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Abbreviations

Mg microgram

2D two-dimensional

3D three-dimensional

4D four-dimensional

ACHD adult congenital heart disease

CC cardiac catheterization

CT computed tomography

CD-ROM compact disc read-only memory

CFD computational fluid dynamics
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Cl confidence interval
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g gram
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HDIR high dose ionizing radiation

Hz hertz

ICD implantable cardioverter defibrillator device
kg kilogram

I liter

LDIR low dose ionizing radiation

LPA left pulmonary artery

m meter

mg milligram

min minute

mi milliliter

mm millimeter

mmHg millimeter of mercury

mmol millimole

MPA main pulmonary artery
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picture archiving and communication system
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phase contrast

percent
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parallel imaging

Pressure Poisson equation
pulmonary to systemic flow volume rate ratio
radiofrequency
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right pulmonary artery
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second

standard deviation
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tetralogy of Fallot
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1 Introduction

Congenital heart disease (CHD) is the most common type of birth defect
with an overall incidence of 75 per 1000 live births. Moderate and sever
forms of CHD, which require expert cardiologic treatment, account for 6
per 1000 live births, newborns with bicuspid aortic valves not included
(Hoffman & Kaplan, 2002). The overall prevalence for CHD in Germany
accounts for 1.08% (Lindinger, Schwedler, & Hense, 2010).

CHD covers a broad spectrum of heterogeneous malformations of the
cardiovascular system including nine groups, each with numerous
independent diagnoses according to the 10th edition of International
Classification of Diseases by the World Health Organization (WHO,
2016).

Over recent decades the life expectancy of patients with CHD has
dramatically increased. Therefore, specialist societies had been
encouraged to establish a new branch of cardiology named adults with
congenital heart disease (ACHD), also referred to as grown-ups with
congenital heart disease, since adults have exceeded children in
prevalence for CHD. The decrease in mortality is a result of improvements
in all fields that are necessary for the successful treatment of patients with
CHD but mainly in cardiac surgery. Not only periprocedural patient care
and invasive procedures are crucial for a better clinical outcome. It is also
important to make a correct diagnose, select more suitable patients prior
to procedures and carry out a long-term patient follow-up (Khairy et al.,
2010; Marelli et al., 2014). Other factors may also play a role, like an
increase in advanced prenatal diagnostics resulting in better care
immediately after birth but also in termination of fetuses with most severe
forms of CHD (Carvalho et al., 2004).

However, adult patients with CHD still have a higher mortality compared
to the normal population, especially at younger age (Verheugt et al.,
2010). Only those patients diagnosed with atrial septal defects and a
patent ductus arteriosus are considered cured after the correction of the
anatomical malformations (Nieminen, Jokinen, & Sairanen, 2007). CHD
itself is the mortality cause with the highest prevalence in children
suffering from CHD. Lesion severity and age at the time of surgery are

significant predictors of survival in pediatric patients during the first year
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after surgery (Chang, Rodriguez, Lee, & Klitzner, 2006). Congestive heart
failure, by the majority a multifactorial emergence (Stout et al., 2016), and
sudden cardiac death, predominantly induced by malignant arrhythmias
(Koyak et al., 2012), are the most common causes of a CHD related death
in adults (Engelings et al., 2016). With more than 80%, cardiovascular
conditions are the most common reasons of a primary cause of death
associated with hospitalization of adult CHD patients (Engelfriet et al.,
2005). Beside a higher mortality attributable to CHD and subsequent
cardiovascular conditions, patients with CHD have increased non-CHD
related comorbidities, too (Nieminen et al., 2007).

Health professionals are often initially consulted when symptoms like
shortness of breath occur for the first time. However, these symptoms
may not become manifest until irreversible pathological processes have
already been triggered. Therefore, to mitigate the clinical course of
patients with CHD and to prevent consecutive comorbidities, it is
important to perform a careful surveillance of the structural and functional
status of the cardiovascular system before the onset of symptoms, to
early detect hemodynamic and morphological as well as
electrophysiological changes (Diller et al., 2005; Gratz, Hess, & Hager,
2009).

Apart from the medical history, physical examination, cardiopulmonary
exercise testing and electrophysiological evaluation, imaging is
paramount for a lifelong support of patients with CHD (Warnes et al.,
2008). Due to the heterogeneity of the population with CHD and different
strength and weaknesses of each imaging method, the individual patient
can benefit from the application of multiple imaging modalities, which
together should be sensitive, practical, reproducible, cost effective and at
best non-harmful (Babu-Narayan, Giannakoulas, Valente, Li, & Gatzoulis,
2015).

The first-line investigation method for initial assessment and longitudinal
evaluation of the anatomical as well as functional status of the heart and
great vessels in CHD is transthoracic echocardiography (TTE). TTE
comes along with an excellent spatial and temporal resolution of
intracardiac structures, a broad availability, cost efficiency, the ability to

measure hemodynamic parameters like blood flow velocity and the



consequential estimation of relative pressure gradients or absolute
pressures in the right ventricle (RV). The diagnostic reliability of TTE in
most forms of CHD can be high with a low percentage of major diagnostic
errors in infants (Dorfman, Levine, Colan, & Geva, 2005). TTE is mainly
limited by the acoustic window through coastal ribs, a restricted access to
deeper body structures, compromised evaluation of complex lesions and
compromised reevaluation after multiple invasive procedures. TTE has a
relatively high observer-dependent variability due to an inaccurate
positioning of the ultrasound beam related to blood flow and/or eventual
miscalculation of cardiovascular geometries (Kupfahl et al., 2004; Wong,
Spina, Toemoe, & Dhital, 2015).

For a long time, cardiac catheterization was essential to detect and
comprehend pathophysiology mechanisms that are etiological for many
cardiovascular conditions. Cardiac catheterization as a diagnostic tool
might be indicated under the following broad circumstances: “First, [...] to
confirm or exclude the presence of a condition already suspected from
history, physical examination, and/or noninvasive evaluation. Second,
[...] to clarify a confusing or obscure clinical picture in a patient, whose
clinical findings and noninvasive data are inconclusive. Third, it is
performed in some patients for whom corrective cardiac surgery is
contemplated to confirm the suspected abnormality and to exclude
associated abnormalities that might require the surgeon’s attention.
Fourth, [...] purely as a research procedure” (Cardiovascular
Catheterization and Intervention: A Textbook of Coronary, Peripheral, and
Structural Heart Disease, 2010).

Nowadays, cardiac catheterization should be reserved for interventions
rather than the routine determination of the hemodynamic status quo
because of well-established and less harmful alternatives (Nishimura &
Carabello, 2012). Nevertheless, cardiac catheterization is the reverence
diagnostic tool for angiography and hemodynamic evaluation. In clinical
diagnostics of CHD, cardiac catheterization is indicated to calculate
pulmonary resistance and absolute pressure gradients. Moreover, it is
used to assess coronary arteries, pulmonary atresia, graft vasculopathy,

collateral vessels and shunts through oximetry and/or flow ratios,



inconclusive findings after non-invasive imaging or in other less frequent
situations such as biopsies (Feltes et al., 2011).

In order to protect the patient from a higher risk of cancer, diseases other
than cancer and heritable germ line mutations caused by stochastic
effects of low dose ionizing radiation1 (LDIR) (UNSCEAR, 2012), the
treating physician should carefully balance risks and benefits when
considering a non-therapeutic cardiac catheterization procedure, to
minimize radiation exposure following the “as low as reasonably
achievable” principle (Mathews et al., 2013). This is especially important
for neonates undergoing surgery, patients with genetic syndromes or
severe CHD. It has been reported that the overall exposure to radiation in
these subsets come to > 20 mSv/year compared to < 3 mSv/year affecting
most patients with CHD (Glatz et al., 2014). Johnson and colleagues
published data which display a median cumulative LDIR exposure per
patient in their CHD study cohort of 2.7 mSyv, although with a wide range
of 0.1 to 76.9 mSv and higher effective doses reported for those with more
complex cardiac anomalies. Additionally, “[m]edian lifetime attributable
risk of cancer ranged widely [...] and was twice as high in females per unit
exposure (0.04% versus 0.02% per 1 mSv effective dose [...])” (J. N.
Johnson et al., 2014).

The fact of a higher susceptibility of radiation induced leukemia and
certain types of solid cancer in children is well recognized, since age at
exposure is an important determinant of malignancy risk associated with
LDIR (ICRP, 2015; Preston et al., 2007). This needs to be emphasized
as more than 80% of patients with CHD undergo a diagnostic and/or
therapeutic cardiac catheterization procedure at < 18 years of age. Of this
group even more than 25% are < 1 year of age (Jayaram et al., 2015).
From 1990 until 2005 the median age at first LDIR exposure of children
with CHD dropped from 5 years to 9.6 months. In the same period patients
have been exposed increasingly to either diagnostic or therapeutic LDIR-
related procedures. The three-year procedure rates of all modalities per
1000 patients have doubled from 58.1 to 119.2 within that time span.

Diagnostic cardiac catheterization contributes with 44.1 procedures per
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1000 patients. Therefore, diagnostic cardiac catheterization accounts for
the biggest rate of all LDIR-related procedures. Additionally, therapeutic
or interventional cardiac catheterization is the fastest growing LDIR
emitting modality in CHD (Beausejour Ladouceur et al., 2016).

It appears that there is no radiation threshold beneath which stochastic
effects do not occur (Monson et al., 2006). On the contrary, tissue
reactions like skin erythema, formerly known as deterministic effects, do
have a threshold. At the same time, the degree of severity of tissue
reactions is directly proportional to radiation exposure (ICRP, 2012).
Although the majority of international bodies base their radiation
protection recommendations on the linear-no-threshold model,
‘managing radiation risk commensurate with a precautionary principle”
(ICRP, 2015), other dose response models for LDIR exposure cannot be
ruled out and the topic remains controversial (Tubiana, 2005). Some
research groups even proclaim a beneficial effect for LDIR exposure in
non-human research models (Calabrese, 2013).

Recent studies about gene expression alterations in human cells as a
response to LDIR suggest that these alterations on biomolecular levels
might differ not only quantitatively but also qualitatively from high dose
ionizing radiation2 (HDIR) exposure. Some alterations caused by LDIR
maybe prosurvival compared to those following HDIR. However, it is also
imaginable that exposed cells carry a risk of increased mutation load,
potentially leading to carcinogenesis (Sokolov & Neumann, 2016).
Generally speaking, negative or positive effects of LDIR or LDIR rates on
exposed tissues depend on sex, age, genetic background, acute or
chronic irradiation and type of irradiation (Tang, Loke, & Khoo, 2017).
Apart from the negative impact of fluoroscopy, cardiac catheterization
might have immediate negative consequences for the patient as well.
Adverse events of high severity can occur in up to 5% of CHD related
diagnostic cardiac catheterization procedures (Bergersen et al., 2010).
Because of a high spatial resolution, cardiac computed tomography (CT)
is mostly employed for comprehensive and complementary anatomical

studies. Apart from cardiac catheterization, it is the imaging modality with

2>100 mSv
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the highest accuracy of the assessment of coronary artery anomalies in
patients with CHD. Also, cardiac CT is a reasonable method to investigate
lung parenchyma, airway anatomy and extracardiac structures. Newest
scanners are capable to acquire images within one heartbeat and are
therefore particularly suitable to evaluate hemodynamic instable patients
with a suspected pulmonary embolism or the like. Cardiac CT especially
comes into play when non-radiating imaging modalities are
contraindicated or have a lower sensitivity and/or specificity for the clinical
question of interest.

As stated above, cardiac CT is obviously unattractive for serial
measurements due to LDIR exposure. Cardiac CT “should be reserved
for situations in which it is expected to provide unique diagnostic
information for the individual patient or clinical indication and/or less risk
than other modalities” (Han et al., 2015).

lodinated contrast agents enable and/or greatly enhance the diagnostic
capabilities of cardiac catheterization as well as cardiac CT. lodinated
contrast agents can lead to lodinated contrast agent induced postcontrast
acute kidney injury or contrast-induced nephropathy (CIN). Adult patients
with an impaired kidney function at eGFR < 45 ml/min/1.73m2 are at a
higher risk to develop CIN (Davenport, Khalatbari, Cohan, & Ellis, 2013).
“Risk factors for CIN in children are thought to be similar to those in adults”
(Ellis et al., 2015).

lodinated contrast agents can lead to acute thyrotoxicosis in
autonomous/autoimmune hyperthyroid patients, too.

Another way to not only evaluate morphology, but also functionality of the
cardiovascular system, comes in the form of cardiovascular magnetic
resonance (CMR). In 1973, Paul Lauterbur produced the first
zeugmatographic image of an object composed of two thin glass
capillaries of water inside a bigger glass tube filled with heavy water.
Lauterbur used the varying nuclear magnetic resonance (NMR) of the two
substances in interaction with magnetic field gradients to acquire two-
dimensional (2D) spatial information. He points out that the new technique
“should find many useful applications in studies of the internal structures,

states and compositions of microscopic objects” (Lauterbur, 1973).
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Today, it is possible to investigate a moving structure like the heart inside

the human body based on the same principle.
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2 Role of Cardiovascular Magnetic Resonance in
Congenital Heart Disease

Since NMR was used for the first time to create a plane image of an
object, CMR has made its way into guidelines for the management of
CHD and ACHD as an imaging modality with various diagnostic workup
applications. CMR is the reference method for blood flow and ventricular
function measurements. It complements other modalities, is rarely used
exclusively and especially helps to examine patients with complicated
lesions. CMR provides a non-invasive, reproducible, unrestricted access
to cardiovascular anatomy and physiology, without a negative impact on
the integrity of human deoxyribonucleic acid (Fatahi et al., 2016).

Steady improvements, regarding the hard- and software in the field of
CMR, have made magnetic resonance imaging (MRI) even more
competitive compared to other imaging modalities in many aspects of
CHD over the last decade. Handling CMR in CHD requires a great
expertise in pediatrics, cardiology and magnetic resonance (MR)
application particularly when anatomy is small, heart rates are high and
clinical questions are complex (Valsangiacomo Buechel et al., 2015).
CMR is the leading diagnostic tool to quantify flow, shunts, right
ventricular function, pulmonary valve regurgitation, right ventricular
outflow tract (RVOT) obstruction and biventricular mass as well as tissue
characterization, perfusion and fibrosis studies included. In comparison
with TTE, CMR is inferior in investigating pulmonary artery pressure and
small, extremely mobile structures such as valvular vegetations
associated with endocarditis. Compared to cardiac CT, CMR is inferior in
evaluating vessel collaterals, arteriovenous malformations, coronary
anomalies, and coronary artery disease as well as extracardiac masses
(Baumgartner et al., 2010). In opposition to cardiac catheterization, CMR
is not capable to calculate pulmonary vascular resistance and to measure
absolute blood pressure values. Moreover, CMR is inferior in evaluating
coronary arteries compared to cardiac catheterization (Montalescot et al.,
2013).

CMR limitations in general include availability, higher costs, time

exposure, noise, compliance especially of children and cognitively
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impaired patients, artefacts from stainless steel implants and
claustrophobia not responding to preexamination anxiolytic medication.
Additionally, CMR is limited by chronic kidney disease of higher grades,
a condition associated with gadolinium-induced fibrosis respectively
nephrogenic systemic fibrosis, caused by high doses and/or frequent
applications of gadolinium-based contrast agents (Todd & Kay, 2016).
Additionally, CMR is affected by thermal injuries caused by
radiofrequency (RF) pulses as well as induced voltages from rapidly
changing magnetic field gradients, along with high field strengths, in
electrically conductive materials inside the scanner gantry (Shellock,
2000).

CMR is relatively contraindicated for non-MRI conditional cardiac
pacemakers, implantable cardioverter defibrillator devices (ICDs),
insertable cardiac monitors and cardiac resynchronization therapy
devices, summarized under the term cardiac implantable electronic
devices (CIEDs) (Grainger, 2014).

Arrhythmias represent a frequent and serious comorbidity in patients with
CHD (Kaemmerer et al., 2008). With an aging CHD population
arrhythmias also become more and more prevalent (Walsh & Cecchin,
2007). Therapy of arrhythmias is shifting from non-operative
pharmacological treatment towards catheter ablation and CIED
implantation (Khairy et al., 2014). A small but constant increase of
insertion rates for pacemakers and ICDs in patients with CHD has been
reported (Beausejour Ladouceur et al., 2016). With a simultaneously
growing prevalence of CIEDs and increasing use of CMR in patients with
CHD, the probability is rising that CMR is found to be useful to investigate
this patient group (Fratz et al., 2013).

Three main mechanisms stand behind the concern that CIEDs could not
be safe during CMR. First, magnetic fields causing attractive forces.
Second, energy from RF pulses causing heat damage. Third, rapidly
changing magnetic field gradients inducing electrical currents. Briefly
summarized, these mechanisms might cause dangerous device
malfunctions, tissue damage or both (Schaefer, Bourland, & Nyenhuis,
2000; Schenck, 2000).

14



MRI safety screening forms help to screen patients for CIEDs as well as
ferromagnetic objects before examinations. When the patient’s history is
incomplete or not reliable in terms of cardiac procedures, a chest x-ray
can be performed to identify CIEDs in situ. Communication with the
physician maintaining the CIED and the device manufacturing company
is elementary to approve whether the CIED is MR conditional or not.
Checklists and manuals are endorsed to ensure the right handling of MR
conditional and non-MR conditional CIEDs while the patient is exposed to
the magnetic field during a scan (Kanal et al., 2013).

Patients with pacemaker-dependent non-MR conditional ICDs, CIEDs
implanted before 2002, abandoned leads and CIEDs implanted in
abdominal position are not included into the MagnaSafe study group by
Russo and colleagues (Russo, 2013). They form the population with the
highest risk for inadequate resynchronization, pacing or failing
tachycardia therapy during CMR and should undergo alternative imaging
if possible (Lowe, Plummer, Manisty, & Linker, 2015). It has been
demonstrated that CMR can be performed without adverse events even
in presence of abandoned leads and pacemaker dependent CIEDs
(Horwood et al., 2016). It is to be expected that patients, who are excluded
from CMR protocols today, will be found eligible for those by guideline
panels within the next years (Nazarian et al., 2017; Russo et al., 2017).
CMR can be performed in patients with non-MR conditional CIEDs if no
alternative method is available to acquire the additional information that
might have the impact to escalate or deescalate the patient’s clinical
management. Patients with non-MR conditional CIEDs need to be
informed that the planed procedure has an increased risk for life-
threatening arrhythmias and serious device malfunction requiring a
device replacement. A signed consent is mandatory as it is for every
patient undergoing a CMR examination. General precautions for MR
procedures with CIEDs include preimaging device reprogramming.
Precautions also include patient monitoring, provision of resuscitation
equipment, technical capability of transcutaneous pacing and presence
of an interdisciplinary team of cardio- and radiologists (Grainger, 2014;
Kanal et al., 2013).
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Every patient with implanted wires/leads, functional metallic devices other
than CIEDs or intracranial vascular clips needs to be reviewed with a risk
benefit assessment and cleared by an attending radiologist before access
to the scanner can be justified. Any kind of ferromagnetic implant (e.g.
cochlea implants, neurostimulators, catheters, artificial valves and the
like) is at risk of causing harm if RF pulses and/or rapidly changing
magnetic field gradients are delivered over the region where the foreign

object has been placed in vivo (Grainger, 2014; Kanal et al., 2013).
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3 Introducing Magnetic Resonance Imaging

The NMR signal is generated by atomic nuclei with an uneven number of
protons and/or neutrons exposed to an external magnetic field. Every
atomic nucleus with an uneven number of protons and/or neutrons has a
so called non-zero spin, such as a 1H hydrogen isotope respectively
proton as part of a water molecule. Nuclei with non-zero spins have at
least two quantum mechanic properties. First, a magnetic moment and
second, an angular momentum (Brown, Cheng, Haacke, Thompson, &
Venkatesan, 2014).

The magnetic moment of spins can be described as a vector with
orientation and length, also referred to as magnitude. Each spin vector
can be decomposed into a longitudinal and transverse spin component
vector. Furthermore, spin component vector magnitudes add up or cancel
each other out depending on their orientation. Every 1H hydrogen isotope
outside of the scanner gantry has a spin vector of the same magnitude
but random orientation due to thermal motion. Because of their random
orientation, spin component vector magnitudes sum up to zero, which
means there is no measurable macroscopic magnetization of a sample of
1H hydrogen isotopes in absences of an external magnetic field (Brown
etal., 2014).

Spin vectors are forced to align in the presence of an external magnetic
field, since they can be described as permanent magnets. Now, the
alignment of spin vectors is no longer random but not perfectly parallel or
antiparallel to the external magnetic field lines. Spins experience at least
two mechanical torques in the presence of an external magnetic field.
First, a longitudinal created by the external magnetic field and second, a
transverse due to the angular momentum. Hence, each spin aligns in a
cone shaped trajectory with a rotating transverse spin component vector
in addition to a static longitudinal spin component vector, parallel or
antiparallel to the magnetic field lines. Consequently, spins are rotating
respectively precessing around the axis of the external magnetic field
(Brown et al., 2014).

The frequency of precession, called Larmor frequency, is proportional to
the field strength of the external magnetic field, multiplied with a specific

factor for each type of isotope, known as the gyromagnetic ratio.
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Therefore, every proton as part of a water molecule in a completely
homogenous external magnetic field is precessing with the same Larmor
frequency (Brown et al., 2014).

Spins, which hold the same gyromagnetic ratio, may precess with the
same frequency in a complete homogenous external magnetic field but
they do not precess in phase. This means, each 1H hydrogen isotope is
precessing around the external magnetic field lines with 42.577 x 10e
Hz/Tesla. However, the moment a 1H hydrogen isotope passes the meter
every 42.577 x 10e times per second is individual. Precisely said,
transverse spin component vectors of 1H hydrogen isotopes are running
in a plane like the hands of a clock, each with any possible phase angle
between 0 and 360 degrees. Because there is no phase coherency,
transverse spin component vectors cancel each other out and leave no
transverse magnetization to measure (Brown et al., 2014).

Since longitudinal spin component vectors are aligned parallel or
antiparallel along the external magnetic field, magnitudes of longitudinal
spin component vectors can be added up. In a simplified model, the
parallel orientation is energetically more preferable for spins to take.
According to this, a small relative excess in favor of the parallel orientation
does exist in a sample of protons placed inside the scanner gantry. This
relative excess creates a macroscopic magnetization. The macroscopic
magnetization can also be described by a vector. This vector is defined
as the summation of magnitudes of spin component vectors with same
orientation. The macroscopic magnetization cannot be measured in its
static state due to the overwhelming field strength of the external
magnetic field. Only a precessing and phase coherent magnetization
vector in a plane transverse to the external magnetic field can generate
oscillating electric voltage according to Faraday’s law of induction. This
induced voltage is the NMR signal and can be measured through
receiving coils at echo time (TE) (Brown et al., 2014).

To convert the non-measurable static longitudinal magnetization into
measurable precessing and phase coherent transverse magnetization,
RF pulses need to be applied. A RF pulse is an additional and temporary
magnetic field, oscillating around the external magnetic field at the

matching Larmor frequency. RF pulses transfer energy into the spin
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system and flip the orientation of the magnetization vector in any desired
direction from 0 to 180 degrees. The flip angle, classically amounting to
90 degrees, can be controlled with duration and amplitude of the RF
pulse. The RF pulse can fully convert the static longitudinal magnetization
vector into a precessing and phase coherent transverse magnetization
vector. This conversion of magnetization is called spin excitation. After
the RF pulse is switched off, the transverse magnetization decays to the
benefit of the energetically more favorable longitudinal magnetization.
Basically, the spin system is coming back to its thermal equilibrium
defined by the external magnetic field. This process is known as spin
relaxation or spin-lattice relaxation. Additionally, the magnetization vector
is dismembering over time into the individual transverse spin component
vectors, each of which precessing with a different phase due to spin-spin
relaxation, a phenomenon also called dephasing. This is attributable to
molecular mechanisms, fluctuating additional fields and spatial field
strength inhomogeneities, which in the aggregate lead to marginal
frequency differences of spin precession. The NMR signal intensity is at
its maximum right after the RF pulse is switched off. At this very moment,
the magnetization vector is phase coherent and rotating in a transverse
plane in relation to the external magnetic field. Therefore, the
magnetization vector magnitude is the greatest, which means that the
biggest amount of voltage will be induced in receiving coils. Molecular
mechanisms, fluctuating additional fields and spatial field strength
inhomogeneities cause substantial loss of transverse magnetization and
therefore signal intensity (Brix et al., 2008).

Recovery of longitudinal magnetization and decay of transverse
magnetization can be described by exponential functions with associated
time constants named T1 and T2. These time constants of spin relaxation
are unique for different solids, fluids and biological tissues. They reflect,
in a complex manner, the interaction of non-zero spins with their
surroundings. T1 and T2 are characteristic parameters mainly generating
the image contrast in MRI. Image contrast means to be able to
differentiate signal intensities of two nearby but distinct structures (Brix et
al., 2008; Bushong & Clarke, 2014).
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Molecular mechanisms, fluctuating additional fields and spatial field
strength inhomogeneities lead to T2* in biological tissues. T2* is much
shorter compared to the theoretical transverse relaxation T2 of 1H
hydrogen isotopes. Spatial field strength inhomogeneities are unique for
each MR scanner and always lead to the same symmetric dephasing
pattern of stationary spins, assumed the influence of fluctuating additional
fields can be neglected. In this simplified model, each stationary spin is
precessing with its own frequency, either clockwise or counter-clockwise
after spin excitation due to spatial field strength inhomogeneities. The
symmetric dephasing leads to a wider and wider spreading hand fan
shaped figure of transverse spin component vectors. The magnetization
vector is basically fanning out (Brix et al., 2008).

Spatial field strength inhomogeneities can be compensated with the spin
echo sequence, which incorporates an additional 180 degrees RF pulse
at 2 TE. The additional 180 degrees RF pulse simply mirrors the
dephasing spins in the transverse plane but will not affect direction and
speed of precession. Spins come together symmetrically until the hand
fan of transverse component vectors has been closed again and spins
are in phase exactly at TE. This will maximize the amount of induced
voltage during signal sampling. The signal has been enhanced by the
presence of the 180 degrees pulse at 2 TE. The rephasing at TE through
an additional 180 degrees RF pulse is called spin echo. The
magnetization vector magnitude at TE is now independent of spatial field
strength inhomogeneities and the measured decay of transverse
magnetization T2* is closer to the isotope specific T2. The spin echo
sequence is therefore capable to extend the time where the NMR signal
is detectable and will lead to a stronger NMR signal. Fluctuating fields
cause irreversible dephasing which cannot be compensated. The
additional RF pulse at /2 TE will unfortunately increase the time of signal
acquisition, which can be a major drawback when speed is crucial to
picture moving structures, for example. To accelerate signal acquisition,
a simpler pulse sequence called gradient echo pulse sequence needs to
be applied, where only one RF pulse is used for a short angle excitation
of spins between 0 and 15 degrees, to speed up longitudinal

magnetization recovery. Gradient echo sequences are used, although
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signal loss from spatial field strength inhomogeneities will not be
compensated (Brix et al., 2008).

To get spatial sensitivity, a general property needs to be utilized to
distinguish between different positions within a scanned volume. As
mentioned above, beside the gyromagnetic ratio, the Larmor frequency is
depending on the local magnetic field strength. A linear variation of the
Larmor frequency along three axes is imaginable, if the external magnetic
field strength could be modulated along these axes. This can be achieved
with small additional and temporary magnetic fields. These temporary
magnetic fields create longitudinal, transverse and oblique magnetic field
gradients within the external magnetic field. In MRI, temporary magnetic
fields to create gradients within the external magnetic field are used for
selective excitation of spins and spatial encoding of the NMR signal in a
previously excited volume or slice (Brix et al., 2008; Bushong & Clarke,
2014).

Now spins can be excited only in a single slice of a sample along the
direction of a gradient magnetic field where the Larmor frequency of spins
agrees precisely with a chosen spectral range of the RF pulse. Such a
gradient within the external magnetic field is called slice-selective
gradient. The spectral range of the RF pulse defines the thickness of a
slice along the slice-selective gradient. A slice-selective gradient and RF
pulse must be applied simultaneously to excite spins (Brix et al., 2008;
Brown et al., 2014).

The next step has to be the localization of the NMR signal inside the
selected slice. To ensure this, another magnetic field needs to be
switched on temporarily in orientation of one of the in-plane dimensions
of the selected slice. This gradient is called frequency-encoding gradient.
It is not switched on simultaneously with the RF pulse. Instead, it is
switched on while the NMR signal is sampled at TE. The sampled signal
is now consisting of many component signals, each of which with a
different frequency and amplitude, if the scanned volume has an
inhomogeneous proton density. All spins in a column perpendicular to the
frequency-encoding gradient are exposed to the same field strength and
precess with the same frequency. The frequency is different depending

on location in relation to the magnetic field gradient. The derived
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summation signal of oscillating current is a complex wave function. Its
components can be extracted with the Fourier transformation (FT). After
FT, signal amplitudes are arrayed in terms of frequency. The signal
intensity pattern, which represents the proton composition of a sample,
has now been spatially encoded along one dimension of the selected slice
(Brix et al., 2008).

The induction signal can only be sampled during a restricted period of
time, before it gets lost because of decay of transverse magnetization and
loss of phase coherency after spin excitation. Further, length of sampling
steps during TE cannot be reduced in an arbitrary way. This leads to a
restricted amount of measured values that can be digitalized and
subsequently analyzed with FT. The quantity of sampling steps during TE
directly determines spatial resolution along the direction of the frequency-
encoding gradient. To be more specific, the number of image voxels along
the frequency-encoding gradient is identical with the number of sampling
steps that are digitalized during TE. Consequently, spatial resolution
along the frequency-encoding gradient is limited (Brix et al., 2008;
Bushong & Clarke, 2014).

The second in-plane dimension will be encoded with multiple applications
of additional and temporary magnetic fields, each of which with different
field strengths in orientation of the second in-plane dimension. These
gradients are called phase-encoding gradients. Phase-encoding
gradients must be applied between the RF pulse and TE. The slopes of
magnetic field gradients are rising with each repetition cycle, which starts
with a RF pulse, due to increasing field strength of the phase-encoding
gradients in equidistant steps. Once more, frequency of spin precession
will change along with magnetic field gradients. This has a direct impact
on the phase angle of spin precession. After a phase-encoding gradient
has been switched off, component vectors of the transverse
magnetization are precessing with the same frequency again but with a
different phase angle according to their location in relation to the
previously applied phase-encoding gradient. Thus, different phase angles
are inherited in the sampled signal after the application of each phase-
encoding gradient (Brix et al., 2008; Bushong & Clarke, 2014).
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Different gradient slopes create a family of lines of magnetic field
gradients intersecting in the so-called isocenter. The isocenter is a
location within the external magnetic field where the field strength is
always identical with the external magnetic field itself. Around the
isocenter, magnetic field gradients are increasing and decreasing in linear
fashion along the direction of applied gradients. However, the amount of
phase change across a fixed distance, anywhere along a magnetic field
gradient, will be the same since the slopes are linear. Therefore, a
contrast needs to be drawn with multiple applications of different phase-
encoding gradients. At the isocenter the value of gradient slopes is always
zero. Hence, no phase change occurs at the isocenter. The further one
moves away from the isocenter, phase change will increase because of
increasing gradient slopes. Therefore, the last in-plane dimension is
encoded in the amount of phase change of spins in relation to the
isocenter. In other words, spatial information is imbedded in the
comparison of phase change of spins caused by the different phase-
encoding gradients. Another FT can now spatially decode the different
amount of signal amplitude according to a location dependent change of
phase (Brix et al., 2008).

The phase-encoding technique is more time consuming then the
frequency-encoding technique. A frequency-encoding gradient must be
applied only once while the phase-encoding gradient must be applied
numerous times to get an acceptable spatial resolution. While the spatial
resolution along the frequency-encoding gradient depends on the number
of sampling steps during TE, spatial resolution along the phase-encoding
gradient depends on the number of applications of phase-encoding
gradients (Brix et al., 2008).

Varieties in frequency and phase are both direct correlates of NMR signal
location in two different dimensions of a selected slice. The two encoding
techniques combined form the basis of the 2D FT imaging method.
Number of sampling steps during TE in the presence of the frequency-
encoding gradient (N) and number of applications of the phase-encoding
gradients (N) form a matrix of N x N data points. This 2D matrix of raw
data arranged in columns (frequency domain) and rows (phase domain)

is called k-space. The k-space can be transformed directly with 2D FT
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into a MR image of a selected slice with a N x N pixel resolution.
Depending on the pixel spacing, a wide or narrow anatomic region can be

analyzed with the image or field of view, respectively (Brix et al., 2008).
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4 Four-Dimensional Flow Cardiovascular
Magnetic Resonance

Four-dimensional (4D) flow CMR provides information regarding velocity
and direction of blood flow as well as signal intensity magnitude. This
combined information is available for all three spatial dimensions, at
several time points respectively time frames of the cardiac cycle and each
voxel inside the acquired volume. With a single acquisition, it is possible
to quantify blood flow (Gabbour et al., 2013; Jarvis et al., 2016;
Nordmeyer et al., 2010) as well as to assess basic anatomic features, in
a freely selectable region of interest (ROI) and at a reasonably high
spatiotemporal resolution (Hanneman, Kino, Cheng, Alley, &
Vasanawala, 2016).

4D flow CMR is using the principles of phase contrast (PC) imaging. PC
imaging is based on the fact that moving spins accumulate a different
phase shift than stationary spins in the presence of magnetic field
gradients over time. Velocity is encoded by so-called velocity-encoding
gradients. Phase shift induced by gradients is proportional to gradient
application time and strength. A bipolar pair of gradients for example, with
same strength and duration but opposite polarity, applied consecutively
along the slice-selective dimension, will induce a net phase shift of zero
degrees in stationary spins. At the same time, spins that are moving along
the direction of the velocity-encoding gradient will have a non-zero phase
shift because the gradient strength is incrementing and decrementing in
relation to the isocenter. Thus, the faster spins are moving away or
towards the isocenter, the bigger the difference of gradient strength will
be between the two consecutive gradient applications and therefore the
accumulation of phase shift. In summary, the measurable phase angle or
phase shift for constantly moving spins along the direction of a bipolar
pair of gradients is directly proportional to the velocity of spin movement
(Carr & Purcell, 1954; Hahn, 1960).

To lower unwanted background phase offset susceptible to magnetic field
inhomogeneities, which cannot be refocused by bipolar gradients, it is
necessary to generate a flow-compensated reference data set with

identical acquisition parameters but different velocity-encoding gradients,
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compared to the flow-sensitive acquisition. After subtraction of the flow-
compensated and flow-sensitive data sets, it is possible to calculate a 2D
velocity map for a single time frame of the cardiac cycle by the derived
PC and to generate a PC image. Information about signal intensity
magnitudes is converted into corresponding magnitude images which will
depict the patient’'s anatomy (Bryant, Payne, Firmin, & Longmore, 1984).
The velocity-encoding gradient strength needs to be chosen carefully. If
the gradient strength is set up too high, it will result in noise or random
phase error in PC images. Therefore, an unnecessarily high velocity-
encoding gradient strength will lead to a false determination of absolute
velocities (Lotz, Meier, Leppert, & Galanski, 2002).

The velocity-encoding value (VENC) helps to set up the right gradient
strength. The VENC defines the maximum velocity which is leading to a
phase shift of +180 degrees in the presence of a velocity-encoding
gradient with a certain strength and duration. The sign of accumulated
phase represents flow direction in relation to the velocity-encoding
gradient (Lotz et al., 2002).

If velocities inside the acquired volume exceed the set up VENC, phase
shift will suddenly change signs, which is equivalent to flow reversal inside
of an otherwise spatially and temporally homogenous blood stream in
reconstructed PC images. The misregistration of flow direction due to a
falsely chosen VENC is called phase aliasing also referred to as velocity
aliasing. Thus, if the velocity-encoding gradient strength is set up to low,
maximum velocities will be measured inaccurately, too.

To address hemodynamic changes throughout the cardiac cycle, several
frames need to be pictured, from the beginning of systole to the end of
diastole, for a sequence of time-resolved images (CINE). Through-plane
velocity-encoding over the cardiac cycle perpendicular to a vessel lumen
is known as 2D CINE PC-MRI (Lotz et al., 2002).

Imaging techniques are still not fast enough to collect all necessary data
to fill up the two k-spaces per frame for a 2D CINE PC image within one
cardiac cycle. That is why the k-space needs to be divided. Only a part of
all required in-plane phase-encoding steps are measured for each data
set per frame and heartbeat, which is called k-space segmentation. The

number of k-space lines collected for one data set per frame during one
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cardiac cycle defines the value of the so-called k-space segmentation
factor. Electrocardiogram (ECG) triggered phase-encoding steps are
repeated over multiple cardiac cycles until all of k-space is complete.
Thus, CINE images always represent averaged hemodynamic
information of multiple heartbeats per frame. The time which is covered
by a single frame or the temporal resolution, is determined by the
following factors: value of the k-space segmentation factor multiplied by
the time between two consecutive RF pulses or repetition time (TR)
multiplied by number of data sets per frame (Markl, Frydrychowicz,
Kozerke, Hope, & Wieben, 2012).

The standard two-point method can be extended to a four-point method.
Instead of two data sets per frame, four will be acquired. One flow-
compensated reference data set and one flow-sensitive data set for each
spatial dimension (Pelc, Bernstein, Shimakawa, & Glover, 1991).

A 2D flow acquisition can be conducted in one breathhold, while a 4D flow
acquisition takes much longer. Three-dimensional (3D) volume coverage
makes it necessary to phase encode not only one in-plane dimensions
but a second dimension in the slice-encoding direction. To memorize,
scan time depends mainly on the number of phase-encoding steps. 4D
flow scan time in heartbeats can be estimated by the following equation:
number of phase-encoding steps along the slice-encoding direction
multiplied by the number of in-plane phase-encoding steps divided by the
value of the k-space segmentation factor (Markl et al., 2012).

Today, data acquisition is more efficient, which makes it possible to
incorporate 4D flow assessments into clinical imaging protocols. The
development of faster and stronger gradient systems, to the benefit of
shorter TRs and TEs as well as multichannel coil receivers to enable
parallel imaging (Pl), has reduced scan time from the hardware
perspective. The implementation of Pl was a key factor to a substantial
gain of speed in MR image acquisition. Pl makes it possible to
undersample k-space in phase-encoding directions to directly reduce the
total number of phase-encoding steps (Deshmane, Gulani, Griswold, &
Seiberlich, 2012).

Receiving coils at different positions in relation to the signal source detect

distinct induced voltages and therefore contribute to the spatial encoding
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of the NMR signal. This spatial receiver sensitivity can be used to
generate various images from each receiver channel. Concomitant
redundancy in spatial information can be used to undersample k-space
by a factor that is dependent on the number of channels and coils as well
as geometry of coil arrangement. For example, with the right hardware,
either every second k-space line can be excluded from phase-encoding
or the distance between two adjacent k-space lines can be doubled. In
both cases scan time would be decreased twofold (Hamilton, Franson, &
Seiberlich, 2017).

Missing k-space lines have to be recovered with methods like GRAPPA
before reconstructed images from each receiver channel can be
combined with a sum-of-squares algorithm to complete the image matrix
(Griswold et al., 2002).

A different strategy to overcome image artifacts from undersampling is
represented by the SENSE approach. K-spaces with an increased
distance between sampling positions will be reconstructed first. The
reduced sampling density causes a characteristic foldover aliasing in the
image matrix due to a smaller field of view. Signal superimposition in each
aliased voxel from the reduced field of view can be resolved according to
the spatial receiver sensitivity weightage. Eventually, intermediate images
can be put together to a final image that covers the full field of view without
foldover aliasing (Pruessmann, Weiger, Scheidegger, & Boesiger, 1999).
Spatial sensitivity information from SENSE can be transferred to k-t
SENSE. First, a set of low-resolution training frames is acquired where
only the center of k-space is covered by phase-encoding steps. In the
acquisition stage, k-space lines in phase-encoding directions are
undersampled by a factor of x in a slightly asymmetric fashion. Missing k-
space can then be recovered by using the training data in combination
with spatial receiver sensitivities, to exploit signal correlations in k-space
and in time (Tsao, Boesiger, & Pruessmann, 2003). The same idea of
correlation between k-space at different time points can be transferred to
GRAPPA. The k-t GRAPPA method uses also data from adjacent time
frames to exploit spatiotemporal correlations to recover k-space from
phase-encoding undersampling (Huang, Akao, Vijayakumar, Duensing, &
Limkeman, 2005).
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Another concept to reduce scan time is named compressed sensing.
Compressed sensing is derived from literature about information theory
as well as approximation theory and was developed based on an abstract
general background to become an applied tool to recover randomly
undersampled k-space (Lustig, Donoho, & Pauly, 2007).

Johnson and colleagues introduced non-Cartesian signal sampling in the
form of radial trajectory sampling schemes to accelerate acquisitions by
undersampling phase-encoding steps (K. M. Johnson et al., 2008)

More recently, Sigfridsson and colleagues have introduced spiral signal
sampling in contrast to Cartesian k-space acquisition. It has been shown
that TR-interleaved spiral readout trajectories reduce scan time two-fold
compared to the regular Cartesian k-space sampling pattern (Sigfridsson,
Petersson, Carlhall, & Ebbers, 2012).

Dyvorne et al. were able to combine spiral sampling with compressed
sensing reconstruction successfully to accelerate 4D flow acquisition up
to a breathhold (Dyvorne et al., 2015).

Besides all improvements of the various approaches regarding the time
penalty, free breathing during 4D flow CMR acquisition is still inevitable.
Therefore, motion artifacts from breathing need to be compensated to
reduce image quality impairment and degradation of flow quantification
(Dyverfeldt & Ebbers, 2017).

One-dimensional respiratory navigator gating is the most common
technique to do so in 4D flow CMR (Markl et al., 2007). Drawbacks include
hysteresis of the lung through the breathing cycle, indirect estimation of
respiratory heart movement from respiratory diaphragm movement,
neglect of movement other than in the craniocaudal direction, interpatient
variability of respiratory heart movement, interruption of acquisition,
decrease of temporal resolution and a more complex scan planning. A
navigator can track the right hemidiaphragm in the craniocaudal direction
at the end of diastole using an additional spin echo sequence with oblique
alignment of the RF pulse and the 180 degrees refocusing pulse. The
navigator field of view is defined as the overlapping area of the two. A 2D
pulse sequence with signal sampling orthogonal in relation to the RF

pulse can be implemented instead (Firmin & Keegan, 2001).
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Acquired k-space segments are only accepted when the lung-liver
interface is within a tolerance range of £3 mm compared to a reference
acquisition where the diaphragm has been located, at the end of a
breathing cycle or the most akinetic respiratory phase, for example.
Otherwise, k-space segments will be rejected and the trigger to advance
data acquisition to the next segment is withhold (Wang et al., 1996). Thus,
study time is also dependent on the navigator acceptance rating or the
patients breathing rhythm, frequency and amplitude. Pressure-sensing
bellows can be used as an alternative to internal respiratory motion
surrogates for motion compensation (Markl, Chan, et al., 2003; Santelli et
al., 2011). Further attempts to improve respiratory motion compensation
include self-navigator methods (Uribe et al., 2009), among others
(Akcakaya et al., 2014; van Ooij et al., 2015).

After data acquisition has been completed, certain sources of error need
to be corrected before flow quantification and visualization can be
performed more unambiguously. Sources of error mainly include
concomitant field gradient effects specified by the Maxwell terms
(Bernstein et al., 1998), non-linear field gradients (Markl, Bammer, et al.,
2003), eddy currents (Walker et al., 1993) and velocity aliasing (Loecher,
Schrauben, Johnson, & Wieben, 2016; Xiang, 1995). These effects,
barring velocity aliasing, alter the phase signal by background phase
offset through induced currents or spatiotemporal inhomogeneities of
magnetic field gradients, which could not be eliminated through phase
image subtraction or phase refocusing of stationary tissue with bipolar
gradients. This is important to note, especially in 4D flow CMR studies,
since volume coverage is big and inhomogeneities of magnetic field
gradients increase in a non-linear fashion the further one moves away
from the isocenter (Lorenz et al., 2014).

The process of error correction involves automated methods during
image reconstruction as well as data processing and additionally user
supported methods during data processing. Different sources of error can
be addressed with different kinds of correction methods. Consequently,
various possible combinations have been applied to overcome phase

offset as well as phase aliasing and no standardized approach has
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become apparent since Dyverfeldt et al. published their consensus
statement on 4D flow CMR (Dyverfeldt et al., 2015).

When data is corrected, blood flow can be visualized by vector fields,
pathlines, streamlines, intensity projections and the like as well as

quantified in cardiac chambers and great vessels (Markl et al., 2016).
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5 Pressure Gradients

Blood needs energy to flow through arteries, capillaries, veins and cardiac
chambers. This mechanical energy is provided by the heart and can be
decomposed into static and kinetic energy. According to the law of
conservation of energy, static and kinetic energy can be freely
interconverted without energy loss inside a closed system. For example,
during systole the myocardial contraction generates static energy in form
of pressure. With the opening of the semilunar valves, pressure is
converted into kinetic energy or velocity without a loss of energy and
blood begins to flow through the cardiovascular system (Akins, Travis, &
Yoganathan, 2008).

Due to friction, kinetic energy is transformed into acoustic noise and for
the most part into heat. Heat cannot be retransformed into kinetic or static
energy and is therefore said to be lost to further drive the blood flow. For
example, blood viscosity creates friction between blood components with
different velocities, especially at the vessel boundaries. This loss of kinetic
energy into heat due to viscous dissipation inside the cardiovascular
system is unavoidable, even for laminar blood flow (Akins et al., 2008).
To sustain the blood flow across a segment of the cardiovascular system
with a decreased diameter, such as a stenotic valve, blood velocity must
increase to compensate for the smaller cross section. This physiologic
principle is characterized by the Gorlin formula (Gorlin & Gorlin, 1951).
When the total energy inside the stenotic valve is assumed to be
conserved, then pressure within the obstructive lesion must decrease in
proportion to the velocity increase. This decrease in pressure in
proportion to the increase in velocity creates a maximum pressure
gradient between the ventricle and the stenotic valve. With a normalized
vessel diameter in the poststenotic area, velocity is returning to the
prestenotic level to conserve blood flow and likewise pressure is
recovering. However, because some additional kinetic energy has been
lost across the obstructive lesion, pressure is not recovering to the full
prestenotic potential and a pressure gradient remains. Because of
pressure recovery in the poststenotic area, transvalvular pressure

gradients will be smaller compared to the maximum pressure gradient at
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the level of the most narrow lumen cross-section of a stenotic valve (Akins
et al., 2008).

When the bloodstream enters a wider poststenotic vessel segment such
as a dilated aorta and/or the valve orifice gets smaller over time, turbulent
flow is likely to occur. Onset of turbulent flow in the cardiovascular system
can be predicted when the Reynolds number exceeds a certain threshold.
The Reynolds number is determined by the quotient of blood velocity,
vessel diameter and blood density divided by blood viscosity. Turbulent
blood flow can be described as random spatiotemporal differences of
blood velocities and blood flow directions causing friction (Schlichting &
Gersten, 2017).

In the presence of non-laminar flow, a significant amount of kinetic energy
is converted into heat and is no longer available for pressure recovery.
Turbulent flow is the main reason for a loss of kinetic energy due to
obstructive lesions, beside other pathological non-turbulent flow
formations. Hence, the measurable transvalvular pressure gradient will
be greater in obstructive lesions causing turbulent flow compared to
lesions with more regular flow patterns (Akins et al., 2008).

The energy loss across an obstructive lesion must be compensated by an
increased workload of the heart, to maintain blood flow at a reasonable
level. To do so, the heart must raise the intraventricular pressure during
systole and/or the cardiac output. An excessive workload for a longer
period of time may result in irreversible damage of the myocardium and a
subsequent inability to generate enough energy to sufficiently drive the
blood flow (Travers, Kamal, Robbins, Yutzey, & Blaxall, 2016).

If the insufficient heart is too weak to overcome a severe stenosis, no
pathologically increased velocities or pressure gradients can be seen
across the lesion in patients with chronic heart failure of higher grades.
The additional cardiac workload or myocardial stress is proportional to the
additional energy loss due to any kind of friction caused by obstructive
lesions. Therefore, additional cardiac workload can be estimated with the
transvalvular pressure gradient, given that the function of the heart is still
preserved in general. Hence, the true pressure gradient across a stenosis
is a direct measure for the hemodynamic significance of obstructive
lesions (Akins et al., 2008).
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Blood pressure gradients also known as pressure drops, pressure losses
or pressure differences serve to grade severity of obstructive valvular
conditions, together with a medley of other pathophysiological
determinants, respectively biomarkers (Baumgartner et al., 2010;
Nishimura et al., 2014).

To justify an invasive therapy with the intention to favor the course of
affected patients, different criteria must be fulfilled like the presence of
physical complaints and/or a certain grade of disease severity. According
to this, measuring biomarkers correctly and at best without causing harm
is crucial for the right care of patients (Eicken et al., 2011; Vahanian et
al., 2012).

Cardiac catheterization is the genuine gold standard method to quantify
absolute pressure gradients in the cardiovascular system. The catheter
tip is moved towards the ROI under fluoroscopic guidance. Dynamic,
periodic and complex blood pressure waveforms, generated by one of the
four cardiac chambers, will be directly transmitted via the irrigation
solution inside the hollow catheter wire to a deflectable membrane,
respectively pressure transducer, which is electromechanically coupled
with a recording device and synchronized with an ECG. The
measurement may be repeated another time, proximal or distal in relation
to the first measuring point, to be able to calculate a non-synchronous
peak-to-peak systolic gradient between the two points. Two distant
catheters, applied at the same time, can be used to synchronize
measurements for the calculation of instantaneous and mean pressure
gradients over the cardiac cycle (Cardiovascular Catheterization and
Intervention: A Textbook of Coronary, Peripheral, and Structural Heart
Disease, 2010).

In the echocardiographic laboratory, peak instantaneous pressure
gradients inside obstructive lesions are estimated mostly using the
simplified Bernoulli equation with maximum velocities, measured by the
Doppler principle in vessels and cavities close to the body surface (Currie,
Seward, Fyfe, Bove, & Taji, 1986). Moreover, it is possible to acquire the
necessary information about velocities with 2D CINE PC images

perpendicular to the vena contracta (Kilner et al., 1993).
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Alternatively, it is possible to calculate relative pressure gradients with the
simplified Gorlin formula. In this approach only anatomic CMR images of
patients with obstructive valvular conditions are used to measure the
cardiac output and valve orifice area to finally estimate the transvalvular
pressure gradient (Valenti et al., 2015).

A specialized field of fluid mechanics, called computational fluid dynamics
(CFD), uses patient specific information about anatomy and physiology
from different kinds of imaging modalities such as CT angiography or PC
MRI, to produce flow and pressure fields from complex computer
simulations to ultimately estimate pressure gradients among other
biomarkers (Coogan, Humphrey, & Figueroa, 2013; Goubergrits et al.,
2015; Mirzaee et al., 2017).

Dyverfeldt and colleagues used 4D flow CMR data to characterize
turbulent kinetic energy in the ascending aorta of patients with aortic
stenoses and estimated pressure losses by the volumetric integration of
turbulent kinetic energy, mapped distal to obstructive lesions (Dyverfeldt,
Hope, Tseng, & Saloner, 2013).

Lately, Donati et al. evaluated the work-energy principle for relative
pressure gradient estimation by 4D flow CMR (Donati, Figueroa, Smith,
Lamata, & Nordsletten, 2015).

Furthermore, a relative pressure field inside a user-defined and time-
averaged ROI of the cardiovascular system can be calculated from a
velocity field, generated by 4D flow CMR, based on the Navier-Stokes
equations (NSE) for incompressible fluids with laminar flow conditions.
Along a centerline, which connects midpoints of adjacent lumen cross
sections, the relative pressure field can be integrated into peak
instantaneous pressure gradients between two points by solving the
Pressure Poisson equation (PPE) (Bock et al., 2011; Ebbers &
Farneback, 2009; Ebbers, Wigstrom, Bolger, Engvall, & Karlsson, 2001;
Krittian et al., 2012; Meier et al., 2013; Riesenkampff et al., 2014; Tyszka,
Laidlaw, Asa, & Silverman, 2000; Yang, Kilner, Wood, Underwood, &
Firmin, 1996).
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6 Aim of the Study

The first clinical study which evaluated agreement between relative
pressure gradient measurements by cardiac catherization and four-
dimensional flow cardiovascular magnetic resonance, using the Navier-
Stokes and Pressure Poisson equations, was focused on mild to
moderate stenotic lesions of the aorta as part of the high-pressure circuit
of the cardiovascular system (Riesenkampff et al., 2014).

The aim of this study is to further investigate the agreement between
invasive catheter measurements and this non-invasive diagnostic
approach. Therefore, this non-invasive diagnostic approach was applied
in patients with stenotic and/or insufficient lesions of the right ventricle
outflow tract as part of the low-pressure circuit of the cardiovascular
system. Right ventricle outflow tract pathologies were either congenital or
secondary to congenital heart disease. Agreement was estimated
retrospectively, between peak-to-peak systolic gradients measured by
cardiac catheterization and peak instantaneous pressure gradients
measured by four-dimensional flow cardiovascular magnetic resonance,

using the Navier-Stokes and Pressure Poisson equations.
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7 Methods

The population of this study was recruited by the Klinik far
Kinderkardiologie und Angeborene Herzfehler, Deutsches Herzzentrum
Minchen des Freistaates Bayern, Klinik an der Technischen Universitat
Munchen, Germany. The data were analyzed retrospectively.

Patients included into the study population had to fulfill inclusion criteria
shown in table 1 and were disqualified for exclusion criteria displayed in
table 2.

Table 1. Inclusion criteria.

Congenital right ventricle outflow tract pathology (regurgitation and/or stenosis)
Right ventricle outflow tract pathology secondary to congenital heart disease (regurgitation and/or stenosis)

Time difference between procedures < 1 day

Table 2. Exclusion criteria.

Remaining phase aliasing after correction in phase contrast images
Magnetic resonance artifacts in magnitude images

Time difference between procedures > 1 day
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Prior to routine cardiac catheterization and CMR procedures, all patients
or their legal guardians had given a written consent.

A standard CMR examination starts with a simple localizer sequence to
assess the individual anatomy broadly. Based on localizer images,
common 2D CINE PC images acquired in free breathing are planned
perpendicular to the vessel cross sections of the main pulmonary artery
(MPA), left pulmonary artery (LPA) and right pulmonary artery (RPA) as
well as the aorta, as part of most routine CMR protocols tailored for
patients with CHD. 2D CINE PC images are used to estimate the required
VENC in case of a following 4D flow measurement. 2D CINE PC images
are obtained as previously described (Chai & Mohiaddin, 2005; Fratz et
al., 2013).

Images are checked during the examinations for possible velocity
aliasing. In case of flow misregistration, involved data is rejected and the
VENC is set to a higher value before the affected acquisition is redone.
The process will be repeated until no more aliasing occurs. The highest
VENC of the final 2D CINE PC acquisitions, which has been geared
towards the ROI, can then be used for the following 4D flow acquisition.
A RF spoiled gradient echo pulse sequence with small angle excitation
was applied for 4D flow acquisitions with focus on the RV, RVOT and
MPA as well as the LPA and RPA, in patients for whom either a
therapeutic and/or diagnostic cardiac catheterization had already been
scheduled, or was highly likely to be scheduled, because of congenital
RVOT pathologies or RVOT pathologies secondary to CHD.

Again, localizer images were used to position the 3D volume edges
correctly according to the given anatomy. The scan volume was phase
encoded in craniocaudal or dextrosinistral direction. The in-plane phase-
encoding gradient was set in the dorsoventral direction. Prospective
ECG-gating was used to synchronize the acquisition trigger with the
cardiac cycle. The right hemidiaphragm was tracked in the craniocaudal
direction, with a crossed pair of spin echo sequences at the beginning of
each cardiac cycle, to compensate respiratory motion by navigator gating.
The user-defined reduction factor, with the purpose to decrease the
number of phase-encoding steps, was set to the value 5. Missing k-space
was recovered with the PEAK-GRAPPA method (Jung et al., 2008). For
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some patients, gadolinium-based contrast agent was used during the
regular CMR protocol prior to the 4D flow sequences, to unmask potential
ischemic myocardial lesions, for example. No sedation was used during
CMR scans. 4D flow CMR data was generated as follows (Markl et al.,
2007; Markl, Kilner, & Ebbers, 2011) and more detailed acquisition

characteristics of included patients are given in table 3.
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Table 3. Scan parameter.

Median Range
Spatial resolution [mm3] 25x234 x2.34 21-25%x18-25%x18-25
K-space segmentation factor 2 -
Temporal resolution [ms] 38.4 36.9 - 40
Partial k-space coverage [pct.] 83 69.4 - 83
Flip-angle [deg.] 7 7-10
Velocity encoded gradient [m/s] 3.5 2-5
Slices 40 24 -48
Slab [mm] 87.2 58.5-120
Bandwidth per pixel [1/s] 445 445 - 490
Scan time [min] 9.36 51-19.5
Echo time [ms] 2.3 23-25
Repetition time [ms] 4.8 46-4.9
Field of view [mmz2] 240 x 300 225 - 340 x 240 - 349
Frames 19 12-24
Navigator window [mm] +3 -
Navigator acceptance rate [pct.] 45 30-80
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CMR procedures were performed with a whole-body, 1.5 Tesla,
Magnetom® Avanto scanner, provided by Siemens Healthcare in
Erlangen, Germany.

4D flow CMR data sets, consisting of one magnitude data set and three
phase contrast data sets for each axis of the coordinate system, were
reconstructed automatically after acquisition with the scanner related
software Syngo version VB 18 and VD 13, provided by Siemens
Healthcare in Erlangen, Germany. Image reconstruction included a
correction of concomitant field gradients.

The DICOM files were then transferred with a portable storage medium
from the in-house picture archiving and communication system (PACS)
to a personal computer for further data processing.

Before the blood flow could be analyzed more unambiguously, data sets
had been corrected for potential phase aliasing and remaining
background phase offset, resulting from inevitable eddy currents, gradient
non-linearity as well as noise. To do so, the 4D flow analysis software
MEVIS Flow version 10.0 was used, provided by the Fraunhofer Institute
for Medical Image Computing in Bremen, Germany.

First, the remaining background phase offset was corrected
semiautomatically. Therefore, stationary regions in magnitude images
were visually identified over the cardiac cycle and across the volume.
Stationary regions can be defined as a group of voxels with a degree of
velocity fluctuation over time undercutting a certain threshold. The user-
defined threshold is dimensioned with the standard deviation (SD) of
velocity fluctuation within a voxel over the cardiac cycle.

Blood flow causes a velocity fluctuation with a mean SD and pulsatile
character. On the other hand, noisy regions such as regions containing
air have a velocity fluctuation with a high SD, while static regions have a
velocity fluctuation with a low SD. The threshold value was set at the
lowest percentile. Therefore, at least parts of the patient’s dorsal thorax
wall were included. Because in this setting included voxels are considered
stationary, averaged velocity fluctuations over the cardiac cycle in these
voxels can only arise from remaining background phase offset. According
to this, a surface was fitted by polynomial approximation of higher orders

through each stationary voxel for every frame and velocity encoded
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direction, respectively. In the last step, the surface was subtracted from
the corresponding PC image. Therefore, phase offset was corrected.
Based on the above-mentioned assumptions noise was masked and thus
reduced, too (Lankhaar et al., 2005; Walker et al., 1993).

Second, regions with present phase aliasing were corrected automatically
over the cardiac cycle and across the volume. Phase aliasing can be
described as a sudden spatial and/or temporal change of the velocity field,
which is a violation of basic principles in physics. Since phase angles
between 0 and £180 degrees are illustrated in gray scale, aliasing occurs
as a sharp shift from white to black or vice versa. Aliased regions were
corrected by a region-merging algorithm up to a point all interfaces were
smoothed (Jenkinson, 2003).

In the following step, corrected data was exploited to automatically
calculate a time-averaged 3D PC MR angiogram (PC MRA). The
calculation is based on information about absolute velocities in
combination with signal magnitude weighting, to better distinguish
between cardiovascular compartments and other anatomic structures
(Bock et al., 2010). The individual PC MRAs were used to segment the
acquired volume. Major parts of the ROl were labeled with inclusion seed
points, while regions of no interest (e.g. ascending aorta) were labeled
with exclusion seed points. A watershed algorithm was employed to flood
the area around the inclusion seed points to create a 3D model of the RV,
RVOT, and MPA as well as both pulmonary arteries. Areas, which were
falsely covered by the algorithm, had to be corrected manually based on
the given anatomy in magnitude images. Each 4D flow data set was
segmented three times in total by one observer.

Thereafter, a relative pressure field was computed by the Navier-Stokes
equations for each of the three segmented 3D models per patient on
grounds of the determined flow information, after the divergent part of the

velocity field was removed, based on a finite element approach.
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Blood density and blood viscosity, two variables of the Navier-Stokes
equations, were set to the same standard values in each case of

calculation as follows:

1.06 X 103kg/m3and 3.2 X 103Pa X s

The gravity force term was neglected. Per patient, one peak
instantaneous pressure gradient between the RV and LPA as well as one
peak instantaneous pressure gradient between the RV and RPA were
computed along the respective centerlines for each of the three 3D
models. Three peak instantaneous pressure gradients between the RV
and LPA as well as three peak instantaneous pressure gradients between
the RV and RPA were then averaged. The Pressure Poisson equation for
peak instantaneous pressure gradient estimation was solved based on a
finite element approach, too (Meier et al., 2013).

Chapter 7 summarizes the technical equipment involved in the process of
4D flow CMR data acquisition and data processing.

Routine cardiac catheterization procedures were done in the normal
manner under sedation with oxygenation or artificial respiration in case of
need. Blood pressure curves were obtained at points proximal and distal
of present lesions, beside other measurement points in the pulmonary
arterial flow area, at the discretion of the operating senior staff physician.
Only single catheter techniques were used during procedures. No dual
catheter techniques were used to measure simultaneous pressure curves
at two different locations.

The recorded hemodynamic information and angiographic movies of
performed procedures are stored in the form of CD-ROMs in the
institutional catheter laboratory archive. CD-ROM printouts were used to
manually size peak systolic pressure values from pressure curves for
each measurement point. Depending on the patient's heart rate, one
measurement point printout displays 3 to 7 peak systolic pressure values,
as exemplified in figure 1. Therefore, sized peak systolic pressure values

were averaged.
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Figure 1. Fictitious pressure curve of a measurement point printout with mean peak
systolic pressure value (dashed line) and standard deviation of peak systolic pressure

values (solid lines).

[mmHg]

Finally, one peak-to-peak systolic gradient between the RV and LPA as
well as one peak-to-peak systolic gradient between the RV and RPA were

calculated for each patient as follows:

RVmean peak systolic pressure value — LPA mean peak systolic pressure value

RVmean peak systolic pressure value — RPA mean peak systolic pressure value

More detailed information regarding the technical equipment and

pharmaceuticals involved in cardiac catheterization procedures is given

in chapter 7.
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8 Materials

8.1 Technical Equipment

Table 4. Hardware.

Item

Scanner

Coll

Personal computer

Fluoroscopy

Catheters

Pressure transducer

whole-body, 1.5 Tesla, MAGNETOM® Avanto, Siemens Healthcare, Erlangen,
Germany

12-channel thorax coil, posterior and anterior each with a 2 x 3 array

Intel® Core i7-4790K 3.6 giga Hz, 16 GB RAM, NVIDIA GeForce GT 630
graphics card

Artis zee, Siemens Healthcare, Erlangen, Germany
4-6 French Berman/wedge/pigtail/others

Xtrans®, CODAN Medizinische Gerate GmbH & Co KG, Lensahn, Germany

Table 5. Software.

Item

Scanner

Hemodynamic analysis

Personal computer

4D flow analysis

Statistical analysis

Syngo, version VB 18 and VD 13, Siemens Healthcare, Erlangen, Germany
AXIOM Sensis XP, version VC 11D, Siemens Healthcare, Erlangen, Germany

Windows® 7, Microsoft Corporation, Redmond, United States

MEVIS Flow, version 10.0, Fraunhofer Institute for Medical Image Computing,
Bremen, Germany

SPSS Statistics, version 22, IBM Corporation, Armonk, United States
Excel, version 16.0, Microsoft Corporation, Redmond, United States
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8.2 Pharmaceuticals

Table 6. Pharmaceuticals used during cardiac catheterization procedures.

Dosage Use Administration

Midazolam [mg] 3.75-9 obligate oral
Propofol [mg/kg BW/h] 2-5 obligate intravenous
Piritramide [mg/kg BW] / Fentanyl [ug/kg BW] 01/2-3 facultative intravenous
Clonidine [ug] 15-30 facultative intravenous
Atropine [mg] 0.1-0,25 facultative intravenous
Ringer-Lactate [ml] 100 - 500 obligate intravenous
lodinated contrast agent [ml] 40 - 280 obligate intravenous
Mepivacaine [mg] 10-30 obligate subcutaneous

Table 7. Pharmaceuticals used during cardiovascular magnetic resonance procedures.

Dosage Use Administration
Gadolinium-based contrast agent [mmol/kg BW] 0.15 facultative intravenous
Saline [ml] 100 - 250 facultative intravenous
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9 Results

9.1 Study Population

3 female and 7 male patients (n=10) were included into the study
population for retrospective analysis. Included patients were investigated
between mid-2014 and mid-2015 as well as in spring of 2017. Reasons
why patients were not included are listed in table 8. All cardiac
catheterization and CMR procedures were performed at the German

Heart Center Munich.

Table 8. Reasons why patients were not included.

Exclusion criteria Number of patients
Remaining phase aliasing after correction in phase contrast images 6
Magnetic resonance artifacts in magnitude images 4
Time difference between procedures > 1 day 4

All included patients underwent a cardiac catheterization procedure
because of stenotic and/or insufficient pulmonary valves or homografts
and present a broad spectrum of CHD diagnoses, as listed in table 10.
Scans of included patients were performed without sedation. A single
patient received gadolinium-based contrast agent during a CMR
procedure prior to the 4D flow sequence application because of a medical
history including an acute episode of cardiac ischemia. The median
spatiotemporal resolution of 4D flow CMR acquisitions was 2.5 x 2.34 x
234 mms3(2.1t02.5x1.8t02.5 % 1.8t02.5)and 38.4 ms (36.9 to 40).

The median peak-to-peak systolic gradient was 26 mmHg with a 6.5 to 45
mmHg range. The median regurgitation in main pulmonary arteries or
homografts was 22% with a 0 to 62% range. The median shunt ratio,
quantified by the pulmonary to systemic flow volume rate ratio Qp:Qs,
was 1:1 with a 0.7 to 1.2:1 range. The median time difference between
procedures was 1 day with a 0 to 1 day range. The median radiation dose

was 5170.2 cGycm2 with a 132 to 35321.6 cGycmz range. The median
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administration of iodinated contrast agent was 115 ml with a 40 to 280 ml
range.

Patient characteristics and medical records of included patients can be
extracted from table 9 and 10.
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Table 9. Patient characteristics.

Median Range
Age [years] 23.7 6-62
Size [cm] 168 107 - 184
Weight [kg] 72 17 -98
Body mass index1 [kg/m2] 24 22.6-30.9
Body surface areaz [m2] 1.82 0.7-2.6
Peak-to-peak systolic gradient [mmHg] 26 6.5-45
Main pulmonary artery or homograft regurgitation [pct.] 22 0-62
Shunt ratio [Qp:Qs] 1:1 0.7-1.21
Time difference between procedures [days] 1 0-1

1 (WHO, 1995; WHO, 2000) 2 (Mosteller, 1987)
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Table 10. Medical records.

Princi . Cardiac . Cardiovascular
rincipal Correction heterization Invasive maanetic
diagnosis procedure catheterizati treatment g
report resonance report
Regurgitation: main
pulmonary artery
Tetralogy of Fallot Transannular patch ~ Regurgitation 111° / (MPA) 63% left
(TOF) plasty no shunt Non pulmonary artery
(LPA) 65% right
pulmonary artery
(RPA) 46% / shunt
ratio (Qp:Qs): 0.9:1
Regurgitation I1I° /
no shunt /
Transannular patch gradient: right Regurgitation: MPA
TOF plasty ventricle (RV)- Dilatation 41% LPA 38% RPA
MPA 10 mmHg; 21% / Qp:Qs: 0.8:1
MPA-LPA 10
mmHg
Double outlet right
ventricle (DORV) /
ventricular septal No regurgitation /
defect (VSD) / no shunt / No regurgitation /
pulmonary Rastelli procedure  gradient: RV-MPA Non Qp:Qs: 1.1:1
stenosis / 53 mmHg / small o
transposition of VSD
the great arteries
(TGA)
. . o o Regurgitation: MPA
TOF /rightaortic ¢\ oivular patch  Regurgitation 11I*/ 41% LPA 30% RPA
arch / hypoplastic last gradient: MPA- Non 54% / Qp:Qs: 1.2:1
pulmonary valve plasty LPA 17 mmHg S
No regurgitation / Regurgitation: MPA
Persistent truncus patch / homograft no shunt / Dilatation 24% LPA 37% RPA
arteriosus plasty gradient: RV-MPA 2%/ Qp:Qs: 1:1
20 mmHg
o R Regurgitation: MPA
Aortic valve Regurgitation IIl" /16 459% LPA 38% RPA

regurgitation

Bicuspid aortic
valve

Aortic valve
stenosis

Pulmonary atresia
[/ VSD / patent
ductus arteriosus
(PDA) /
hypoplastic
pulmonary artery

DORV /VSD/
pulmonary
stenosis

Ross procedure

Ross procedure

Ross procedure

Homograft plasty /
VSD and PDA
closure / LPA

enlargement

Right ventricle
outflow tract patch
plasty / VSD
closure /
commissurotomy

gradient: RV-MPA
15 mmHg

Regurgitation IlI° /

gradient: RV-MPA
25 mmHg; MPA-
RPA 12 mmHg

No regurgitation /
gradient: RV-MPA
40 mmHg

Regurgitation /
RV-MPA gradient
not quantified

Regurgitation /
gradient: RV-MPA
20 mmHg

replacement

Valve
replacement

Valve
replacement

Dilatation

Dilatation

25% / Qp:Qs: 1:1

Regurgitation: MPA
17% LPA 43% RPA
0% / Qp:Qs: 1.1:1

Regurgitation: MPA
5% LPA 13% RPA
0% / Qp:Qs: 1:1

Regurgitation: MPA
22% LPA 11% RPA
16% / Qp:Qs: 1:1

Regurgitation: MPA
19% LPA 15% RPA
29% / Qp:Qs: 0.7:1
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9.2 Cardiac Catheterization and Four-Dimensional Flow
Cardiovascular Magnetic Resonance Measurements

Table 11 compares the pressure gradients across the right ventricular
outflow tracts measured invasively and derived from 4D flow CMR for
each included patient, respectively.

One peak-to-peak systolic gradient contains hemodynamic information
about two measurement point printouts. One printout for the RV and one
printout for the RPA or LPA, respectively. However, depending on the
heart rate, one printout contains hemodynamic information about 3 to 7
peak systolic pressure values, as exemplified in figure 1. Therefore, peak
systolic pressure values were averaged.

The averaged coefficient of variation for the 30 mean peak systolic
pressure values was 9% with a 1 to 29% range. Each coefficient of

variation was calculated as follows:

SD of mean peak systolic pressure value / mean of peak systolic pressure values

The coefficient of variation is a simple relative measure of variance that
puts the standard deviation in relation to the associated mean. A variance
of 9% for all peak systolic pressure values is most likely attributable to a
changing RV stroke volume, due to intrathoracic pressure changes over
the respiratory cycle (Ruskin, Bache, Rembert, & Greenfield, 1973).

One mean peak instantaneous pressure gradient value contains
hemodynamic information about three segmented volumes of one data
set. However, one data set contains hemodynamic information about 5.1
to 19.5 minutes. The averaged coefficient of repeatability for the 20 mean
peak instantaneous pressure gradient values was 4.9 mmHg with a 0 to
10.5 mmHg range. Each coefficient of repeatability was calculated as

follows:

1.96 X SD within—subject X V2

The coefficient of repeatability defines a range in relation to the mean of
differences. The difference between two independent measurements by

the same method will lie within this defined range for 95% of investigated
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subjects. Simply put, the difference between two peak instantaneous
pressure gradient values computed based on two different segmentations
will not exceed 4.9 mmHg in 95% of observations (Bland & Altman, 1999).
4.9 mmHg accounts for 19.7% of 24.9 mmHg, which is the mean of all
peak instantaneous pressure gradients in this study population.

Since measurement points were probed just once in the catheter
laboratory, only one peak-to-peak systolic gradient between the RV and
LPA as well as one peak-to-peak systolic gradient between the RV and
RPA could be calculated per patient. On the contrary, three peak
instantaneous pressure gradients between the RV and LPA as well as
three peak instantaneous pressure gradients between the RV and RPA
could be generated with the 4D flow analysis software per patient.
Therefore, comparison of repeatability of each method can only be
evaluated to a limited degree. Nonetheless, the coefficient of repeatability
for manual relative pressure gradient estimation with the 4D flow analysis
software is 4.9 mmHg. Peak systolic pressure values vary with 9% on

average over a span of several heartbeats.
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Table 11. Results.

Patient Gradient peak-to-pea[lr(nallit;]alic gradient :1:;:2 lfria;rr(zzanqtﬁgfn;ugsi Dégt:r:ar;?e

1 RV-RPA 6.5 223 -15.9
RV-LPA 9.5 12.0 -2.5

2 RV-RPA 8.8 11.7 -2.9
RV-LPA 18.8 11.0 7.8

3 RV-RPA 347 437 -9.0
RV-LPA 40.3 43.7 -3.3

4 RV-RPA 9.7 11.0 -1.3
RV-LPA 25.8 22.0 3.8

5 RV-RPA 30.3 347 4.3
RV-LPA 28.3 33.7 -5.3

6 RV-RPA 14.3 17.3 -3.1
RV-LPA 12.1 17.3 -5.3

7 RV-RPA 36.2 26.7 9.5
RV-LPA 25.6 26.7 -1.1

8 RV-RPA 45.0 28.3 16.7
RV-LPA 37.2 28.0 9.2

9 RV-RPA 36.0 36.0 0.0
RV-LPA 32.0 30.7 1.3

10 RV-RPA 20.0 19.0 1.0
RV-LPA 25.0 223 2.7

Mean 24.8 24.9 -0.1
SD 11.8 10.2 7.2
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Figure 2. Box plots of peak-to-peak systolic gradients measured by cardiac
catheterization (CC) and mean peak instantaneous pressure gradients measured by
four-dimensional flow cardiovascular magnetic resonance (CMR) with median (solid
line), mean (cross), interquartile range (box) and whiskers.
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Figure 3. Histograms of peak-to-peak systolic gradients measured by cardiac
catheterization (CC) and mean peak instantaneous pressure gradients measured by
four-dimensional flow cardiovascular magnetic resonance (CMR).
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9.3 Differences Between Cardiac Catheterization and
Four-Dimensional Flow Cardiovascular Magnetic
Resonance Measurements

Figure 4 and 5 both illustrate the distribution of differences between
relative pressure gradient values measured by cardiac catheterization
and 4D flow CMR.

Regarding the box plot, two values are outside the lower and upper inner

fence. The lower and upper inner fence were calculated as follows:

bottom of the box — interquartile range X 1.5

top of the box + interquartile range X 1.5

Hence, two mild outliers can be identified. The interquartile range is small
and spreads out symmetrically around the median and value zero.

The histogram of differences between peak-to-peak systolic gradient and
mean peak instantaneous pressure gradient values is gaussian. Also, the
kurtosis is relatively high what indicates that the variance of differences
results from more extreme but less frequent values.

Two normality tests were performed to further assess the likelihood that
the differences between relative pressure gradient values come from a
normal distribution. Therefore, a Shapiro-Wilk and Kolmogorow-Smirnow
test were conducted with the statistical analysis software SPSS Statistics
version 22, provided by IBM Corporation in Armonk, United States.
Results for the two normality tests indicate that differences between
relative pressure gradient values are normally distributed. The null
hypothesis that differences between relative pressure gradient values are
normally distributed could not be rejected (p-value > 0.05).

In the synopsis of graphical analysis and normality test results, the
distribution of differences between measurements is found to be normal.
No outliers are excluded, and a parametric approach is used to estimate

measurement agreement.
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Figure 4. Box plot of differences between relative pressure gradients measured by
cardiac catheterization (CC) and four-dimensional flow cardiovascular magnetic
resonance (CMR) with median (solid line), mean (cross), interquartile range (box),
whiskers and outliers (dots).
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Figure 5. Histogram of differences between relative pressure gradients measured by
cardiac catheterization (CC) and four-dimensional flow cardiovascular magnetic

resonance (CMR).
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9.4 Agreement Between Cardiac Cathertization and Four-
Dimensional Flow Cardiovascular Magnetic
Resonance Measurements

Agreement between measurements by cardiac catheterization and 4D
flow CMR is graphically illustrated in figure 6 and 7 and is mainly
estimated based on publications from Bland, JM and Altman, DG.
Furthermore, a test of equivalence was performed. Additionally, a non-
parametric approach is used. Agreement was estimated without the
interpretation of correlation coefficients, linear regression methods as well
as hypothesis testing because it is not necessary in this case of statistical
analysis and can lead to incorrect conclusions (Bland & Altman, 1986,
1990, 1995a, 1995b, 1999, 2003).

The range of clinical irrelevant deviation for relative pressure gradient
estimation was set to £5 mmHg. The range of clinical irrelevant deviation
stands for a difference between measurements by the two methods that
will not lead to diagnostic errors in most of patients being investigated.
Moura and colleagues analyzed the “reproducibility of echocardiography
measurements in  valvular aortic valve stenosis”. Again,
echocardiography is “the key tool for the diagnosis and evaluation of valve
disease” (Baumgartner et al., 2009). To do so, TTEs were obtained in 150
patients with asymptomatic moderate aortic stenosis by two blinded
observers at two different times. Moura et al. found the coefficient of
reproducibility for interobserver variability for peak instantaneous
pressure gradient measurements to be 5.58 mmHg. The coefficient of
reproducibility provides an interval in relation to the mean of differences.
Within this interval 95% of differences between two observers will lie when
measuring peak instantaneous pressure gradients in the same patient
with TTE (Moura, Ramos, Pinto, Barros, & Rocha-Goncalves, 2011). On
grounds of the study results, the range of clinical irrelevant deviation for
relative pressure gradient estimation was set to £5 mmHg for the following
statistical analysis.

Figure 6 shows matching peak-to-peak systolic gradient and mean peak
instantaneous pressure gradient values plotted against each other. The

dashed line represents the line of equality or identity line. The line of
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equality will be the line all points lie on, if the two methods measure the
same identical relative pressure gradient value for every observation.
Approximately, points lie symmetrically on both sides of the equality line
regardless of the relative pressure gradient magnitude. Despite a reduced
point density and missing data for peak-to-peak systolic gradient values
> 45 mmHg, the influence of a systematic error is small and/or contributing
effects to a systematic error neutralize. The distribution of points mostly
reflects random error with a rather large variance.

Figure 7 additionally describes the quantitative aspect of agreement
between the two methods in relation to the average of measured values.
Although, the reference method for relative pressure gradient estimation
was used for this comparison study, the true value of each relative
pressure gradient remains unknown because the reference method does
not guarantee that the method works without measurement error.
Therefore, differences are plotted against the average of values
measured by cardiac catheterization and 4D flow CMR instead of a single
cardiac catheterization measurement value. In this sense, the mean of
measurements is the best guess for an unknown true relative pressure
gradient value. Furthermore, plotting differences against the average of
values of the reference and new method is less prone to a false
interpretation of agreement in relation to the magnitude of measurements.
According to Bland and Altman “a plot of the difference[s] against the
average of the standard and new method is unlikely [...] to show a relation
between difference[s] and magnitude when there is none” (Bland &
Altman, 1995a).

Again, the distribution of points in relation to the relative pressure gradient
magnitude is approximately symmetric on both sides of the horizontal
zero-line. The variance of differences is homogenous across the range of
measurement. Hence, the level of agreement is independent of the

relative pressure gradient magnitude <45 mmHg.
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The dashed line represents the mean difference between measurements
by the two methods also referred to as systematic error or bias. The bias
is -0.1 mmHg. The bias is calculated as follows (Bland & Altman, 1999):

peak — to — peak systolic pressure gradients ,yeraged

— mean peak instantaneous pressure gradients ,yeraged

A -0.1 mmHg bias further indicates that the influence of a systematic error
is small and/or contributing effects to a systematic error neutralize under
the present measurement conditions.

The variance of the bias can be estimated by the SD of the differences.
The SD of the differences is 7.2 mmHg. The solid lines represent the 95%
limits of agreement. The limits define a range in which 95% of all
differences between measurements by the two methods will lie, if the
differences are normally distributed. The limits of agreement are -14.2 to

14 mmHg. The limits were calculate as follows (Bland & Altman, 1999):

bias £ 1.96 X SD g¢qifferences

The 95% confidence interval (Cl) for the lower limit is -21.7 to -6.3 mmHg
and 6.5 to 21.9 mmHg for the upper limit. The Cls were calculated as
follows (Bland & Altman, 2003):

SD?

of differences

limits of t+ 196 x |3 X
1mits otagreement & \/ number of subjects

Cls for the 95% limits of agreement are extensive mostly due to the small
number of included subjects.

To estimate equivalence, a Cl for the differences between relative
pressure gradient values, measured by the two methods, was calculated.
In this approach to estimate measurement agreement, equivalence is
approved if the two-sided 95% Cl lies entirely inside the predefined range
of clinical irrelevant deviation for relative pressure gradient estimation,
which is also known as range of equivalence. The two-sided 95% Cl was
calculated by a paired t-test (SPSS Statistics, version 22, IBM
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Corporation, Armonk, United States) and is -3.5 to 3.3 mmHg. The Cl lies
entirely inside the predefined range of equivalence. Hence the two
methods can be described as equivalent in regard of the mean difference
between relative pressure gradient values. Also, the value zero is within
the 95% CI. Hence, the mean difference between relative pressure
gradient values is non-significant.

Additionally, a non-parametric approach is used to estimate agreement,
suggested by the British Hypertension Society in their protocol for
validation of blood pressure measuring devices in adults (O'Brien et al.,
2002). This approach is simply an array of percentage values of rounded
and absolute differences within certain limits. No outliers are excluded,
although the approach is considered non-parametric. Of all rounded and
absolute differences between peak-to-peak systolic gradient and mean
peak instantaneous pressure gradient values 70% are < 5 mmHg, 90%

are <10 mmHg and 10% are > 15 mmHg, as displayed in table 12.

Table 12. Summary of non-invasive pressure gradient estimation based on rounded
and absolute differences between measurements by cardiac catheterization and four-
dimensional flow cardiovascular magnetic resonance.

Limit [mmHg] <5 <10 <15

Proportion of rounded and absolute differences [pct.] 70 90 90
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Figure 6. Relativ pressure gradients measured by cardiac catheterization (CC) and four-
dimensional flow cardiovascular magnetic resonance (CMR) with line of equality

(dashed line).

25
o

15
— Co
5? o
E 5
S S
” S S D S
= 2 °
o &® ° o

1 -5 ° 52

O
(&) o

-15 °

-25

10 20 30 40 50

CC + CMR / 2 [mmHg]

Figure 7. Relative pressure gradient differences versus average of values measured by
cardiac catheterization (CC) and four-dimensional flow cardiovascular magnetic
resonance (CMR) with 95% limits of agreement (black solid lines), range of clinical
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10 Discussion

Measurement agreement is determined by subjects, observers and used
methods and all three factors can interfere with its quality. When we want
to measure a clinical quantity, with a new method because the new
method has a competitive advantage over the standard method, then we
need to know if the two methods can be used interchangeably, so that the
patient can benefit without a loss in measurement quality. Before methods
can be used interchangeably, a certain level of agreement must be proven
in a sufficiently large and representative study population. This level of
agreement is predefined by limits of clinical irrelevant deviation, which on
the other hand stand for a difference between measurements by the two
methods that will not lead to diagnostic errors in most of the observations.
Studies to estimate measurement agreement between two methods must
fulfill certain criteria, so results are affected as little as possible by subjects
and/or observers. Therefore, methods should measure the same quantity,
in the same subject, repeatedly, independently and simultaneously or
under equal measurement conditions.

The main terms to describe measurement quality are accuracy and
precision. Accuracy means the ability of a method to give a correct
estimate of a quantity. Accuracy is estimated by the difference between a
measurement value and a true value of a quantity and is a different
expression for systematic error or bias. Precision stands for the degree of
distribution of several measurement values collected by a method, which
tries to give correct estimates of a true value of a quantity. Precision is
estimated by a measure of variability and is a different expression for
random error or repeatability. Similarly, measurement agreement
between methods is described and estimated.

4D flow CMR data to estimate relative pressure gradients can be
exploited in different ways. Therefore, measurement results eventually
are dependent on type of algorithms and how they are implemented by
software vendors.

The basis of a correct relative pressure gradient estimation by such
implemented algorithms is a 4D flow CMR data acquisition with high
quality. The key characteristics regarding quality of 4D flow CMR data

acquisition are a sufficient spatiotemporal resolution and a suitable
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velocity-encoding gradient (Nasiraei-Moghaddam et al., 2004). In PC
imaging velocities are averaged across the dimension of a voxel and the
duration of gradient application. A low spatial resolution leads to an
underestimation of velocities and consequentially relative pressure
gradients due to partial volume effects, especially in voxels located at the
vessel wall as well as at the boundary of the vena contracta. Spatial
resolution in clinical application of 4D flow CMR is ultimately restricted by
scan time. In this study, the median voxel size inside the mean acquisition
volume of 6.24 | is 2.5 x 2.34 x 2.34 mm3 (2.1t02.5x 1.8t0 2.5 x 1.8 to
2.5) and was generated in 9.8 minutes on average. A spatial resolution >
1.5 mms3 already causes a significant underestimation of relative pressure
gradient values calculated by the NSE and PPE (Casas, Lantz,
Dyverfeldt, & Ebbers, 2016).

Lotz et al. report a significant underestimation of velocities for a temporal
resolution < 11 frames per cardiac cycle (Lotz et al., 2002). In this study,
the temporal resolution was sufficiently covered with an average of 19
frames per patient.

Regarding the velocity-encoding gradient magnitude across stenotic
lesions, a VENC cannot be set in an arbitrary way and must be adjusted
to the expected maximum velocity of the vena contracta to prevent phase
aliasing. A high VENC is suitable for maximum velocities of the vena
contracta but makes for a mismatch of minimum velocities around the
obstructive lesion. This mismatch of velocity-encoding and the resulting
poor velocity-to-noise ratio leads to an underestimation of velocities.
Noise can be reduced by a multi-VENC overlapping scheme derived from
several 4D flow scans with different velocity-encoding gradients (Ha et
al., 2016) or other techniques. Unfortunately, underestimation of
velocities is inevitable for a single-VENC acquisition of higher grade
stenoses. In the end, correct 4D flow data acquisition is a matter of time
and results in a trade-off between short scan time and high image quality.
In their 2009 publication, Ebbers and Farneback point out that the PPE
implementation is not straightforward since results depend on the shape
of the vessel and the computational domain as a copy of the anatomy
(Ebbers & Farneback, 2009). Yet, the finite element solver of the PPE

used in this study seems to be robust towards different vessel geometries
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like the aortic arch and bifurcation of the MPA. In fact, Casas et al.
suggest that the PPE could be more useful for relative pressure gradient
estimation in complex vessel geometries than the Bernoulli methods
(Casas et al., 2016).

The relative pressure field calculated by the NSE, is the derivate of the
acquired velocity field by 4D flow CMR and the segmentation of
cardiovascular compartments defines how much of the velocity field is
assigned to the computational domain. Hence, the process of
segmentation is significant for the final results, while the reliability of the
semiautomatic segmentation process depends crucially on the generated
ratio between signal intensity magnitude as well as PC and the amount of
noise in 4D flow CMR data sets. Segmentation of ROls with a laminar and
homogenous flow only requires some user interaction and final 3D
models are easy to reproduce, with similar as well as anatomically correct
vessel boundaries. This is not the case for areas with a turbulent and
inhomogeneous flow. A turbulent flow leads to different velocities within
voxels in the area distal to higher grade stenoses. The range of velocities
or velocity fluctuation inside a voxel produces a range of phases, which
in turn alters the voltage induction during TE and causes a deprivation of
signal intensity magnitudes (Oshinski, Ku, & Pettigrew, 1995).

Regarding image contrast in patients with higher grade stenoses, it
makes for a difference if the ROI is segmented based on magnitude
images, PC images or a combination of the two. Usually patient specific
time-averaged PC MRAs are used for segmentation. A time-averaged PC
MRA combines information about absolute velocities and signal
magnitude. The weighting between PC and magnitude images is constant
over the range of measurement of relative pressure gradients and does
not account for the changing contrast ratio between the two image types
in patients with higher grade stenoses. Consequently, segmentation
requires more user interaction. Therefore, results are less precise or
reproducible as well as anatomically correct in patients with higher grade
stenoses, due to signal loss as well as lower PC in poststenotic areas.
According to Bock and colleagues, administration of contrast agent
significantly helps to improve the signal-to-noise ratio of 4D flow CMR

data in healthy volunteers (Bock et al., 2010). In this study, no contrast
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agents were used to decrease noise and increase signal intensity in
patients prior to 4D flow acquisitions.

Furthermore, the pulsatile movement of vessel boundaries is neglected
because time-averaged PC MRAs are not time-resolved and the exact
position of vessel boundaries over the cardiac cycle is unknown. This is
a problem because relative pressure gradient computation with the PPE
is sensitive about errors close to the vessel boundaries (Meier et al.,
2013). One straightforward solution to overcome this, which was not used
in this study, is to morphologically erode the final 3D model after
segmentation about 1 to 2 voxels.

The signal loss in 4D flow CMR data due to turbulent flow represents
viscous dissipation of energy into heat as well as acoustic noise and can
be correlated with transvalvular pressure losses. To do so, the amount of
energy loss or turbulent flow intensity is estimated by the SD of velocity
distribution within voxels (Dyverfeldt et al., 2013; Dyverfeldt, Sigfridsson,
Kvitting, & Ebbers, 2006). The NSE do not account for energy dissipation
on grounds of turbulent flow because only mean velocities are used as
input. Therefore, according to Casas and colleagues, NSE and PPE
solver are not capable to compute irreversible or true transvalvular
pressure losses. The authors justify their statement based on in vitro CFD
and PC-MRI simulations. Results show that relative pressure gradients
between two points up- and downstream in relation to a stenosis
computed by NSE and PPE solver do not agree with simulated reference
values of true transvalvular pressure gradients. On the other hand,
maximum pressure gradients at the level of the stenosis computed by
NSE and PPE solver have a good agreement compared to true
transvalvular pressure gradients (bias: 1.4 mmHg; 95% limits of
agreement: -2.8 to 5.5 mmHg) (Casas et al., 2016).

Additionally, PPE solver do not account for viscous energy loss due to
non-turbulent flow patterns. Non-turbulent energy loss can be estimated
separately based on 4D flow CMR data by a reformulation of the viscous
portion of the NSE (Barker et al., 2014).

Clinical acceptance of diagnostic methods is also determined by ease of
use. Image reconstruction of the extensive amount of 4D flow CMR data

per patient takes several minutes. Software tools to correct and analyze
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4D flow CMR data are not integrated into PACS. The data transfer from
PACS workstations to a personal computer is merely ensured by portable
storage mediums and takes up to five minutes. The process of phase
offset and phase aliasing correction requires less than five minutes
approximately. Relative pressure gradient computation by the NSE and
PPE with a finite element solver is fast. In fact, what is primarily
compromising convenience of 4D flow CMR data processing is the 3D
segmentation of ROIs. Scan time is mainly determined by user settings.
Moreover, scan time and image quality are particularly depending on the
patient’'s heart as well as breathing rhythm and frequency. Another
inconvenience or challenge is the anticipation of maximum velocities in
the ROl and to make a correct adjustment for a suitable VENC.

The range of clinical irrelevant deviation, to estimate agreement of relative
pressure gradient measurements, was set to £5 mmHg based on the
study results from Moura et al. Moura and colleagues found the
reproducibility coefficient, to quantify inter-observer variability of peak
instantaneous pressure gradient measurements by TTE in 150 patients
with moderate valvular aortic valve stenosis, to be 5.58 mmHg (Moura et
al., 2011). The particular range of clinical irrelevant deviation might be
acceptable for patients with RVOT obstruction. In patients with RVOT
obstruction intervention is recommended when the peak instantaneous
pressure gradient measured by TTE is > 64 mmHg, given that the RV
contractility is still preserved and no valve replacement is needed
(Baumgartner et al., 2010). Otherwise, in patients with aortic coarctation
intervention is recommended when the peak-to-peak systolic gradient
measured by cardiac catheterization is > 20 mmHg (Baumgartner et al.,
2010). In this patient group, the set up range of clinical irrelevant deviation
would already account for 50% of the interventional pressure gradient
threshold value, compared to 15.6% for patients with RVOT obstruction.
Riesenkampff and colleagues investigated relative pressure gradients
across aortic coarctations in 13 patients with NSE and PPE solver. They
report a bias between invasive peak-to-peak systolic gradients measured
by cardiac catheterization and non-invasive peak-to-peak systolic
gradients measured by 4D flow CMR of 1.5 mmHg and 95% limits of
agreement from -3.1 to 6.1 mmHg (Riesenkampff et al., 2014). Compared
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to this study, measurement conditions were equal in terms of sedation as
well as the implemented NSE and PPE solver. Measurement conditions
were different regarding the retrospective study design, measurement
site, administration of contrast agents during CMR scans, a narrower as
well as lower range of measurement, ROl segmentation and the presence
of shunts as well as regurgitation. Additionally, there is no statement
about repeatability of at least one of the two measurement methods. The
minor underestimation of relative pressure gradients by 4D flow CMR is
consistent with the method’s intrinsic general underestimation described
in earlier publications (Bock et al., 2011; Ebbers & Farneback, 2009;
Meier et al., 2013). Underestimation might be even bigger under more
equal measurement conditions regarding the sedation bias. The narrow
limits of agreement might result from the prospective study design with a
better accordance between cardiac catheterization measurement points
and measurement points inside each ROl as well as more equal

hemodynamics of patients during procedures.
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10.1Limitations

Some limitations of this study must be considered. First, data was
analyzed retrospectively. Consequentially, there was no information
available about the basic hemodynamics of patients throughout CMR
examinations, which could have been compared with blood pressure
readings standardly recorded during cardiac catheterization procedures.
This is important to note because apart from lesion morphology, which is
considered as constant over a period of one day, relative pressure
gradient magnitudes depend on cardiac output and vascular resistance.
Moreover, the exact positions of measurement points during cardiac
catheterization procedures remain unknown because no more detailed
definition was agreed on other than RV, LPA and RPA. This is crucial
since the effect of catheter positioning on the variability of relative
pressure gradient magnitude is substantial (Assey, Zile, Usher, Karavan,
& Carabello, 1993) due to proximal pressure loss (Laskey & Kussmaul,
2001) and distal pressure recovery close to obstructive lesions (Laskey &
Kussmaul, 1994).

Furthermore, measurement conditions were not equal in terms of
sedation and administration of pharmaceuticals since only 4D flow data
sets generated without sedation were used for comparison. One would
have expected a systematic overestimation of relative pressure gradients
by CMR measurements because the RV cardiac output and pulmonary
vascular resistance of patients during scans were not compromised by
sedatives (Hammarén & Hynynen, 1995) and pharmaceuticals.
Additionally, measurement point printouts from pressure curves recorded
in the catheter laboratory were not superimposed to calculate peak
instantaneous pressure gradients. Instead, manually sized non-
synchronous peak-to-peak systolic gradients were used for comparison.
Currie and colleagues report an overestimation of peak-to-peak systolic
gradients by peak instantaneous pressure gradients across RVOT
obstructive lesions both measured by cardiac catheterization in their
correlative study about Doppler and dual catheter pressure gradient
measurements. Again, one would have expected a systematic
overestimation of relative pressure gradients by CMR measurements

because of the reported mean difference of 11% between peak
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instantaneous pressure gradients and peak-to-peak systolic gradients
measured by cardiac catheterization (Currie et al., 1986).

Another important aspect that was not sufficiently addressed, is the
comparison of repeatability or precision of the two methods. According to
Bland and Altman, agreement is determined by the variation of repeated
measurements or replicates by two methods on the same subject. For
example, if the repeatability of the standard method is poor, a new method
with better repeatability will not have a good agreement in comparison
(Bland & Altman, 1999).

Therefore, repeatability must be estimated together with measurement
agreement in method comparison studies. In other words, information
about the repeatability of each method is required as a reference to
estimate precision between methods. Replicates stand for more than one
measurement by the same method, on the same subject, under the same
conditions and independent from each other or blinded on previous
measurement values. Replicates can be hard to obtain in clinical practice.
In terms of cardiac catheterization measurements, repeated
catheterizations to assess the precision of the method cannot be justified.
Otherwise, repeated probing of measurement points during a single
cardiac catheterization procedure is imaginable. Repeated 4D flow CMR
scans certainly have a time penalty that cannot be easily overcome with
a one-hour time slot per patient. However, a single data set can be
evaluated repeatedly by several segmentations of a ROl or software tools
with different algorithms for relative pressure gradient estimation. Since
measurement points were probed just once in the catheter laboratory,
only one peak-to-peak systolic gradient between the RV and LPA as well
as one peak-to-peak systolic gradient between the RV and RPA could be
calculated per patient. On the contrary, three peak instantaneous
pressure gradients between the RV and LPA as well as three peak
instantaneous pressure gradients between the RV and RPA could be
generated with the 4D flow analysis software per data set. Therefore,
comparison of repeatability of each method could only be evaluated to a
limited degree.

A further shortcoming relates to the segmentation process of ROls in
time-averaged PC MRAs of 4D flow CMR data sets. As already
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mentioned, relative pressure gradient estimation by 4D flow CMR is
determined by the number and location of voxels semiautomatically
assigned to the computational domain. Since the segmentation process
is observer dependent, especially in patients with higher grade stenoses,
evaluation of 4D flow data sets must have been blinded on peak-to-peak
systolic gradient values since the magnitude of peak instantaneous
pressure gradient values can be manipulated to a certain extend by how
much of the velocity field is included into the computational domain by
segmentation.

Finally, the last drawback of this study is the small sample size. The
degree of reliability by which a study result is transferable to the general
population is ultimately depending on the sample size of a study.
Moreover, the study population must cover a wider range of measurement
with peak-to-peak systolic gradient values > 45 mmHg to prove that the
method can meet the full spectrum of clinical requirements. Both aspects

need to be considered but most certainly suffers the study from little data.
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10.2Summary

In this study, agreement between peak-to-peak systolic gradients
measured by cardiac catheterization and peak instantaneous pressure
gradients measured by four-dimensional (4D) flow cardiovascular
magnetic resonance (CMR) using the Navier-Stokes and Pressure
Poisson equations was estimated retrospectively.

Included patients (n=10) were examined at the Klinik fur Kinderkardiologie
und Angeborene Herzfehler, Deutsches Herzzentrum Minchen because
of obstructive and/or insufficient pulmonary valves or homografts.
Patients present a broad spectrum of congenital heart disease, with either
a primary or secondary impairment of the right ventricle outflow tract. For
each patient, relative pressure gradients between the right ventricle and
left pulmonary artery as well as the right ventricle and right pulmonary
artery were measured by the two methods, respectively. All patients were
scanned one day ahead or on the same day prior to cardiac
catheterization procedures. 4D flow scans were performed without
sedation and without administration of contrast agents. The median
spatiotemporal resolution of 4D flow CMR acquisitions is 2.5 x 2.34 x 2.34
mms3 (2.1 t0 2.5 x 1.8 to 2.5 x 1.8 to 2.5) and 38.4 ms (36.9 to 40). The
range of measurement for peak-to-peak systolic gradients is 6 to 45
mmHg with a median of 26 mmHg. The median regurgitation in main
pulmonary arteries or homografts is 22% with a 0 to 62% range. The
median shunt ratio between the pulmonary and systemic circulation is 1:1
with a 0.7 to 1.2:1 range.

Differences between measurements by cardiac catheterization and 4D
flow CMR are normally distributed. The comparison of measurements
indicates a moderate to good agreement between the two methods.
Results show that 95% of all differences between the two methods will lie
within -14.2 (95% CI: -21.7 t0 -6.3) to 14 mmHg (95% CI: 6.51t0 21.9). The
95% limits of agreement are not congruent with the predefined £5 mmHg
limits of clinical irrelevant deviation. Nonetheless, 70% of 4D flow CMR
measurements have a clinical irrelevant deviation of +£5 mmHg or less and
90% have a deviation of less than +10 mmHg compared to cardiac
catheterization measurements. Against this, 10% have an extensive

deviation of more than +15 mmHg.
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4D flow CMR gives accurate estimates of relative pressure gradients
compared to cardiac catheterization with a mean difference between
measurements or bias of -0.1 mmHg (95% CI: -3.5 to 3.3 mmHg). A
marginal bias indicates that the influence of a systematic error is small
and/or contributing effects to a systematic error neutralize under the
present measurement conditions.

The 95% confidence interval for the mean difference of measurements
lies entirely inside the predefined £5 mmHg range of clinical irrelevant
deviation. Hence, the two methods can be described as equivalent.
Additionally, the 95% confidence interval includes the value zero.
Therefore, the differences between the two methods are non-significant.
Furthermore, the graphical presentation of results indicates that the
accuracy and precision of the 4D flow CMR method is supposably
independent of relative pressure gradient magnitudes < 45 mmHg.

The intraobserver coefficient of repeatability for the software analysis of
4D flow CMR data sets is 4.9 mmHg. Repeatability of cardiac
catheterization measurements was not evaluated. If the limits of
agreement are congruent with the range trepeatability coefficient of at
least one of the two methods, then a lack of precision will be explained by
a lack of repeatability of the corresponding method. In this study, the lack
of precision between the two methods is not explained by a lack of
repeatability of 4D flow CMR software analysis, since the limits of
agreement are not congruent with the range of 4.9 mmHg. Apart from
this, reasons for the extensive limits of agreement cannot be further

restricted.
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10.3Conclusion

To our knowledge, estimation of relative pressure gradients by 4D flow
CMR, using the Navier-Stokes and Pressure Poisson equations,
compared to cardiac catheterization measurements, has been described
for the first time in patients with a primary or secondary impairment of the
right ventricle outflow tract due to congenital heart disease. Relative
pressure gradient estimation, using the Navier-Stokes and Pressure
Poisson equations on grounds of a velocity field generated with 4D flow
CMR, has proven its feasibility. The non-invasive and comprehensive
diagnostic abilities of 4D flow CMR are promising for patients with
congenital heart disease in terms of research and clinical application.

Based on results from this study, cardiac catheterization and 4D flow
CMR cannot be used interchangeably to estimate relative pressure
gradients in patients with mild to moderate obstructive lesions of the right
ventricle outflow tract caused by congenital heart disease. Nevertheless,
accuracy and precision of 4D flow CMR regarding relative pressure
gradient estimation, using the Navier-Stokes and Pressure Poisson
equations, compared to cardiac catheterization need to be further
investigated. Future studies must take replicates by both methods under
more equal measurement conditions, focus on the full range of

measurement and include more patients.
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11 Abstract

Introduction: Pressure gradients serve to grade the severity of
obstructive valvular conditions. To measure pressure gradients correctly
and at best in a non-harmful way is crucial for the initial treatment and
long-term follow-up of affected patients. Cardiac catheterization (CC) is
the reference method for measurements of pressure gradients. CC was
used to estimate the accuracy and precision of relative pressure gradient
measurements by four-dimensional (4D) flow cardiovascular magnetic
resonance (CMR), between the right ventricle and both pulmonary
arteries, in patients with a primary or secondary impairment of the right
ventricular outflow tract due to congenital heart disease.

Methods: 10 patients were included. Patients were scanned without
sedation and without administration of contrast agents. The median time
difference between CC and 4D flow CMR procedures is 1 day (0 to 1).
The median spatiotemporal resolution of 4D flow CMR acquisitions is 2.5
x2.34 x234mm3(2.1t02.5%x 1.8t02.5x1.8102.5)and 38.4 ms (36.9
to 40). Accuracy and precision were estimated retrospectively between
peak-to-peak systolic gradients measured by CC and peak instantaneous
pressure gradients computed by the Navier-Stokes as well as Pressure
Poisson equations. The median peak-to-peak systolic gradient is 26
mmHg (6.5 to 45). The median regurgitation in main pulmonary arteries
or homografts is 22% (0 to 62). The median shunt ratiois 1:1 (0.7 to 1.2:1).
Results: Of all rounded and absolute differences between peak-to-peak
and peak instantaneous pressure gradients 70% are <5 mmHg, 90% are
<10 mmHg and 10% are > 15 mmHg. The 95% limits of agreement are -
14.2 (95% CI: -21.7 to -6.3) to 14 mmHg (95% CI: 6.5 to 21.9). The bias
is -0.1 mmHg (95% CI: -3.5 to 3.3 mmHg). The intraobserver coefficient
of repeatability for the software analysis of 4D flow CMR data sets is 4.9
mmHg.

Conclusion: The two methods show a moderate to good agreement.
70% of rounded and absolute differences have a clinical irrelevant
deviation of <5 mmHg. 4D flow CMR gives accurate estimates compared
to CC and differences between methods are non-significant. However,
the two methods cannot be used interchangeably due to a lack of

precision. Pressure gradient estimation by 4D flow CMR has proven its
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feasibility. The non-invasive and comprehensive diagnostic abilities of 4D
flow CMR are promising for patients with congenital heart disease in

terms of research and clinical application.

76



Einleitung: Druckgradienten dienen dazu den Schweregrad von
obstruktiven Herzklappenerkrankungen zu bestimmen. Druckgradienten
genau zu messen und im besten Fall ohne dabei Schaden zu
verursachen, ist von entscheidender Bedeutung bei der initialen
Behandlung und langfristigen Nachsorge von betroffenen Patienten. Fur
die Bestimmung von Druckgradienten gilt der Herzkatheter (HK) als die
Referenzmethode. Ergebnisse aus dem HK wurden genutzt um die
Genauigkeit und Prazision in Bezug auf Druckgradienten zu beurteilen,
die mit einer vierdimensionalen (4D) Fluss Magnetresonanztomographie
(MRT) gemessen wurden, zwischen dem rechten Ventrikel und beiden
Pulmonalarterien, in Patienten mit einer primaren oder sekundaren
Beeintrachtigung des rechtsventrikularen Ausflusstraktes aufgrund von
angeborenen Herzfehlern.

Methoden: 10 Patienten wurden eingeschlossen. Die Patienten wurden
gescannt ohne Sedierung und ohne die Gabe von Kontrastmitteln. Im
Mittel langen die HK und 4D Fluss MRT Untersuchungen 1 Tag (0 bis 1)
auseinander. Die mediane raumliche und zeitliche Auflosung der 4D
Fluss MRT Untersuchungen betragt 2.5 x 2.34 x 2.34 mms (2.1 bis 2.5 x
1.8 bis 25 x 1.8 bis 2.5) und 384 ms (36.9 bis 40). Die
Messubereinstimmung wurde retrospektive bestimmt zwischen peak-to-
peak Druckgradienten gemessen im HK und peak instantaneous
Druckgradienten berechnet durch die Navier-Stokes und Pressure
Poisson Gleichungen. Der mediane peak-to-peak Druckgradient liegt bei
26 mmHg (6,5 bis 45). Die mediane Regurgitation im Stamm der
Pulmonalarterie oder dem homologen Transplantat betragt 22% (0 bis
62). Das mediane Shunt-Verhaltnis ist 1:1 (0,7 bis 1,2:1).

Ergebnisse: Von allen gerundeten und absoluten Differenzen zwischen
den peak-to-peak und peak instantaneous Druckgradienten sind 70% <5
mmHg, 90% < 10 mmHg und 10% > 15 mmHg. Die 95% Grenzen der
Ubereinstimmung liegen bei -14.2 (95% KI: -21.7 bis -6.3) und 14 mmHg
(95% KI: 6.5 bis 21.9). Die mittlere Differenz liegt bei -0.1 mmHg (95% KI:
-3.5 bis 3.3 mmHg). Der Wiederholungs-Koeffizient fur die Software-
Analyse der Datensatze der 4D Fluss MRT Untersuchungen durch einen

Untersucher liegt bei 4.9 mmHg.
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Fazit: Die zwei Methoden zeigen eine moderate bis gute
Ubereinstimmung. 70% der gerundeten und absoluten Differenzen haben
eine Klinisch irrelevante Abweichung von < 5 mmHg. Die 4D Fluss MRT
liefert genaue Messwerte verglichen mit dem HK wund die
Messunterschiede zwischen den Methoden sind nicht signifikant.
Dennoch kann die 4D Fluss MRT den HK nicht ersetzen, aufgrund
mangelnder Prazision in der Ubereinstimmung. Die 4D Fluss MRT hat
ihre Durchflhrbarkeit in Bezug auf die Messung von Druckgradienten
unter Beweis gestellt und die nicht invasiven als auch umfassenden
diagnostischen Maoglichkeiten der 4D Fluss MRT sind vielversprechend
fur Patienten mit angeborenen Herzfehlern in Bezug auf Forschung und

klinische Anwendung.
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