nephrogenic system fibrosis
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PIOPED Prospective investigation of pulmonary embolism diagnosis
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reconstruction
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SPECT Single photon emission computed tomography
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Time of flight

Time of repetition

True fast imaging with steady state precession
Venous thromboembolism
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1 INTRODUCTION

Within the human body, an equilibrium exists between two different processes, thrombosis
and fibrinolysis. Thrombosis is the process of the formation of a blood clot in the circulation,
while the anticlotting process, fibrinolysis, occurs to dissolve the clot. The balance between
the two processes is constant; its disruption does not always cause morbidity; however, it can
cause the formation of stationary or itinerant blood clots in the circulation (1,2).

Venus thromboembolism (VTE) is a condition whereby blood clots (thrombi) form, most
often in the deep veins (deep vein thrombosis; DVT) causing morbidity. When such clots
build in the distal veins then travel through the venous system to the pulmonary circulation,
they may initiate a reduction in blood flow in the pulmonary arteries causing a perfusion
defect, and a pulmonary embolism (PE) occurs (3).

Stroke, cardiac infarction and PE are the three most common cardiovascular diseases. Many
authors have acknowledged the potentially fatal outcome from PE. Studies have shown a
mortality of between 10% to 30% within a month of having VTE, and most of these present
with a PE (3). When PE is associated with cancer and/or cardiovascular disorders then an
outcome of death within a year is not rare.

Robust and effective diagnostic tools are necessary to determine the presence of PE and allow
the most effective treatment to be administered; this is essential to reduce morbidity and
mortality. From the time of the first Prospective Investigation of Pulmonary Embolism
Diagnose (PIOPED) study in 1990 to recent years, there have been many attempts to find the
most effective imaging tool to help clinicians in the diagnosis of patients suffering from
cardiovascular disease, especially PE. The Computed Tomography Pulmonary Angiography
(CTPA) technique is the method most often used today. However, it may be contraindicated
by renal failure or allergies to the intravenous contrast media for example, and so there is a
unmet need for alternative techniques, especially when using magnetic resonance imaging
(MRI).






2 LITERATURE REVIEW

21 BACKGROUND

Within the group of cardiovascular diseases, PE is the third most common cause of death,
after stroke and heart infarction. Two thirds of patients with VTE also have DVT; one third of
these present with PE, and this condition represents a high risk of mortality for VTE patients
(3). At least 59% of all cases of VTE occur in inpatients. For those patients with cancer,
ongoing surgical procedures, immobility, and trauma there is an increasing correlation or a
higher risk factor for developing VTE (4,5). Given that hospitalization with or without
surgery represents 24% and 22% of VTE cases respectively, the roll of a prophylaxis for
these patients is crucial (4,5).

The consequences of PE going undiagnosed and untreated can be severe, with up to 30%
mortality rates (6). In a group of around 400 patients diagnosed with PE, 95 died within one
year due to related cancer, sepsis and cardiac disease, while 10.5% died directly from PE. The
size of the thrombotic process has a huge impact on clinical outcome and also affects the
ability to image and then diagnose PE accurately. Autopsies primarily check the major
vessels; smaller vessels are rarely investigated, and this discrepancy could explain the wide
variance in autopsy results with regards to PE (1.5% to 30%) (7). In a random series of 508
autopsies, the prevalence of PE was 70% but 20% were identified in a microscopic
examination (1), (8).

Often the symptoms of PE are not specific and are seemingly unrelated to the illness itself.
Many patients present with symptoms such as chest pain, dyspnea, tachycardia, hypotension,
cough, and hemoptysis (9). The diagnosis and treatment protocol for patients with suspected
PE involves a mix of clinical scoring systems, such as that developed by Wells (10) or the
Geneva scoring system, serum testing, electrocardiogram (ECG) and varying imaging
modalities, including chest X-ray, computed tomography pulmonary angiography (CTPA),
ventilation and perfusion scintigraphy (V/Q) and magnetic resonance imaging (MRI) (11).

2.2 CLINICAL ASSESSMENT

As noted, PE symptoms are often unspecific, and many patients present with a mixture of
symptoms as described above. In addition to the symptoms already described, patients with a
major PE can suffer syncope, reflecting right ventricular failure or may be hemodynamically
unstable. Common characteristics for patients with PE include >60 years, a heart rate of 100
beats per minute, 20 respirations per minute and either sex (12). The D-dimer blood test and
the clinical scores algorithm are established tools for the clinical diagnosis of PE. D-dimer
units are produced from the degradation of crosslinked fibrin (monomers and polymers) units



that are found in blood circulation (13). D-dimer levels are also high when a VTE is present.
However, increased levels of D-dimer are also found in patients with inflammatory disease,
infections, cancer and post-surgery, and therefore this test has a low specificity to diagnose
VTE (14). Different types of D-dimer test are available and so it can be difficult to compare
cutoff levels; a level of 0.4ug/mL or less is considered normal. A retrospective study found
that negative D-dimer values can help to exclude patients with suspect PE from CTPA
examination (13,15). D-dimer assay shows an overall sensitivity and specificity of 84.8% and
68.4% respectively in patients presenting PE. When patients have a low probability of PE, a
negative D-dimer test will help to exclude this diagnosis (16). Bounameaux et al., (17) found
that a cutoff off 500ug/L allowed elimination of a diagnosis of PE, with a sensitivity and
specificity of 98% and 39% respectively.

The Wells and modified Geneva score tests are also proven clinical instruments to help
identify patients with risk of PE (18, 19). Along with the ‘Rule-Out’ criteria system, these
tests are a useful indicator for the clinician as to whether to continue the PE investigation.
These scoring methods are presented in the Tables 1, 2 and 3 (20).

Tab. 1

Pulmonary Embolism Rule-Out Criteria

Age > 50 1 point

Sa0,on room air < 95% 1 point

Heart rate > 100 bpm 1 point

Unilateral leg swelling 1 point

Recent surgery or trauma <4 1 point

weeks ago

Hemoptysis 1 point

Previous PE or DVT 1 point

Hormone use 1 point

IScore \Risk

0 < 2% chance of PE

>1 Cannot rule out that
the patient has PE




Tab. 2

'Wells criteria for PE

Clinical signs of DVT

3 points

PE is the first diagnosis or equally]
likely

3 points

Heart rate > 100 bpm

1.5 points

Immobilization for at least 3 days

or surgery in previous 4 weeks

1.5 points

Previous diagnosed PE or DVT  [1.5 points

Hemoptysis 1 point

Malignancy within 6 months 1 point

Score Risk Prevalence
0-1 Low risk 1.3%

2-6 Moderate risk 16.2%

>6 High risk 37.5%
Tab. 3

Revised Geneva Score of PE

Age > 65 1 point

Surgery or lower limb fracture in |2 points

past 2 month

Active malignant condition 2 points

Unilateral limb pain 3 points

Previous diagnosed PE or DVT |3 points

Hemoptysis 2 points

Pain in limb palpation 4 points

Heart rate

<75 bpm 0 points

75-94 3 points

> 95 bpm 5 points

Score Risk Incidence
0-3 Low risk Less than 10%
4-10 Moderate risk 10%-60%
> 11 High risk > 60%




Tables 1,2,3. Taken from Rahaghi et al., (20) Diagnosis of the Deep Venous Thrombosis and
Pulmonary Embolism: New imaging tools and modalities. Clin Chest Med 39 (2018) 493—
504 0272-5231/18/. 2018 Elsevier Inc.

2.3 IMAGING METHODS

There are a range of imaging methods that can be used for the diagnosis of acute PE,
including standard digital pulmonary angiography, selective thorax angiography, CTPA,
Ventilation and Perfusion Scintigraphy (V/Q), and MRI, with or without intravenous contrast
media (21).

2,31 viQ

In this test, the ventilation (V) and perfusion (Q) of the lungs are investigated using
radioisotopes (usually technetium [Tc99m]), which are bound to a carrier such as albumin.
This compound is injected into the blood circulation when studying perfusion and is inhaled
when examining lung ventilation. The PIOPED I and II studies were large multicenter trials,
which showed the capability of V/Q and CTPA to diagnose PE (22). In PIOPED I, patients
were classified as high probability, intermediate, low probability and indeterminate; the V/Q
showed a high PE prevalence of 87% in the high probability group, and 89% in the very low
probability but when investigating patients classified as intermediate and low probability, the
prevalence was 58% and 75% respectively (PIOPED I) (22). In an effort to simplify the V/Q
results, PIOPED II split the patients in three categories: high probability, normal or very low
probability, and non-diagnosis showing a sensitivity of 85% and a specificity of 93% (9). Of
important note, if the diagnostic value of Q/V is normal, then PE can be ruled out. The main
drawback to the V/Q scan is the high proportion of non-diagnostic cases, which made up 32%
outpatients in PIOPED I (23,24).

The use of single photon emission computed tomography (SPECT), with its multiplanar
reconstruction possibilities, improves the accuracy of diagnosis further to levels similar to
CTPA (20). A previous study found that a correct diagnosis was obtained with CTPA in 94%
of cases in comparison to 74% in V/Q. When modification the diagnostic criteria (24), not
including the data from non-diagnostic scan, perfusion scintigraphy could achieve a
sensitivity of 78% and a specificity of 98% (24).



2.3.2 Computed Tomography Pulmonary Angiography (CTPA)

Remy-Jardin et al. reported two studies from 1992 (25) and 1996 (26) comparing spiral
computed tomography (CT) with pulmonary angiography and V/Q, which established the use
of CTPA as a reliable tool to depict acute PE. The advantages of CTPA are the speed of
examination, the high image resolution obtained, the possibility of all-day examination and
the fact that information can be obtained not only from the pulmonary arteries but also from
the surrounding parenchyma and heart. The direct visualization of a thrombus is possible due
to the presence of intravenous contrast media surrounding the thrombus creating an
imageable difference. In the axial plane, when contrast media surrounds a thrombus, it can
resemble a “polo mint”’; when the vessels and thrombus are detected in the long axis, it may
look like a “railway sign”. A thrombus that is found in the central arterial anatomy, between
the right and left pulmonary arteries, is known as a saddle thrombus. However, thrombi may
also be seen in the peripherical anatomy, in the distal segmental or subsegmental arteries,
because of the good image resolution (9).

CTPA has a good sensitivity at 83% and when combined with CT venography it may achieve
90% (21). A follow up study that included 100 patients with a negative CTPA demonstrated
no increase in either mortality or morbidity after 6 months (27). The PIOPED II study
revealed a specificity of 96% for CTPA to detect PE, however, it did not have great
sensitivity (83%). These results were determined from retrospective analysis, as many of the
centers involved in the study used just 4 CT scanners. Another study using a Helical CT
found a low sensitivity of 70%, making it difficult to rule out PE (28). The high resolution
available in a multi-detector CTPA (64, 256 detectors) can visualize distal contrast defects in
the peripheral arterial tree (Figure 1), which are present in 1-5% of patients suspected of
having acute PE (13).



Figure 1: CTPA of two different patients. The LHS image shows (white arrow) a PE in the
upper right lobe, at the segment level; the RHS image (red arrow) shows a PE in the lower

right lobe in the subsegmental level

Discussions have been held as to which method should be considered the gold standard for
PE detection. The pulmonary angiography should be performed in those patients that have a
negative CTPA, but present with a high clinical suspicious of PE (29). At present,
multidetector CTPA is the diagnostic imaging test of choice for patients with suspected PE.
According to the new European guidelines, patients with a negative CTPA, together with
presentation of a low or intermediate probability of PE should be sufficient to rule out PE.
However, a negative CTPA in patients with high risk of PE should provoke clinicians to
make further investigations (30).

Precautions must be taken when using iodine contrast agents in the older population,
oncology patients with regard to kidney function, or in the younger population during
pregnancy. More than 40% of patients over 60 years old have impaired renal function.
Therefore, it is important for this group of patients to have an alternative PE detection
technique that is not dependent on the use of intravenous contrast media (31,32,33).



2.4 MAGNETIC RESONANCE IMAGING (MRI)

In recent years, technical improvements in hardware and software, as well as the increased
availability of MRI scanners in many centers, is making the use of this imaging method more
common. MRI is now commonly used in the diagnosis of neurological disease, in the whole
abdomen especially in cancer diagnosis, and more recently, in the thoracic region, when
looking after tumor, metastasis or heart and vessels pathologies. There is an unmet need for a
diagnostic method for patients with suspect PE and DVT, particularly in those who have a
contraindication to intravenous contrast media (34,35). Many authors have investigated
different types of approach to avoid the use of contrast media when using MRI to depict PE
or have combining the use of Gadolinium contrast media and fast imaging acquisitions,
mostly based in the balance steady state free precession (b-SSFP) sequences.

2.41 MRI using Gadolinium (Gd) Contrast media

Since 1990, the use of intravenous Gd has been tested for use in MRI angiographies,
predominantly in the brain, abdomen and lower extremities (36). PIOPED III, another large
multicenter prospective study, demonstrated the possibility of diagnosing PE using contrast
enhanced MR angiography (MRA) (Figure 2). The use of intravenous Gd chelate, used to
produce a contrast difference between the blood-containing gadolinium in the circulation
(high signal) and the pulmonary artery containing a thrombus (low signal), to detect PE was
validated. The results showed a specificity of 99%, but a poor sensitivity of 78% in patients
with PE. The low sensitivity was related or attributed to the poor technical quality of many of
the examinations included the study (11% to 52%). The major issues were poor timing in the
detection of the arrival of the injected contrast media bolus, poor or non-breath hold
capabilities of the patients, movement, and the sequence itself, with some fold-over artefacts.
The study suggested that the use of this technique in centers where the staff were well-trained
with the appropriate technical capabilities, should improve the sensitivity of the method (37).

With the improvement of hardware that allowed the use of 3D fast gradient echo techniques,
a further study demonstrated the capability of MR angiography to detect PA in comparison to
pulmonary angiography. However, the results at the subsegmental level were less than
optimal (38). In a large study conducted by Revel et al. (39) using a combination of sequence
types with and without Gd contrast media, the sensitivity obtained was as high as 98 to 100%,
but these measurements were obtained in the most central part of the lung’s arteries. In the
segmental and subsegmental areas, the sensitivity dropped to as little as 21% to 33% (39).



Another study by Revel et al. (40) showed that contrast enhanced angiography had a better
sensitivity than unenhanced free-breathing sequences for detection of PE. Kalb et al., (41)
also discussed the benefits of combining different sequences with and without Gd. They
compared the sensitivity of PE detection when using a single sequence such us MR
angiography, or a combination of different sequences (MR angiography, 3D GRE and True
Fisp), and revealed a change in sensitivity from 55% to 84%.

Nagle et al., (42) described the importance of a dedicated institution where a standardized
MRI angiography protocol would be used. They suggested that it should employ
knowledgeable staff with the ability to perform highly qualitative MR angiography with Gd
contrast media (Figure 2), in order to diagnose the presence of PE.

Figure 2 Showing the use of intravenous injection of Gd to achieve a very good contrast to

noise ratio between the vessels and the surrounding tissues. The MRA technique requires the
patient to be able to hold their breath during the acquisition, which is not always possible in
patients presenting with chest pain or dyspnea.

A morphological approach is not the only method tested to depict PE when using injection of
Gd. A dynamic contrast enhance sequence, with acceleration and view sharing technique, can
be used to demonstrate perfusion defects in patients presenting acute PE, without the need for
breath holding (43,44).



2.4.2 Gadolinium Contrast Media

Gadolinium-based contrast agents have been used over the past three decades and historically
the safety of these contrast agents has been shown to be very good (45). The prevalence of
severe allergic reactions is exceptionally low (0.001%) and mild reactions are also rare at
0.004 —0.7% (18). However, Gd contrast agents are contraindicated in patients with impaired
renal function or during pregnancy. In addition, Thomsen et al., (46) described the occurrence
of Nephrogenic System Fibrosis (NSF) when using intravenous Gd contrast media in patients
with limited renal function. In the United Stated, a careful approach to the use of Gd-based
contrast media has been taken in patients presenting a glomerular filtration rate (GFR) below
30mL/min/1.73m2. Furthermore, the guidelines from the Food and Drug Administration
(FDA) and the European Society of Urogenital Radiology (ESUR) are that three of the Gd
based contrast media, Gadopentetate (Magnevist®), Gadodiamide (Omniscan®) and
Gadoversetamide (OptiMark®) are contraindicated in patients with a GFR under 30mL/min
(47). The use of a chelate is essential for the safety of the patients, to guard against toxicity of
the gadolinium ion Gd+3, which is a well-documented problem. The chelate isolates the
GD+3 from the body tissue and then remains bonded throughout renal excretion. The
properties or capacitance of the chelate bond and its stability is related to the chelate
structure. Contrast media have a linear or macrocyclic structure and are ionic or nonionic
(45). The contrast media named above are all linear in structure and were used in many cases
of patients presenting with NSF. The consensus is that those with a macrocyclic structure are
safer and more stable; some examples of these are ProHance® from Braco, Gadovist® from
Beyer Health Care, Dotarem® from Guerbet, and Clariscan® from Nycomed.

In recent years, it has been found that Gd contrast media can accumulate in the brain and in
the bone matrix, leading to further caution when its use. These conditions are termed
Gadolinium storage condition and Gadolinium deposition disease (45), (48,49). The
International Society of Magnetic Resonance in Medicine (ISMRM) and other institutions
suggest caution in using Gd, avoiding its use unless necessary, and that care should be taken
if repetitive and control examinations using Gd are needed (49).

2.4.3 MRI without Gadolinium Contrast Media

Due to these health concerns, the medical community working with MRI has an interest in
developing sequences, techniques and protocols where contrast use can be reduced or
removed. It should also be considered that in some patients, the introduction of an
intravenous catheter can be difficult, stressful to the patient and time consuming; the
development of techniques that avoid catheterization are welcome.
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The use of techniques avoiding intravenous contrast media have been tested and employed
for many years when arteries and veins are the imaging target (50). Time of Flight (TOF) is a
well-known 2-dimensional (2D) and 3-dimensional (3D) technique, in the brain and
peripheral vessels. TOF utilizes the inflow effect of the spin into the slice to be acquired; its
limitation is the length of time taken acquiring the slices, while the anatomy of the vessels
should be perpendicular to the slices for the best results. The Phase Contrast (PC) technique

is also well know, and often used in the brain with an excellent background suppression or for
measuring arterial flow (51).

Non-contrast Magnetic Resonance Angiography (MRA) using ECG-synchronized 3D Fast
Spin Echo (52) is a useful technique for imaging the lower legs and chest which does not use
contrast media. The technique is based on a difference in signal and contrast between blood
flow during systole and diastole. During systole, the arteries present a signal void because of
the high flow while the veins give a high signal; during diastole, the veins and arteries both
present a high signal. Subtraction of both images produces the arterial signal alone (see
Figure 3). A disadvantage to this technique is a long scan time and the risk of patient
movement between the two different images, causing motion artefacts and a poor subtraction
image as a result. ECG is needed to quantify the time delay of the arterial inflow to the region
of interest, which is not always an easy procedure.

Figure 3 An example of the non-contrast MRA, TRANCE technique Fast Spin Echo, using

electrocardiogram synchronization of the images in systole (S) and diastole (D) phases to
produce the final subtracted image to the right.

In contrast to the previous technique, Arterial Spin Labeling (ASL) employs the inflow or
outflow of blood into a region which is pre-saturated with an inversion recovery pulse. Thus,
stationary tissue is suppressed, and so generates a particularly good contrast to noise ratio in
the image to aid the visualization of the blood vessels, with background suppression as a



result. This technique can be used with half-Fourier Fast Spin Echo (FSE) or with a balanced
Steady State Free Precession (b-SSFP), both of which give a high signal from the blood. The
fast spin echo technique is dependent on the flow and the direction of flow, while b-SSFP is
independent of the flow but suffers from magnetic field inhomogeneities. A general ‘recipe’
when using this technique is to use FSE when medium to slow blood flow is targeted, while
b-SSFP should be used when the blood flow is fast. Okuaki et al. (53) demonstrated the
capability of this technique with inversion saturation pulses to separate the veins from the
arteries in the lungs. Many further studies have tested different approaches in ASL, using two
or three different pre-saturation or inversion pulses to obtain a completed saturated
background with blood flow given a high signal intensity due to the labeled protons (54,55).

2.4.4 Balanced Steady State Free Precession

In recent years, there has been an increasing interest in developing fast methods for chest
MRA, which require less effort and compliance (allows normal breathing) from patients, and
abolishes the use of intravenous contrast media, both of which improve the patient
experience.

The b-SSFP sequence is a popular technique for fast imaging and provides good contrast
between tissues and vascular territories without the need of intravenous contrast media.
TrueFISP (Siemens Healthcare), Balanced FFE (Philips Healthcare) and FIESTA (GE,
Healthcare) are the most common names used by vendors for this kind of sequence, which
belongs to the family of Gradient Recalled Echo (GRE). In contrast to a standard fast spin
echo sequences, where a choice of T1 or T2 contrast is made to obtain a desired contrast
weighting in the image, the b-SSFP contrast weighting depends on the ratio between T2/T1.
Fluid and fat tissues have a large difference between T1 and T2 relaxation times that result in
a bright signal, but as the ratio is similar, the signal intensity coming from fat and fluid in a b-
SSFP will be similar (56,57).
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Figure 4 The upper left panel shows a T1w image providing a high signal from the fat and
liver, and low signal from the heart, vessels and fluid. The upper right panel shows a T2 w
image with a high signal from fluid and fat, and a low signal from vessels and heart. The
bottom left panel shows b-SSFP, presenting a contrast mixture of T1 and T2 weighted image,
with a high signal in the vessels/blood, heart and fluid.

This fast image technique has the advantage of a high signal-to-noise-ratio (SNR), and a very
good contrast-to-noise-ratio (CNR) (Figure 4). In this sequence the blood presents with a high
signal (Figure 5a and 5b) and the patient received a low deposition of energy compared to
spin-echo techniques. (58). Non-balanced GRE sequences, such as Fast Low-Angle Shot
(FLASH) often utilize a short TR and disrupt or spoil the transverse magnetization at the end
of the repetition time, resulting in a T1-weighted image in what is often called spoiled GRE.
In a balanced GRE, the transverse magnetization from the previous excitation is refocused
and will contribute to subsequent repetitions. This results in a mixture of a T1 and T2
weighted image contrast. To achieve this, a very short repetition time is needed, which is
briefer than the T2 and T1 relaxation time of the tissues, and an echo time which is exactly
half the repetition time. The mixture of contrast weightings and the high signal obtained in
the images is made possible because in addition to the GRE, the free induction decay and the
residual transverse signal are both used to produce the measured signal. Because of the high
SNR, higher resolution images may also be acquired.



O'mm Location: 67.22 mm

Figure 5 a) the upper panel shows an image example of a balanced steady state free
precession, which shows high signal intensity from the main lung’s arteries, aorta and fat and
the bottom panel 5b) shows also a balanced-SSFP with high signal intensity from vessel and
pleura fluid (Vargas Paris et al.)

Heye et. al. 2014 (59) demonstrated the capability of ultra-fast SSFP when looking at the
pulmonary anatomy in a single breath hold. In the IRM-EP study (39) 274 patients were
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included. It used both a Gd-enhanced MRI angiography technique, and a non-contrast
imaging approach when combining with SSFP sequences to find an overall sensitivity to
detect pulmonary embolism (PE) of 68.9 to 75%; the highest sensitivity was in the central
anatomy of the lung's arteries, achieving 97.7 to 100% (40).

Other authors have chosen to compare the capability of b-SSFP to standard 3D GRE T1w
post Gd and found a good visualization of arterial anatomy in pregnant patients (60). The use
of b-SSFP also allows the possibility to examine not only PE but also to investigate whether
patients have a deep vein thrombosis (DVT) (61).

A common approach is to scan each slice a number of times, producing several images per
position to examine the lung’s arteries (62,63,64). The Nyren at al., study repeated every
single slice position five times in three different planes, using a b-SSFP based sequence
(Figure 6). They obtained a sensitivity of 90 to 93% with a 100% specificity. Another study
(32) tested the ability of b-SSFP to depict both the central and peripheral vessels in the lung.
They used a radial sampling technique called quiescent interval slice selective (QISS), also a
non-contrast medium based sequence, to depict the anatomy of the lung’s arteries in
volunteers. They suggested that further studies should be performed in patients with
suspected PE to prove the accuracy of this method.

Figure 6 The left panel shows a b-SSFP image, right panel shows a CTPA image; white

arrows depict PE in the main left lung artery (Nyrén et al.) (62).

2.4.5 Diffusion Weighted Imaging (DWI)

Diffusion weighted images provide information from the random, spontaneous movement of
water in a tissue, which is Brownian motion. In most organs in the body, the number of cells
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and membranes determine if water has normal or restricted random movement. Therefore,
DWI will show the degree of diffusion, and in some cases the indirect degree of cellularity of
a certain tissue or how much space the tissue has, between cells in the inter or intracellular
space. The intravascular water movement will also be reflected in the amount of signal
depicted from the DWI. In the brain, water can move over a distance of 10um in a period of
50 msec while the sequence is depicting the signal (65).
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Figure 7 Cells (yellow circles) and water protons (little blue and red dots) in two tissues with
different cellularity showing variable diffusivity, a) restricted diffusivity; b), non-restrictive
diffusivity.

DWI is a powerful tool, not only for diagnosing neurological diseases like stroke, but also in
oncology, allowing measurement of water diffusivity into different tissues (Figure 7) of the
body (66). A fast Echo Planar Image (EPI) technique together with new shimming algorithm
has made it possible to perform DWI in abdominal imaging of the kidneys and liver, for
detection and characterization of different lesions (67). Major improvements in hardware, for
example faster gradients and better receiving coils along with relatively new software such as
parallel imaging, sensitivity encoding (SENSE) (68) or generalized auto calibrating partial
parallel acquisition (GRAPPA), have allowed examination of the thoracic region and lungs
with fewer artefacts. (66, 69, 70).
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Figure 8a Diagram of DWI pulse sequence showing the difference in signal intensity when
the water molecules are static resulting in a high signal or when they are free to move,
presenting low signal intensity.

Adapted drawing from Stejskal and Tanner DWI sequence diagram. (1965). Spin Diffusion
Measurements: Spin Echos in the Presence of a Time-Dependent Field Gradient. The Journal
of Chemical Physics 42:1, 288-292
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Figure 8b. Showing the high signal obtaining from stationary water molecules and the lack of
signal from diffusing water molecules. Courtesy of Allen D. Elster, MRIquestion.com.
Copyright© 2020 AD Elster, ELSTER LLC.

Stejskal and Tanner (71) have described a sequence (Figure 8a) that allows visualization of
the signal differences between static molecules (high signal) and those with sufficient room to
move (low signal). The static water molecule phase will be lost when the first diffusion
gradient is applied but will be rephased following application of the second diffusion
gradient, resulting in a strong signal (Figure 8b). Conversely, when water molecules move,
they will experience different gradient strengths. The water molecule will be in position 1
when the first gradient is applied, but as it moves to position 2 during the second gradient
application, it will not be able to completely rephase those protons, and consequently the
result will be the loss of signal.

The level of sensitivity of this diffusion measurement will depend on how long and strong
together with the spacing between the application of diffusions gradients. In clinical practice,
the parameter that determines how sensitive is the sequence is to measure or depict diffusivity
or proton movements is called the b value. A low b value will be sensitive to detect large
movement of water molecules, for example as in urine in the bladder or intravascular water.
A b value of around 50 or 100 s/mm? is classified as low or short. A b value of 1000 s/mm? is
required to detect a small water molecule movement. The sequence will be sensitive enough
to detect tiny movement of water molecules traveling small distances, presenting the normal
diffusivity without signal (70).
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2.4.6 Restrictions when using DWI

The echo planar imaging technique is a rapid way to collect diffusion data in the k-space, but
it is susceptible to artefacts when the field of view is inhomogeneous and a chemical shift in
the region of interests is present, producing degradation of the image quality (72). Other
problems can occur, such as misinterpretation of high signal intensity because of a long T2
relaxation time in some normal tissues (so-called shine through) which is not due to restricted
diffusion.

When at least two b values are measured, it is possible to obtain a quantification of the degree
of diffusion, a how much the water moves. This in known as an Apparent Diffusion
Coefficient (ADC). A line may be plotted between the signal intensity of the tissue at the
different b values and the slope obtained provides the ADC value. This implicates that the
more b values available, the greater the accuracy of the ADC obtained but with a longer
acquisition time.

A well-known problem with DWI is the presence of an inhomogeneous field, when different
tissues interface close to or adjacent one another, for example like air or bone near a soft
tissue, inducing susceptibility artefacts and distortion to the images (65, 67). Nevertheless, the
improvement of DWI imaging, using a multi shot technique for example, has allowed the
detection of tumors, tissue characterization, or follow-up tumor treatment in the body (70). In
our institution, DWI imaging is involved in almost all tumor or cancer imaging protocols,
including those for prostate, breast, liver and rectal cancers. Because of the modernization
and recent technical improvements, is also possible to use DWI in the evaluation of the whole
body, detecting metastasis and staging cancer patients (73,74). Meier-Shroers et al. (75),
studied the use of MRI for lung cancer screening in high risk patients, showing an
exceptionally good sensitivity and specificity, detecting lymph nodes around 6 mm in size.
Another study attempted to evaluate the malignancy or benignancy of thrombosis in the liver,
in patients with hepatocellular cancer using DWI (76). Catalano et al. (77) also investigated
the effectiveness of DWI to differentiate benign from malignant thrombosis in patients with
hepatocellular carcinoma, while Ahn et. al. (78) used DWI to differentiate benign portal vein
thrombosis from malignant type, and in this case with no positive results. Overall, DWI can
be used to depict thrombosis (Figure 9).
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Figure 9. Shows in left and middle, DWI at b=50 and b=800 and right image a corresponding
CTPA, two PE in the left lower lobe (white arrows) (Vargas Paris et al.)

2.5 COLLECTING THE MR SIGNAL

2.5.1 Cartesian and radial approaches

There are varying approaches for MRI raw data collection. The most common is Cartesian
grid sampling, while data may also be collected in a radial (figure 10 a) or and spiral fashion
which are colloquially know as non-Cartesian methods. Recent studies have suggested that
data may also be collected randomly. Efforts have also been made to speed up raw data
sampling by under sampling the k-space and using a reconstruction technique called
compressed sensing to obtain good quality images (79). Cartesian sampling data is collected
in parallels lines through the whole k-space. In most of the sequences, the data lines are
collected after every TR and this makes the process directly dependent on the number of
repetition times and the time between each repetition. A moving patient or organ will produce
a phase disparity between lines, resulting in ghosting artefacts in the image. This often occurs
due to respiration when imaging the thorax or due to peristalsis in the abdomen. If data points
are collected at different times and from different positions of an organ due to movement, this
will degrade the image quality (80).

There are strategies available to overcome the artefacts produced by movement. External
devices can help to synchronize the data collection during respiration and overcome artefacts;
these can include a respiratory belt or the use of an electrocardiogram (ECG) to monitor the
heartbeat. This will also increase the acquisition time and reduce the overall efficiency of the
examination time (81). Another approach is to ask the patient to breath hold, but this limits
the attainable resolution and scan times of the images and is not suitable for all patients.
Another method is to use a non-Cartesian method called Periodically Rotated Oversampling
Parallel lines with enhanced reconstruction (PROPELLER) where a data block containing a
number of parallel lines is acquired. After every repetition time, the block is rotated to cover a
different part of the k-space (Figure10b). After several rotations, the data obtained will nearly
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cover the whole k-space. This results in oversampling data at the center of the k-space, and so

reduces the artefacts (82). Vendor-specific names for this method are BLADE (Siemens
Healthcare) and MultiVane (Philips Healthcare) (75). The main benefit of this radial

technique is the reduction of artefacts from movement (75,83).
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Figure 10a. Cartesian sampling with linear (a), centric (b) phase encoding in comparison to
radial sampling (c) of the k-space. In this example, the width of the data block is a single line.
Adapted from Fyrdahl et. al. (2018). Copyright © 2018 International Society for Magnetic
Resonance in Medicine. Published by John Wiley & Sons Inc.
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Figure 10 b. Shows a PROPELLER sampling approach. Courtesy of Allen D. Elster,
MRIquestion.com. Copyright© 2020 AD Elster, ELSTER LLC.
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A relatively new method to reduced artefact involves the collection of raw data in a random
fashion, which is then reconstructed using a compressed sensing technique; this may, in the
future, provide a good image quality, with fewer motions artefacts, short scan times and
flexibility of post reconstruction images, with different temporal resolution (84).

2.5.2 Golden angle in radial sampling

Another approach to sampling is to collect a single line of data for each repetition time and
then rotate a certain amount of degrees when collecting the next line (figure 11). This radial
acquisition technique has several advantages. One is that motion artefacts appear as streaking
lines over the image, with much lower intensity than Cartesian images. The artefacts will be
spread in the whole image, with less signal intensity, because the lines pass through the center
of the k-space every repetition time (85). Azevedo et al. (86) used a radial GRE in patients, in
both adults and pediatric patients with breath holding difficulties and found that the use of a
3D T1 weighted GRE radial sampling was feasible when scanning the abdomen.

Incrementing the number of spokes using standard Radial sampling

/%%/%%/

Figure 11 Simulation of the standard radial sampling distribution of lines collected in k-space

in a certain period of time.

Another popular radial method is the golden angle approach, which uses an incremental
technique determined by dividing 180 degrees by the golden ratio. The most common
approach is to use the larger of the two resultant angles (111.246 degrees). This increment
keeps the distribution of the lines ‘well dispersed’ over the k-space, independent of how
many lines are collected (Figure12). The gap between two adjacent spokes can only be one of
three different angles. If the number of lines is a Fibonacci number, then only two different
gaps occur. The distribution of the lines, independent of number collected, allows for a huge
flexibility in the reconstruction. The reconstruction can be made using many lines after a
certain time to obtain a good resolution and SNR but with poor temporal resolution. The
reconstruction may also be made from fewer lines from the same collection, obtaining several
images with high temporal resolution (Figure 13). This post-reconstruction technique is
called the ‘sliding window’ (87).
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Incremental increase in the numbers of spokes using golden angle radial trajectory

111,246°
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Figure 12 Example of golden angle radial sampling achieving more symmetrical distributions
of the lines over the k-space, over a certain period of time.

In recent years, a number of publications have detailed the use of radial sampling with the
golden angle approach and post-reconstruction capability (88, 89). Stroud et al. (90) used this
technique to examine the whole heart and the thoracic aorta to improve image quality when
using golden angle sampling. Other investigators have used the possibility of extracting
respiratory movement information from golden angle sampling to improve image quality,
without the need for an external device to capture the movements or a breath hold technique
(91, 92). In abdominal and thoracic imaging, the movements of chest and abdominal wall
reduce the quality of the images.

When using the golden angle approach, a post reconstruction technique, can be used to
improve the image quality, resulting in fewer motion artefacts (93). This reconstruction
technique also allows the possibility to obtain images with high temporal resolution, (94, 95)
or to allow post-reconstruction of the radial samples obtaining different slice thickness and
position when scanning with continuous table movements (96).
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Figure 13. The upper panel shows a golden angle radial image reconstruction using 144
spokes and the bottom panel shows a reconstructed image using 1345 spokes.

Vargas Paris et al.
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3 RESEARCH AIMS

3.1 THE AIM OF THE THESIS

The overall aim of this thesis was to investigate the capability of different magnetic resonance

sequences to depict acute pulmonary embolism (PE).

3.1.1 Studyl

The aim of this study was to demonstrate the capability of balanced steady state free
precession (b-SSFP), using a repeating slices position approach and in three different
orthogonal planes, in patients with acute PE.

3.1.2 Study I

The aim of this study was to demonstrate the capability of diffusion weighted imaging (DWI)
depicting acute PE

3.1.3 Study Il

The aim of this study was to test a new radial sampling technique to improve image quality in
b-SSFP when imaging the pulmonary arteries.

3.1.4 Study IV

The aim of this study was to test the clinical capability of the radial sampling approach
(Study III) a golden angle radial b-SSFP when examining patients with suspect acute PE

3.1.5 StudyV

The aim of this retrospective study was to analyse all patients who only examined with MRI
only if their physician suspected the presence of a PE, and thereby assess the potential of
MRI alone to diagnose acute PE.
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4 MATERIALS AND METHODS
41 STUDYI

4.1.1 Patients and volunteers

We scanned 33 in-house patients with suspected PE consecutively. All MRI examinations
were performed after computed tomography angiography (CTA). This cohort consisted of 10
women and 23 men with an average age of 48 years. As most of the patients were true
positive, a group of 37 volunteers (22 women) were also included in the patient’s sample.

4.1.2 Imaging protocol

The CTA was performed on a Lightspeed VCT scanner (GE, Healthcare, Milwaukee, WI,
USA). All patients and volunteers were also scanned with a 1.5 T MRI scanner (AERA,
Siemens Healthcare, Erlangen, Germany), with a Torso coil and 18 different coils elements.
A 2D b-SSFP sequence was used, with a TR/TE of 2.8/1.23 ms, 4.5 mm slice thickness with
a negative gap of 60%. Pixel resolution was 0.9 x 0.9 mm. The flip angle was 70°. Three
different orthogonal planes were scanned (transversal, sagittal and coronal) and every slice
position was repeated 5 times. Neither triggering or breath holding techniques were used
when scanning with b-SSFP.

4.1.3 Image analysis

All data and MRI images were blinded for analysis by two radiologists (R1, R2). A specialist
thoracic radiologist reviewed the CTA and was not given any information collected from the
MRI examinations. In cases where there was no consensus of results (MRI vs. CTA), a
further review was made. Different pulmonary territories were evaluated, for example, the
central arteries, lobes, segment and subsegment arteries, in the right and left side of the body.
We calculate the sensitivity, specificity, the positive, and the negative predicted values.

4.2 STUDYII

4.2.1 Patients and volunteers

We recruited 20 in-house patients who had PE that had been verified with CTA. Sixteen men
and 4 women were included, with a mean age of 59 and 57 years respectively. Mean waiting
time between the CTA and MRI was 26 h. Because the cohort did not include any PE-
negative patients, a group of 20 healthy volunteers were also recruited, consisting of 16
women, and four men of mean age 45 and 43 years respectively.
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4.2.2 Imaging protocol

All patients and volunteers were scanned with an MRI 1.5T (AERA, Siemens Healthcare,
Erlangen, Germany). A torso coil with 18 coils elements combined with a spine coil were
used. The initial scan made was a transversal b-SSFP with TR/TE 3.6/1.3 ms, 0.9x 0.9 x 4.4
mm?, slices 90, which was used as an anatomical reference. The second scan was a single
shot echo planar diffusion weighted imaging at the same plan. Three different b values of 50,
400 and 800 s/mm? were used with a TR/TE 5600/60 ms and a resolution of 2 x 2 x 5 mm?>.
Neither respiratory nor cardiac triggering was used. Patients and volunteers were instructed to
breathe normally. [Pat factor 2 was used in both sequences.

4.2.3 Image analysis
Open Source Analysis (OSA)

All images were presented as an open source, i.e. the patient’s images, CTA and MRI (b-
SSFP, DWI), were evaluated at the same time. All images were read using the Picture
Archive System (PACS). We used the b-SSFP to guide and confirm the position of a find,
due to the poor quality of the anatomical information provided by DWI. A high signal in
DWI were confirmed as a true positive if the signal was classified as, in an artery position,
when looking the b-SSFP. If no artery correlation was found, then the signal was classified as
a lymph node. When a find had high signal for the three b values, we calculated an apparent
diffusion coefficient (ADC).

Blinded Diffusion Analysis (BDA)

One year following the initial observation, further analysis was made by two radiologists
(Observer 1 and 2); these observers were not given any patient information or CTA images;
only DWI images were available to check for any signs of PE (high signal intensity). The
results were later correlated to CTA and also to the b-SSFP.

4.3 STUDYI

4.3.1 Patients and volunteers

Ten healthy volunteers (46+11 years) were recruited to the experiment, plus two patients with
confirmed PE (CTA validated).
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4.3.2 Imaging protocol

The volunteers and two patients were scanned with an MRI 1.5 T (AERA, Siemens
Healthcare, Erlangen, Germany) using a Torso coil with 18 different elements and combined
with an integrated spine coil. Two different b-SSFP sampling techniques were used,
Cartesian (a) and golden angle radial (b) samplings schema (Figure 14), using a sliding
window reconstruction technique.

0

a) Cartesian sampling b) Golden angle radial sampling
L)

180

Figure 14 Shows Cartesian a) and golden angle radial b) sampling trajectories.

Cartesian images were made with a TE/TR of 1.8/3.2 ms, with 163 lines covering the raw
matrix data, and a temporal resolution of 522 ms. The radial sampling was made with TE/TR
1.8/3.6 ms, a total of 1345 spokes were used to sample the whole raw data space. A
retrospective reconstruction was made with 144, 610 and 1345 spokes. Both sequences hade
IPat factor 2, and 3 mm slices thickness and covered the same anatomy.

4.3.3 Image analysis

Two radiologists, both blinded to Cartesian and radial sampling, were asked to score the
images using a 1 to 5-point scale, where 1 was the worst and 5 was the best image quality
possible. The images from the two patients were used to confirm the contrast-to-noise ratio
between the blood and the emboli and confirmed by CTA. Three series with different
amounts of spokes were generated from the radial sampling. The first was to achieve a
reconstruction as close to Cartesian sampling time (144 spokes). The second was a
reconstruction with fully sampled data (610 spokes), while the third used all the data
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acquired, and all spokes present during the acquisition (1345 spokes). A sharp analysis of the
pulmonary arteries was also made in the Cartesian and radial b-SSFP sequences.

4.4 STUDYIV

4.4.1 Patients

We recruited 76 different patients that were referred for a CTA due to a suspicious, acute PE.
Sixty-four patients took part in the study. Thirty-three females with a mean age of 68.8, (36-
90 years) and 31 males, mean age 62 (27-89). All patients were required to have an MRI
examination prior to the CTA. The mean time between MRI and CTA was less than an hour.

4.4.2 Imaging protocol

All patients were examined in an MRI scanner 1.5T (AERA, Siemens Healthcare, Erlangen,
Germany) and in a CT scanner, Lightspeed VCT (GE, Healthcare, Milwaukee, WI, USA).

The MRI b-SSFP sequences were the same as those used in Study III, golden angle radial
sampling with a sliding window reconstruction, and a Cartesian sample (as per Nyrén et al
but with different slice thickness; TR/TE 3.2/1.6 ms, GRAPPA 2, 163 k-space lines) and a
golden angle radial trajectory (according to Fyrdahl et al; TR/TE 3.6/1.8 ms with 1345
spokes). Similar parameters for both sequences were flip angle 60°, receiver bandwidth 1008
Hz/px, FOV 450 x 450 mm?, and voxel size 1.6 x 1.6 x 3 mm?>. The Cartesian sampling time
was 522 ms and the radial sampling with 144 spokes resulted with a time of 518 ms. This was
chosen to achieve a similar time between the sequences.

4.4.3 Image analysis

Two different observers (R1 and R2), who were blinded to the CTA images and results, were
asked to score the radial sampling for the presence or absence of PE; the scale ranged from 1—
2 for negative or normal and probably normal, or 4-5 when they were sure or very sure they
had observed a PE, while 3 was used to give bad quality images an score, meaning that if the
observer could not give an answer, and the examination should be repeated. We generated a
table with 48 different arteries position to be scored, which was divided into central, lobes,
segmental and subsegmental, at the right and left lung; this generated 3072 points to be
scored.

Six months later R1 was asked to score the Cartesian sampling, using the same scoring
system. A third observer (R3) was asked to score blinded images of 64 patient CTAs, using
the same protocol as above. R3 also performed an extra analysis of four different patients,
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looking only to radial images with three different reconstructions. The time between the
observation of the CTA and the MRI image was 3 to 4 months. The reconstructions used 144,
610 and 1,345 spokes generating 12 different observations. The sensitivity and specificity of
the golden angle radial and the Cartesian sampling was calculated, and the level of
improvement, if any, of PE detection when using different amount of spokes in four patients
selected from the group of 64 was investigated.

4.5 STUDYV

4.5.1 Patients

Several patients (2012-2018; 27 women/30 men) could not undergo the standard CTA due to
contraindications including renal failure, iodine allergies, pregnancy and radioactive iodine
therapy, and so underwent the MRI examination protocol used in Study I.

Information on the quality of the MRI images, the presence or absence of PE, and other
findings present in the images, along with the clinical outcome of every patient after three
months and one year were extracted from the Electronic Medical Record system (EMR).

4.5.2 Image protocol

All patients were examined in a 1.5 T scanner (AERA, Siemens Healthcare, Erlangen,
Germany). A torso coil was used in combination with a spine coil, using the same 2D b-SSFP
sequence as in study I. MRI is currently not a standard examination when looking after PE.

4.5.3 Analysis

The standard radiology reporting protocol utilized by the hospital includes two reviewers, the
first making a preliminary report, followed by the second who defines the final report; this
method was adopted in this study. Several patients, including those who were thought to have
PE, received anticoagulation treatment before their MRI. Those patients who had a negative
MRI and then presented with a thromboembolism within a year of the EMR reading, were
considered as a false negative. True negatives were classed as those who had a negative MRI
and no thromboembolism within a year according to EMR. Patients who presented with signs
of PE, for example a defect of filling in vessels upon MRI, were considered to be positive for
PE. We could not assign false positive results, because of the lack of a reference method.
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5 RESULTS

5.1 STUDYI
Results

Of 33 patients in the study, 29 were identified as true positive for CTA. For b-SSFP, R1
detected 27 CTA correctly, representing a sensitivity of 93%. R2 identified 26 cases of CTA
correctly, giving a sensitivity of 90%. Both observers showed 100% specificity. Two of the
patients with CTA that were not identified by b-SSFP had subsegmental emboli only.

5.2 STUDYII
Results

In terms of OSA, 370 (100%), emboli were identified in the patient group with CTA. The b-
SSFP technique found 237 (64%) of those. With DWI, the b value 50 identified 327 (88%),
the b value 400 identified 245 (66%), and b 800 identified 138 (37%).

Of the b 50 identifications, 22 were false positive in the patient group and 66 were false
positive in the healthy volunteer group. The results of the BDA analysis found a total of 204
emboli; 34 of these were lymph nodes, while 160 were true positives. Later analysis found
that 68 of these positive findings could not be correlated to the b-SSFP, while 10 finding were
not related to vessels.

5.3 STUDYI
Results

Study IIT was designed to test a new radial sampling technique to improve image quality in b-
SSFP when imaging the pulmonary arteries. Both sequences showed artefacts derived from
respiratory motion and flow. The Cartesian technique was most sensitive to these
perturbations. The diagnostic quality improved when the number of spokes was increased.
The respective scores were Cartesian 2.2 +0.6, Golden angle 144 spokes 2.3 £0.7, 610 spokes
2.8 +0.8 and 1345 spoke 3.5 +0.9. In one of the volunteers, it was found that ECG triggering
improved the image quality the most in comparison to respiratory triggering and breath
holding.

Most of the Cartesian images identified severe artefacts especially in the central arteries,
when compared to radial sampling, which was associated with under-sampling or streaking
artefacts (Figure 15). The scores showed no difference between the sequences. This test
demonstrated that radial sampling had the best diagnostic quality and sharpness of image for
the vessels.
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Figure 15 A) Cartesian imaging with flow artefacts (white arrow); B) radial imaging showing

streaking artefacts (yellow arrows).

5.4 STUDYIV

Results

From the 64 patients included in this study, a total of 3072 different arteries were observed.
CTA identified a total of 183 emboli from this cohort, with R 1 matching 40 of these while R
2 found 32. The best radial MRI results for both observers were found in the right lower lobe
region; R 1 identified 23 emboli and R 2 24, with CTPA identifying 66 in total. The least
accurate radial sampling results came from the right and left upper lobes; here, in the right-
side CTPA identified 27 emboli, while R 1 found 2 and R2 zero. For the left-side, the
findings were 18, 1 and zero for CTA, R 1 and R 2 respectively. When comparing the quality
of the Cartesian and radial techniques, the results showed poor quality images in 29.7% and
23.4% of the Cartesian images at lobar right and left level. The radial technique revealed that
only 2% of the images were of poor quality at the same level. The comparison of the extra
reconstructions in four patients with differing amounts of spokes found a decrease in
sensitivity when the number of spokes was increased (21.4% for 144 spokes, 21.4% for 610
and 11.9% for 1345).

5.5 STUDYV

Results

MRI identified 12 patients with a positive PE and four patients were subsequently given
anticoagulant treatment because of these findings. Thirteen patients who were suspected of
having PE after clinical examination and then administered anticoagulants were found to
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have a negative MRI and treatment thus suspended. A report of other finding was made,
including effusion, consolidation, etc. One patient presented with a deep vein thrombosis
(DVT) after a three-month checkup, and then had a stroke at 12 months, having presented
with a negative MRI. Another patient also presented with a stroke but had a positive MRI.
Eight patients died after three months and six within a year, but none of those patients died
due to complications from DVT or PE. If a patient presented with a VTE in the EMR,
together with a negative MRI, then the finding was considered a false negative. We obtained
a sensitivity of 92.3% and a specificity of 100%.
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6 DISCUSSION AND CONCLUSIONS

6.1 STUDYI

The study demonstrates that b-SSFP, used with 5 different slices at every position and with
three orthogonal planes, has a good sensitivity and specificity. Neither breath holding nor
cardiac triggering was included in our protocol, making the examination easy to perform.
Two false negatives were reported in the study; both involving subsegmental embolism. It is
known that MRI has difficulty in detecting small emboli in comparison to CTA, because of a
lack in geometrical or temporal resolution. Twenty-nine of the 33 (88%) patients were
positive, which is not representative of the normal distribution of PE cases; a figure of around
20% would be expected and this elevated distribution may have had an impact on the results.

Opverall, the results found that b-SSFP using three different planes and 5 slices per position
can be considered as an alternative in those patients that have a suspected PE but are
contraindicated for CTA.

6.2 STUDYII

This study showed that DWI shows good sensitivity but suffers from poor specificity when
detecting PE. The range of b values show different capabilities for detecting PE; for example,
b 50 shows good sensitivity but an extremely poor specificity of 15%. The DWI sequence
should not be used alone to investigate PE, however, it may be used as a supplementary
technique when investigating other pathologies such as malignancies.

6.3 STUDY I

In this study, it was found that golden angle radial sampling schema produced images with a
higher diagnostic quality than those made with Cartesian sampling. A good quality of image
was also obtained when ECG was used; however, this may defeat the objective of the
technique, as the b-SSFP protocol uses very short examination times, with speed of diagnosis
being of benefit to the patient with suspect PE. An ECG triggered sequence will prolong the
total examination time, the patient preparation and the scanning period.

6.4 STUDYIV

This study determined that the golden angle radial b-SSFP technique suffers from a low
sensitivity and should not be used alone to depict acute PE. The aggregation of one or two
more orthogonal planes to the protocol could be used to improve the detection of PE. In
addition, the number of spokes used should be chosen carefully to achieve a good image
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quality. The use of a reconstruction using spokes not contaminated with either respiratory or
cardiac movements may help the efficacy of future studies.

6.5 STUDYV

This study reports the clinical outcome of 57 patients who were examined only with MRI due
to a contraindication of CTA. No reference method was used. The data extracted from the
EMR shows that there was one possible false negative. This patient presented with a DVT at
the three-month control and then had a stroke within a year. We assume that all other
negative MRI results not presenting with VTE in the EMR controls were true negatives, but
without a reference method this is just speculation. We demonstrated that the MRI b-SSFP
protocol can be used in the clinical management of patients presenting with a contraindication
to CTA when treating PE.
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7 ETHICAL CONSIDERATIONS

All studies included in this thesis were made in accordance with the Declaration of Helsinki
(97), and were approved by the local ethics committee. All patients and volunteers were
given written and verbal information on the study, and they were also interviewed with
regards to the safety protocol, which included the MRI checklist to approve scanning in a
magnetic field, according to the standard regulations of MRI safety at the hospital.

Each patient’s treating physician was consulted to ascertain if they could be included in the
study. No treatment was delayed due to the trial; most of the patients were already receiving
treatment when they participated. In addition, there was no treatment delay when the study
required that MRI was made prior to the standard examination, as it was performed in the
period while the patient was waiting for the CTPA.

All patient and volunteer images were anonymized when presented to the radiologists. If a
radiologist found some valuable clinical information when analyzing the images, this was
reported to the patient’s treating physician. In the volunteer group, the radiologists made
findings in two people that were of clinical interest, however, neither of these lead to further
investigations.

All patients and volunteers were examined using the standard hospital MRI scanner, with the
corresponding standard technical regulation, following the MRI safety recommendation of
both the hospital and international MRI safety guidelines (98, 99).
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8 POINTS OF PERSPECTIVE

Several years have passed since the Prospective Investigation of Pulmonary Embolism
Diagnose (PIOPED III) study (37), which compared magnetic resonance angiography to
other techniques used to depict PE. In recent years, many investigators have tested the b-
SSFP technique to diagnose PE and thus avoid the need to use intravenous contrast media,
which is of benefit to those patients who are contraindicated. This type of sequence provides
a fast image acquisition with a good contrast to noise ratio. Most of the previous studies use
standard Cartesian sampling, which is sensitive to motion artefacts and so necessitates the use
of a different technique to compensate or reduce the negative influence of motion from
respiratory or cardiac movement. A respiratory compensation technique can be used, but this
prolongs scan times. Alternatively, patients can be asked to hold their breath during the
acquisition but in patients with suspected PE, they are often incapable of performing this
maneuver. A shorter scan time can also be used when using the breath hold technique,
however this results in a reduced image resolution. In recent years a new approach using
radial sampling has become available which does not compromise in either resolution or
scanning speed; the present study demonstrated that radial golden angle sampling is less
sensitive to artefacts coming from flow or respiratory movements.

Currently there is no literature detailing use of the radial golden angle technique when
investigating PE. Our protocol is based on the idea of repeating slices at the same position.
This approach was demonstrated by Kluge et al. and in our own study, Nyrén et al. The
effectiveness of having a choice of 5 slices placed at the same position suggests that “at least
one of these should have good diagnostic quality”, as cited by the radiologists reviewing the
images.

The radial golden angle post-reconstruction software allows the user to determine how many
slices will be used per position. In our study, when using 144 spokes of a total of 1345, we
obtained 21 different slices in every slice position. This is a huge increment in comparison to
the 5 slices used in the Cartesian approach. However, the radiologists reported that the
jumping phenomena between the slices was very distracting. This problem should be
addressed when looking so many images with a short temporal resolution.

In order to obtain a high-quality image, we determined that the key factors are a short
acquisition time, a good amount of signal to noise ratio, as few artefacts (movements, flow
and striking) as possible, avoidance of jumping phenomena, and good contrast between blood
and thrombi.
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Future studies should be made with a software reconstruction algorithm that gives the
radiologist the freedom to use the optimal temporal resolution as estimated for the individual
patient, as individuals will have different patterns of respiratory movement. Selection of the
number of spokes used is also key to quality; some images will have more clarity with under-
sampling (144 spokes) while others will be better with over-sampling (144—1345). We
should, perhaps, use a temporal resolution, depending on the patient’s respiratory rate. In
cardiac MRI studies, is possible to extract information from heart or respiratory movements
from the total radial acquisition. This technique does not use spokes in the reconstruction of
the images, which are contaminated with these movements and thus should give a better
quality, or cleaner image. This flexibility in temporal resolution is one of the great advantages
of the golden angle radial technique.

It would be of diagnostic benefit to the radiologist to scan in a different orthogonal plane, or
alternatively the possibility of using radial golden angle 3D scanning could be investigated,
as this would give radiologists the freedom to choose the plane needed. The continuing
technical advancements of MRI will help to improve the quality of the images, for example,
acceleration software that allows parallel imaging, such as Sensitivity Encoding (SENSE),
Integrated Parallel Acquisition Technique (IPat), Generalized Auto-calibrating Partially
Parallel Acquisition (GRAPPA) or Array Spatial Sensitivity Encoding Technique (ASSET).
The development of new reconstruction software, for example Compressed Sensing, will help
to improve the image, reducing the noise artefact. A valid question is whether software can
help to improve in the speed of imaging with MRI. This is critical when scanning parts of the
body that are in continual motion, such as the lungs and heart, and an increase in scanning
speed should also improve the image quality in DWT; this technique requires the raw data to
be processed quickly to obtain good images, good signal and little distortion.

New coil designs are also coming to the market; those which are soft and sheet-like allow the
thorax to be surrounded, thus improving signal detection and this approach should be more
comfortable for the patient due to the light weight. Other coils have longer elements to
improve signal detection and allow the use of a higher acceleration factor when using SENSE
or [Pat or ASSET; this should increase the signal to noise ratio and reduce the scan time or
increase the temporal resolution. Finally, greater cooperation between the manufacturing
industry and clinicians would allow co-development of new tools to improve image quality,
speed, diagnosis and patient comfort.
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