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Summary

Background: Magnetic Resonance Imaging (MRI)-guided catheterization
combines the benefit of cardiac catheterization with the advantages of
cardiovascular magnetic resonance (CMR), allowing simultaneous haemodynamic
assessment, detailed tissue characterization and anatomical evaluation without the
use of ionising radiation. Real-time CMR guides catheter navigation through the
heart chambers and vessels allowing haemodynamic and flow assessment under
the same sedation or anaesthesia conditions. The drawback is the slightly
increased procedural complexity due to the scarce availability of dedicated MRI-
conditional catheters and wires. We retrospectively report our experience of MRI-
guided catheterization in children and patients with congenital heart disease
(CHD), comparing the cardiac output and indexed pulmonary vascular resistance
measured using the traditional Fick method and CMR flows under the same

haemodynamic conditions.

Methods: Children and young adults affected by CHD or cardiomyopathy
referred for cardiac catheterization and MRI between May 2022 and October 2024
were invited to undergo MRI-guided heart catheterization. All MRI-guided
catheterizations were performed in a suite equipped with a 1.5-Tesla MRI scanner
adjacent to a preparation room at Ospedale Pediatrico Bambino Gesu in Rome.
Baseline demographics, clinical characteristics, procedural data, invasive
hemodynamic findings, CMR flows and procedural complications were recorded.
Procedural success was defined as the completion of a full right heart
catheterization. All procedures were performed by one of two paediatric
interventional cardiologists with more than five years of experience in X-Ray-
guided catheterization. Systemic and pulmonary blood flows were obtained by
phase contrast CMR and compared to the Fick principle. QP:Qs and indexed

pulmonary vascular resistance were also compared.

Results: Twenty-five patients underwent MRI-guided heart catheterization. The
mean age was 12.3 £ 11.1 years old and the mean weight was 35.7 + 22.5 Kg.
Most of the patients had a cardiomyopathy and the indication for catheterization
was surveillance and/or placement on the heart transplant list (n = 13; 52%),
seven patients were univentricular heart palliated with Glenn (n =2) and Fontan (n
= 5), tricuspid valve anomalies (n =1), total anomalous pulmonary venous return
post-repair (n =1), double outlet right ventricle post-repair (n =1), Uhl’s anomaly

(n =1) and congenitally corrected transposition of great arteries palliated with
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pulmonary artery banding (n =1). A complete MRI-guided cardiac catheterization
was performed successfully in 96% of patients. Most procedures were performed
from a femoral access (n = 23; 92%). There were no procedural complications
related to the procedure and no patient experienced hemodynamic instability or
needed resuscitation. There was a moderate correlation between cardiac and
pulmonary index measured by the Fick method and CMR flows (R2 0.59, p<.001
and R2 0.42; p< .001 respectively). There was a strong correlation between
indexed pulmonary vascular resistance measured by the Fick method and CMR
flows (R2 0.86; p< .001) with a mean difference of -0.23 + 0.51 WU*m?2, 95% CI
-1.23t0 0.76 WU*m2.

Conclusions: MRI-guided catheterization is feasible and safe in children and
patients with CHD and can be performed with standard technology using existent
CMR scans. MRI combines a better soft tissue visualisation with additional
haemodynamic information obtained by catheterization, without the use of X-Ray.
Flow measurements and pulmonary vascular resistance obtained by CMR flows
and with the traditional Fick method have a good correlation at the baseline
condition. Advancements in MRI technology with improved image quality, faster
scanning times, and dedicated catheterization equipment may increase the role of
MRI-guided catheterization in CHD and open more space for interventional

procedures.
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Chapter 1

Advancement in the diagnosis of
congenital heart diseases

1.1 Background

The worldwide prevalence of congenital heart disease (CHD) is approximately
8-9 per 1000 newborns. (1-4) Advances in diagnosis, interventional and surgical
management have dramatically improved the outcome for children born with
CHD with more than 90% surviving into adulthood. (3,5) Diagnostic work-up for
patients with CHD includes medical history with detailed information about
previous surgeries and interventions, clinical evaluation and examination,
electrocardiogram and pulse oximetry. Non-invasive imaging is routinely
performed by transthoracic echocardiography, while transoesophageal
echocardiography and cardiovascular magnetic resonance (CMR) imaging are

performed only where indicated.

CMR has emerged as an important diagnostic tool for patients with CHD.
Nowadays, it is the gold standard for the quantification of volumes, heart valve
disease, shunts and collaterals, right ventricular size and function in patients with
pulmonary regurgitation, complex CHD such as univentricular heart and complex
aortic arch abnormalities. (6-8) Moreover, the absence of ionising radiation makes
CMR a useful tool when serial evaluations are needed, for example for monitoring
aortic dimensions. (3) It provides high-quality soft-tissue visualization, 3-
dimensional anatomic reconstruction and myocardial tissue characterisation.
(9,10) Finally, it allows systemic and pulmonary blood flow calculation, which is

very useful in patients with multiple sources of blood supply.

Cardiac catheterization has a central role in the diagnosis and surgical risk
stratification of patients with CHD, pulmonary vascular disease, cardiomyopathy,
and heart failure. There are various indications for performing a diagnostic
catheterization, including shunt quantification, pressure gradients, evaluation of

systemic-pulmonary collaterals, discrimination between constrictive and
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restrictive physiology etc.. Furthermore, cardiac catheterization represents the
gold standard for the diagnosis and classification of pulmonary hypertension
which is often encountered in patients with CHD (11) In this setting cardiac
catheterization includes vasoreactivity testing, which plays a crucial role in the
shunt closure decision-making. Usually, the Fick principle is used to quantify flow
and calculate PVR. This method is based on oxygen consumption assumption and
relies on multiple measurements. Cardiac catheterization is performed with X-ray
guidance which exposes patients, who often require many catheterizations during
their life, to the risks correlated to ionising radiation. The imaging guidance is
suboptimal because radiopaque wires, catheters, balloons and devices are
visualised within the patient cardiac silhouette and vessels, having as markers
other thoracic structures such as bones, trachea and bronchi. Moreover, the heart
chambers and vessels can be depicted only by injection of iodinated contrast with
poor soft tissue definition (12) Interventional cardiologists working with

fluoroscopy make assumptions which sometimes do not reflect the true anatomy.
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1.2 Pulmonary hypertension

Pulmonary hypertension (PH) is a pathophysiological disorder involving multiple
clinical conditions and is defined by a mean pulmonary arterial pressure (mPAP)
>20 mmHg at rest. It may be associated with various respiratory and
cardiovascular diseases (11) In the last decades enormous progress has been made
in the diagnosis, management and treatment of patients suffering from pulmonary
hypertension, in the direction of a multidisciplinary approach with a team of
experts. (13-16) The 2022 ESC/ERS Guidelines for the diagnosis and treatment
of pulmonary hypertension classified PH according to the clinical condition
associated with PH, which shares similar pathophysiology, clinical presentation
and management. (11) Schematically ESC/ERS Guidelines divided patients with
PH in five groups:

GROUP 1 Pulmonary arterial hypertension (PAH)

GROUP 2 PH associated with left heart disease

GROUP 3 PH associated with lung diseases and/or hypoxia
GROUP 4 PH associated with pulmonary artery obstructions
GROUP 5 PH with unclear and/or multifactorial mechanisms

One of the most important aspects of this condition is defining the haemodynamic
characteristics of PH by obtaining the pulmonary artery wedge pressure (PAWP)
and the pulmonary vascular resistance (PVR). This is crucial in the definition of
pre-capillary and post-capillary PH, to distinguish increased pulmonary pressures
due to a true pulmonary vascular disease, PH associated with left heart disease or
other conditions. A threshold of PAWP <15 mmHg is considered the discriminant
for pre-capillary PH and the upper limit of normal PVR is 2 Wood units (WU).
(17-19) However, patients may suffer from combined post- and pre-capillary
pulmonary hypertension which together contribute to elevation in pulmonary

artery pressure.
Pre-capillary PH: mPAP >20 mmHg, PAWP <15 mmHg, PVR >2 WU

Post-capillary PH: mPAP >20 mmHg, PAWP >15 mmHg, PVR <2 WU
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Combined post- and pre-capillary PH: mPAP >20 mmHg, PAWP >15 mmHg,
PVR >2 WU

1.2.1 Pulmonary hypertension in congenital heart disease

Pulmonary hypertension in adults with CHD is estimated between 3-7% and
includes a very heterogeneous population. (3,11,20) It can occur in males and
females but it is more frequent in the latter and increases with time from the
defect repair. (21,22) The scenario can vary from PH with small/coincidental
defects, PH associated with prevalent systemic-to-pulmonary shunts, PH after
surgical or interventional correction and Eisenmenger syndrome. (11,22-24)

The increased PVR in this population is often due to a multifactorial obstructive
pulmonary vasculopathy and it is important to distinguish this PH-CHD condition
(classified in group 1 ESC/ERS Guidelines) from post-capillary PH in groups 2
and 5 of the same classification. (3) Moreover, patients with CHD may have
segmental PH with high variability in the hypertensive pulmonary vascular bed, as
seen in subjects with pulmonary atresia with ventricular septal defect and major
aortopulmonary collateral arteries. PH is a significant prognostic factor in patients
with CHD, impacting the clinical status and outcome of this rapidly growing
population. (25) It requires particular attention in pregnancy and before surgical
repair. (26)

The diagnosis of PH in patients with CHD incorporates a complex work-up
including patient history, examination, laboratory tests, imaging and lung function
tests. Right heart catheterization remains the gold standard to assess the necessity
of starting a vasodilator therapy in patients with pulmonary vascular disease and
suitability for surgical or interventional repair. (3) Fontan circulation is also
sometimes associated with pulmonary vascular disease and elevated PVR. High
pulmonary artery pressure in these patients is generally caused by increased
ventricular filling pressure associated or not with significant atrioventricular valve
regurgitation. (3) PVR can be calculated using the formula (mPAP— PCWP) / Qp
and its value and the response to vasoreactivity test with nitric oxide (NO) and/or
oxygen is useful information for decision-making. In most catheterization
laboratories the Fick principle is used to quantify flow. It depends on multiple
measurements such as haemoglobin values, oxygen saturations, partial pressures

and oxygen consumption, increasing the chance of inaccuracy. (27,28)

16



1.3 X-Ray guided catheterization exposure risks

Cardiac catheterization is performed with X-ray guidance which exposes patients
and operators to the risks correlated to ionising radiation. (29) Despite the
reduction in radiation exposure over the years, the risk for infants and children
often requiring multiple long procedures remains not negligible. Indeed, children
are more radiosensitive than adults, exposing them to radiation-induced
chromosomal damage, increasing the risk of developing cancer, also because live
longer to experience radiation effects (29-33) In many centers, patients after heart
transplants need annual surveillance cardiac catheterizations and sometimes
frequent endomyocardial biopsies. Children with CHD and after heart transplant
are the ones who benefit more from MRI-guided catheterization, sparing radiation
and getting at the same time haemodynamic data and CMR information about
possible myocardial rejection and perfusion abnormalities from cardiac allograft
vasculopathy. (34) Moreover, operators are exposed to the risks correlated to X-
Ray and chronic orthopaedic injuries due to the use of lead, worn as protection

from radiation.
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Chapter 2

MRI-guided catheterization

2.1 Background

Razavi R et al, first described a novel method of cardiac catheterization guided by
MRI with radiographic support in 2003. (35) MRI-guided catheterization
combines the benefit of cardiac catheterization with the advantages of CMR,
allowing simultaneous haemodynamic assessment, detailed tissue characterization
and anatomical evaluation without the use of ionising radiation.

The drawback is the slightly increased procedural complexity due to the reduced
spatial and temporal resolution and the scarce availability of dedicated MRI-
conditional catheters and wires. (32) Anyway, right heart catheterization under
CMR guidance can be generally performed and all chambers and vessels of
interest can be accessed. (34,36,37) In preliminary experiences transfemoral right
heart catheterization was performed first under X-ray and then under continuous
real-time MRI guidance. (36) Ratnayaka K et al, systematically compared patients
undergoing right heart catheterization under CMR and X-Ray fluoroscopy
guidance, finding similar procedural time including catheter manipulation,
pressure recording and oximetry. Gadolinium-filled balloons visualised under MR
were more successful than X-Rays in entering the left pulmonary artery. (36)

The added value of MRI-guided catheterization is the soft tissue visualisation
which helps the cardiologist in understanding the catheter position within the
heart and vessels. Pressures and saturations obtained during the procedure are
combined with flow data obtained from CMR, allowing the calculation of shunts
and resistances. An unlimited number of image planes can be obtained with
improvement in the accuracy of catheter manipulation, which is particularly
important in children and patients with CHD. (38)

There are two different methods of visualisation of CMR catheter devices: passive
and active.

- Passive tracking: Passive visualization refers to intrinsic equipment properties
such as a small amount of metal or balloon wedge catheters filled with air or
gadolinium which generates magnetic susceptibility artefacts or signal voids.
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Passive tracking is effective when it reaches a compromise between enough signal
void without losing soft tissue definition. Artefacts are proportional to the
magnetic susceptibility of the materials and passive tracking takes place with
normal imaging with no special processing required (32,39,40) Differentiation
from nearby tissue is difficult with passive tracking and it is often impossible to
see catheters in their entirety length without many changes in plane images.
Passive tracking requires that the device is confined within the selected imaging
slice. (37) However, with this strategy there is no need for an intravascular coil
that increases catheter diameter, reducing the accessibility of small vessels in

younger children. (41)

- Active tracking: Active guidewires and catheters are visualized by using
miniature radiofrequency coils or electronic components connected to the CMR
scanner. These devices emit or receive a signal to identify their location. The
electronic component position can then be superimposed on an acquired roadmap
image in real-time to allow direct visualization. It requires post-processing and its
clinical use is limited. (39,40,42-46) This strategy allows the device to be always

visualized even outside the selected imaging slice. (37)
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2.2 Rationale of MRI-guided cardiac catheterization

The rationale of MRI-guided cardiac catheterization is combining advanced
imaging, hemodynamics assessment and potential intervention in a single
radiation-free procedure. (47) Many advantages make this relatively new

technique appealing especially in the CHD field:

- MRI provides a better soft tissue visualisation, allowing to define the
intracardiac anatomy and its properties such as edema, fibrosis etc. This is
extremely important in CHD due to the complexity of anatomies and their
variation after cardiac surgery. (37,48,49)

- MRI provides important additional haemodynamic information such as flow
analysis, regurgitation analysis, chamber volumes and mass. These parameters
together with the standard haemodynamics obtained by catheterization offer a
potential improvement in decision-making.

- MRI-guided cardiac catheterization provides accurate haemodynamic
information without the use of X-Ray, reducing the risks associated with
ionising radiation for patients and operators. (29,31,35,50)

- Reduce the anaesthesia time by obtaining the haemodynamic and flow data
under the same conditions.

- Early detection of complications such as bleeding due to continuous

visualization. (51)

In the last years there was an improvement in image resolution due to more
powerful magnets and effective management of respiratory and cardiac motion
artefacts. (39) Moreover, procedural times, despite an initial learning curve, are
almost comparable to traditional X-ray guided cardiac catheterization, also

because image acquisition times have improved.
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2.3 Hemodynamic evaluation by MRI-guided cardiac
catheterization

Catheterization measurements of cardiac output and pulmonary vascular
resistance are historically made by using the Fick method or thermodilution which
are subject to errors from intrinsic inaccuracy or imprecise assumptions. (52) The
Fick method is based on oxygen consumption (VO2) which is laborious to
measure so in most catheterization laboratories assumptions are made using the
LaFarge-Miettinen formula, which is based on body surface area (BSA), age, and
heart rate. (53) VO2 direct measurement is infrequent in clinical practice. These
calculations are affected by many factors such as anaesthesia, VO2 variations in
different hemodynamic conditions, spontaneous fluctuation, difficult simultaneous
blood sampling and multiple sources of pulmonary blood flow. (54,55)
Furthermore, the Fick method is not accurate in patients with large intracardiac
shunt and high pulmonary blood flow due to reduced pulmonary arteriovenous
oxygen content difference. For the same reason, a pulmonary vasodilation test
with high-concentration oxygen further reduces the accuracy of this principle.
(28)

The thermodilution technique is also not precise in patients with intracardiac

shunts, significant valvular regurgitation and low flow states. (37)

Velocity-encoded phase-contrast magnetic resonance is an established method to
quantify blood flow and Qp:Qs assessment have also been proved accurate.
(56-58) Comparison of flows and resistances between Fick and CMR flows had
controversial results. Preliminary studies in swine and humans demonstrated a
good correlation between the calculation of flows and pulmonary vascular
resistance. (35,59) Other Authors suggest that CMR flow data quality is better
than traditional measurement by the Fick method or thermodilution. (51,60)

In 2004, Muthurangu V et performed MRI-guided cardiac catheterization in
twenty-four children and adults with suspected PH or CHD requiring pre-surgical
assessment of PVR. They found a good correlation between basal PVR calculated
by the Fick method and MRI-derived blood flows. However, they found a poor
correlation when PVR was also calculated at 20 ppm nitric oxide and 30% or
100% oxygen. (28)

Ratnayaka et al performed a right heart catheterization under CMR guidance in 50

children and found slightly higher pulmonary and systemic blood flow when

measured with the Fick principle compared with ones derived from CMR. They
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included children post-heart transplant, simple shunts, pulmonary hypertension,
cardiomyopathy, valvular and heart disease. (34)

Rogers T et al reported the Bethesda experience of MRI-guided right heart
catheterization in 102 patients, comparing cardiac output and pulmonary vascular
resistance obtained by CMR flow versus Fick, under resting conditions and after
pulmonary vasoreactivity test with inhaled nitric oxide and oxygen. They
demonstrated an excellent agreement at baseline catheterization on room air.
There was a reasonable agreement during the vasoreactivity test with inhaled
100% oxygen and 40 ppm nitric oxide, which is less precise because of reduced
arteriovenous oxygen difference. (52) Rogers T et al reported a stronger
correlation on the vasoreactivity test than Muthurangu et al (28), speculating that
this result could be explained by the higher number of paired calculations, use of
estimated VO2 and lower mean PVRIi at baseline. (52)

Theoretically, hemodynamic evaluation by MRI-guided catheterization, and
coupling invasive pressure measurement with MRI-derived blood flows should
provide a more accurate hemodynamic assessment. Stroke volume and pulmonary
or systemic cardiac output can be measured by volumetric analysis of cardiac
function or by MRI phase-contrast flow techniques. Then, intracardiac shunts
(Qp:Qs) can be calculated from the pulmonary artery and aortic flows and
pulmonary vascular resistance can be obtained from MRI flows and

catheterization pressures. (37)

2.4 MRI-guided cardiac catheterization in pregnancy

MRI-guided catheterization can be an excellent alternative also in pregnant
women, avoiding ionising radiation and its known adverse effects on the fetus.
Tzifa A et al described the case of a 33-year-old woman with recently diagnosed
complex CHD and severe pulmonary hypertension who underwent an MRI cath to
confirm the diagnosis and assess pulmonary arterial pressure and pulmonary
vascular resistance, to stratify the risk of her pregnancy. (61) Pulmonary vascular
disease is associated with a 40% risk of maternal death or heart failure, making
the haemodynamic assessment crucial for risk stratification, consultation and
therapy. (62)
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2.5 MRI-guided cardiac catheterization feasibility

MRI-guided diagnostic catheterization is usually completed with no need for
bailout catheterization under fluoroscopy. This procedure is feasible in adult and
children affected by many conditions, with bientricular and univentricular heart.
(34,35,52) Some technical aspects should be considered in case of post-surgical
repair anatomy, pulmonary hypertension and/or severe tricuspid valve

regurgitation.

Rogers T and al failed to reach the pulmonary artery with a balloon wedge
pressure catheter only in 5 patients out of 102 patients because of severely dilated
right heart chambers caused by pulmonary hypertension. Anyway, reaching the
pulmonary arteries in the same patients was unsuccessful also under fluoroscopy
guidance without the help of a guidewire. (52)

Ratnayaka K et al safely completed MRI-guided catheterization without a
guidewire in 15 to 16 adult patients with or without CHD, being unsuccessful
only in one patient with a large secundum ASD, dilated pulmonary arteries and
moderate pulmonary artery hypertension. (36) The procedure can be challenging
in patients with CHD as described by Velasco Forte et al who cannot successfully
perform it in 4 out of 30 patients due to the need for unavailable guidewire in a
patient with a criss-cross heart, pulmonary hypertensive crisis in another and the
artefact caused by pulmonary artery stents in two patients with single ventricle
circulation. (63) MRI-guided catheterization is generally feasible in patients with
single ventricle anatomy status post Glenn or Fontan. Sometimes, a wire is needed
to cross the conduit fenestration to assess atrial and ventricular pressures. (63)
Another challenge that can limit the feasibility of catheterization in CMR is the
difficulty in reaching patients' groin access inside the scanner and manipulating

catheters and wires in small children.

Knight DS et al, focused their attention on determining the predictors of
procedure success, failure and duration in patients with pulmonary artery
hypertension. They enrolled fifty patients who underwent MRI-guided right heart
catheterization and could complete the procedure in forty-seven patients. Higher
mean pulmonary artery pressure, right heart dilatation, right ventricle hypertrophy
and reduced right ventricle ejection fraction were associated with procedural
failure or success only with the use of an MRI-compatible guidewire. This result
was somehow expected as catheter manipulation is more challenging in patients
with dilated and dysfunctional heart chambers. The Authors also speculated that

right heart chamber dilatation more than the high pulmonary artery pressure was
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the reason for guidewire use or catheterization failure. Procedural time was not
associated with tricuspid or pulmonary regurgitant fraction. So worsening disease
was a predictor of more demanding and time-consuming procedures. All three
unsuccessful cases underwent X-ray-guided right heart catheterization on the
same day, two of them requiring a loop in the right atrium to reach the pulmonary
arteries and one necessitated the use of a nitinol guidewire. X-Ray guidance was
then explained because the looped shaft of a balloon wedge catheter cannot be
visualised by CMR. The Authors could demonstrate the feasibility of MRI-guided
catheterization even with adverse cardiopulmonary hemodynamics. Also in this
experience procedures became significantly shorter with increasing operators'

expertise and improved workflow. (38)

2.6 MRI-guided cardiac catheterization safety

There have been no described safety events related to CMR catheterization with
minimal increase in patients' temperature during CMR. (34,36) Catheters can kink
during MRI-guided catheterization, however, they can usually be removed by
withdrawal uneventfully. (36)

The the safety profile of the procedure can be implemented by starting with adult
patients and the gradually include older children by the time of getting enough
expertise and be confident with the procedure. (34) Obviously, MRI-guided
catheterization is not possible in patients who are not candidates for CMR due to
the presence of metal in high risk locations (es intracranial implants) or previously

implanted with pacemakers and defibrillators.
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2.7 Indications for MRI-guided diagnostic cardiac
catheterization

Several centers described their initial experience with MRI-guided cardiac

catheterization, mainly for diagnostic purposes. Possible indications:

* Right and left heart catheterization

* Determine pulmonary vascular resistance and reactivity in pulmonary
hypertension

* Cardiomyopathies

* Congenital heart disease and intracardiac shunts

* Univentricular heart palliated with Glenn or Fontan

* post-heart transplant surveillance

2.8 Interventional MRI-Guided cardiac procedures in
humans

MRI is used in several cardiac units to guide endomyocardial biopsy and by
electrophysiologists to guide electrophysiology studies and ablations. (12) Early
experiences described aortic coarctation balloon angioplasty and pulmonary

valvuloplasty in children and adults.
2.8.1 Endomyocardial biopsy

Endomyocardial biopsy is strongly recommended for new-onset heart failure
associated with hemodynamic compromise or ventricular arrhythmias and is often
performed for post-heart transplant surveillance (64) The diagnostic yield of
endomyocardial biopsy varies and it depends on the disease distribution. (65)
Fluoroscopy guided endomyocardial biopsy may cause false negative in focal
disease processes which do not have a uniform distribution.

Rogers T, et al compared real-time MRI-guided to traditional fluoroscopy-guided
endomyocardial biopsy in an animal model of focal myocardial pathology,
demonstrating the improvement to guide targeted biopsy to the affected
myocardium. Indeed, MRI guidance allowed to remarkable increase in the
diagnostic yield of endomyocardial biopsy in comparison to X-Ray guided biopsy
(82% versus 56% respectively, odds ratio: 1.43). (66) Real-time MRI-guided
endomyocardial biopsy may reduce the number and size of specimens needed to
have a more accurate diagnosis, decreasing the risk of complications such as

tricuspid injury or myocardial perforation. Moreover, it may encourage left
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ventricle biopsy when clinically indicated, due to the real-time visualisation of the
bioptome and its interaction with the surrounding structures such as aortic and

mitral valve. (66)

2.8.2 Electrophysiology studies and ablations

MRI-guided catheterization may be very useful in electrophysiology to navigate
complex CHD patients, especially after multiple surgeries and interventions.
Accurate visualisation of catheters and surrounding anatomical structures is
essential for ablation, especially in single-ventricle physiology patients. Sommer P
et al described the first series of five patients with real-time MRI-guided
placement of multiple catheters with subsequent performance of stimulation
maneuvers after ablation in a conventional EF laboratory. (67) MRI-guided
cavotricuspid isthmus ablation was also demonstrated by the same group. (68)
Finally, the feasibility and safety of CMR-based cryo-ablation system for cardiac
ablation in a canine model have been demonstrated, allowing real-time catheter
navigation, verification of catheter tip—tissue contact and intra-procedural

assessment of ablations. (69,70)

2.8.3 Aortic coarctation balloon angioplasty

An early experience of MRI-guided cardiac interventions in humans was
described in 2005 by the Deutsches Herzzentrum Berlin group in five patients
with native or recurrent coarctation of the aorta who underwent balloon
angioplasty. (71) Angioplasty balloon catheters (Tyshak II balloons) were filled
with iron oxide—based contrast medium Resovist because CO2 could not be used
due to the risk of gas embolism in case of balloon rupture. The patient's mean age
was 18.9 £12.2 years old. Two patients had a native contraction of the aorta, two
had a previous balloon angioplasty and one had a surgical end-to-end
anastomosis. The procedure was successful in four out of five patients with a
significant reduction in the pressure gradient across the coarctation. In one patient
the lesion was not responsive to dilatation. Volume-rendered 3D-MRI allowed

accurate assessment of the aorta before and immediately after the procedure. (71)

2.8.4 Pulmonary valvuloplasty

Five years later the Evelina Children's Hospital group described two cases of
pulmonary valvuloplasty in paediatric and adult patients. (49) They used MR-
compatible valvuloplasty catheters (Tyshak II, NuMED, Hopkington, NY) in a 6-
year-old boy with severe pulmonary valvar pulmonary and in a 43-year-old man
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with valvar and subvalvar pulmonary stenosis. Real-time MRI showed complete
waist abolition with improvement in the right ventricle to pulmonary artery

gradient.

2.9 Interventional MRI-Guided cardiac procedures in
animal models

2.9.1 Aortic coarctation stenting

Preclinical studies in swine demonstrated the safety and feasibility of real-time
MRI-guided aortic coarctation stenting which allowed accurate procedure
planning, device tracking, and stent implantation. This was confirmed
immediately after the procedure with necropsy on 5 animals with showed correct
stent implantation with no macroscopic evidence of heating injury or thrombus
formation. Stents were implanted over active guidewire receiver coils, which
significantly improved the visualisation in comparison to passive nitinol
guidewires. Also the platinum and MP35N stents could be visualized as signal
voids during real-time CMR. One unintentional and four intentional aortic
ruptures were created during stent deployment due to an oversized balloon. The
rupture was instantly visible under real-time MRI as an expanding extramural
hematoma along the postero-lateral aorta. Then, CMR imaging could immediately
identify complications such as aortic dissection or rupture, before angiographic
confirmation or hemodynamic deterioration. (51) The advantage of this technique
is that continuous stent and aortic wall visualisation can facilitate stent positioning
and implantation with instantaneous haemodynamic confirmation of procedural
success, providing also spatially resolved hemodynamic information. (72) This is
particularly useful in complex coarctation where the superior tridimensional MRI
anatomical information may smother the interventional procedure. Other
advanced CMR tools may be used in future to immediately assess the procedural
results such as aortic wall stiffness, distensibility, and compliance, which together

with the clinical response may guide subsequent follow-up and management. (51)
2.9.2 Atrial septal defect closure

CMR-guided atrial septal defect (ASD) closure has been described in animals.
ASD balloon sizing inflated with gadolinium under CMR was described in 14

pigs, obtaining identical measurements with MR and x-ray fluoroscopy. (73)
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Different groups also performed atrial septal defect (ASD) and patent foramen
ovale (PFO) closure in swine models under real-time MRI guidance with the use
of Amplatzer septal occluder (ASO, AGA Medical Corporation, MN) or Self-
made non-magnetic occluder. The perfect device to perform ASD device closure
under real-time CMR should be metal-free and should be differentiated from
myocardial tissue and blood at MRI. (74,75) Most groups used an Amplatzer
Septal Occluder which is made of a nitinol wire mesh that produces low artefacts
and good visualisation. These experiences demonstrated that CMR could
accurately determine the ASD size before the intervention, and the procedural
results also in terms of changes in right heart chamber volumes and function.
(73,76,77) Rickers C et al, found a reduction right heart volumes soon after ASD
closure (77) which corroborated the data of decreased right atrium area and right
ventricle volumes by echocardiography within 24 hours after ASD closure. (78)

Device malposition during the wiggle manoeuvre was also demonstrated by real-

time MRI, making feasible the occluder recapture and reposition. (76)

2.9.3 Ventricular septal defect closure

Real-time MRI-guided percutaneous muscular ventricular septal defect (VSD)
closure was demonstrated in swine with direct transthoracic vascular access using

a commercial nitinol device. (79)

2.9.4 Pericardiocentesis

CMR-guided pericardiocentesis was tested in swine using commercial 18G
titanium puncture needles. The Authors suggest that continuous needle and
pericardial effusion visualization of the needle allow easier puncture in

challenging cases such as distorted thoracic anatomy or loculated effusion. (80)
2.9.5 Transeptal puncture of the fossa ovalis

Arepally A. et al also demonstrated the feasibility and safety of using a novel
active MR transeptal needle system to perform transeptal puncture of the fossa

ovalis in a swine with direct CMR visualization of a needle and the surrounding

anatomical structures. (81)
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2.9.6 Coronary catheterization

Zhang S et al performed a coronary catheterization in pigs with CMR guidance,
underlying the limitation of MRI-guided catheterization for this application.
Procedural time was unacceptably long ranging between 32 and 91 minutes
mainly due to poor spatial resolution and single-projection imaging (41) However,
another group performed successful real-time MR-guided coronary artery stent
placement in a swine model with high-quality coronary images. There was a stent
embolisation due to the wrong size choice, which was properly predicted during
the procedure. (82)
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2.10 Limitations of MRI-guided cardiac catheterization

Despite the enormous potential of MRI-guided cardiac catheterization
interventions, its use in daily clinical practice is still limited. The main reason is
the unavailability of MRI-compatible equipment, including wires, catheters, stents
and devices. With commercially available balloon wedge catheters only the tip of
the catheters could be visualised during real-time CMR and after some attempts

catheters lost their stiffness in contact with blood.

Another possible reason is that in the early experiences, these procedures were
performed in hybrid CMR/X-ray fluoroscopic suites often switching from one
modality to the other. (38) This can be a potential issue to the broader adoption of
this technique due to the high cost and challenging logistics. A dedicated
interventional CMR workstations may offer live visualization of different planes,

which may help in challenging cases.

However, many studies have demonstrated that is feasible and safe to perform
MRI-guided catheterization with standard technology using an existent 1.5 T
CMR scan, just having a preparation room for gaining access and for emergency
evacuation in case of haemodynamic instability. (34,52)
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Chapter 3

How to start an MRI-guided
catheterization program

3.1 MRI-guided catheterization team

Different professionals are involved in the set-up and improvement of an
MRI-guided cardiac catheterization program. The essential team is composed of
an expert congenital interventional cardiologist, a paediatric cardiologist and/or
radiologist with training in CMR imaging, a pediatric cardiac anaesthetist,
catheterization laboratory nurses, MRI nurses and MRI technologists trained in
real-time image guidance.

The team will need training in working and adapt in a new environment. In
particular, the cath lab team should learn working in a different setting without X-
ray and leads, while the MRI team will learn how to work in a sterile field,
understanding the needs of the interventionalist. Many procedures are necessary
to perfectly coordinate, developing protocols which allows real-time guidance of

diagnostic and interventional procedures.

3.2 MRI-guided catheterization setting

Different settings are possible to start performing real-time MRI-guided
procedures. In many centers, a biplane X-ray fluoroscopy room and an MRI room
are nearby on the same floor to allow an easy transition from one room to another.
In other centers the two rooms are adjacent or co-localized, just separated by
radiofrequency shielded sliding doors allowing independent and combined use. In
these rooms, interventional cardiologists can operate independently or together for
MRI-guided procedures. This setting can be very expensive, precluding the
possibility of building an MRI-guided catheterization suite in centers with

limitations in space and funding. (83)

As an initial experience, is possible to get started with "MRI-augmented
catheterization" with smooth transfer from the MRI room to the cath lab,
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combining flow and shunt calculation by MRI followed by direct pressure
measurement by fluoroscopy-guided cardiac catheterization. (39)

3.2.1 Preparation room

Having a room to be used for patient preparation is essential. This room should be
as close as possible to the CMR and staffed with all the equipment, needed for
patient preparation. In this room, anaesthesia induction is performed and the
interventional cardiologist gains vascular access and prepares all the MRI-
compatible equipment before entering the CMR room. Considering the age,
clinical history and preferences of the patients mild sedation with intravenous
benzodiazepines and local anaesthetic before venous sheath insertion was offered
to patients as an alternative to general anaesthesia. Surface vector-cardiogram
electrodes are attached, a phased array body coil is positioned and the sterile drape
is folded over the patient. Vascular access is generally gained using ultrasound
guidance to reduce the risk of vascular complications. [Figure 1 and 2] Femoral
vein is the preferred approach, while jugular access is considered in case of
blocked femoral veins. Suturing vascular access sheaths before transfer to the
CMR can be considered to reduce the risk of accidental dislodgement, albeit this
is unlikely because the patient lies on the same MRI-compatible detachable
travelling table which is moved from the preparation room and then attached to
the MRI scanner.

When the patient is ready to be transferred to the CMR a metal safety check is
performed as all non-compatible equipment, should be removed from the
magnetic field. Patient transfer from the preparation to CMR room should be
performed in a straight line with no barriers, especially in patients with multiple

lines, tubes and electrodes. (47)

This room should always be available and accessible when a MRI-guided
procedure is performed to allow patient evacuation from the CMR scanner in case
of haemodynamic instability and/or for pacing or defibrillation in case of unstable
arrhythmia. Venous lines and tubes should exit the MRI scanner and be easily
accessible in case of emergency evacuation. Longer lines and tubes are usually
required with larger “dead space”. Unfortunately, MR-compatible defibrillators
are not available. (84) Inotropic medication infusion or the need to test multiple

hemodynamic conditions is generally possible during CMR catheterization. (34)

3.2.2 CMR room
In most centers, a 1.5T MRI scanner is needed to provide real-time images for

catheters navigation. 3.0 T MRI scanners may offer a better signal in comparison
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to 1.5 T, at the expense of increased device heating. CMR suite should contain
MRI-conditional anaesthesia equipment, ventilators, infusion pumps and patient
monitors, a hemodynamic recording system, two mirrored image displays (one in
the control room and one in the CMR room) such as shielded projector systems or
LCD monitors. The magnetic field can create ECG noise, which can be filtered by
commercial equipment. (32) The introduction of new generation shorter and wider
bore MRI scans has positively impacted the procedure, improving the operator's
access to the patient. In-room image displays are available with RF shielding to be
placed next to the magnet and in front of the interventionist. (39)

Usually, the MRI table is made sterile in the preparation room and then moved
and attached to the MRI scanner. Moreover, the MRI scanner side is draped with
sterile surgical drapes to avoid any contamination. [Figure 3] Planning is essential
in regard to patient and monitors placement in the room, especially in terms of
access to vascular lines and airway. A non-invasive blood pressure cuft and a
peripheral oxygen saturation probe are attached to the patient for monitoring.
MRI-compatible anaesthesia care equipment is generally available including
MRI-compatible nitric oxide delivery systems, which can be used also for

vasoreactivity testing in pulmonary arterial hypertension.

MRI scanners emit loud noise, therefore the interventional cardiologist
performing the procedure should wear headsets paired with an MR-compatible
microphone to protect against noise and communicate with the control room.
|[Figure 4] This is particularly import as this constant communication allows real-

time guidance during procedures.
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Chapter 4

MRI-guided catheterization
procedure

4.1 Procedural planning

Planning the procedure is essential to optimise the procedural logistics and time.
Sometimes, it is needed to gain alternative access as patients may have lost
femoral access. In this case, particular attention should be paid to the procedural
planning as an alternative to femoral access change also the logistic of the CMR
room. For example, cases performed from the internal jugular vein may need
repositioning of the hemodynamic recording system and in-room image display.
The monitors should be placed to allow the interventional cardiologist to work
from the groin and/or from the head. In most of the series, catheterization was
performed via femoral access, even though many CMR rooms are equipped with
displays both at the head and foot side. (34,36)

Usually, imaging planes are chosen before the procedure with clear
communication between the interventional cardiologist and the MRI technologist.
This helps shorten the procedural time, making it similar to the fluoroscopy-

guided procedures, once teams get enough experience. (34,52)

4.2 Patient safety

Physicians, nurses and technologists should have a proper safety training. Special
safety procedures are needed because MRI-guided catheterization is a unique
procedure where ferromagnetic equipment is used in the preparation room and
then the patient is moved to the MRI room. A "metal time-out" is mandatory
before entering in the MRI room to ensure that non MRI-compatible materials
become projectiles attracted by the MRI magnet.
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4.3 Imaging equipment

1.5T MRI scanners are recommended for clinical MRI-guided catheterization as
they provide a satisfactory temporal and spatial resolution. Indeed, these
procedures need fast image acquisition, reconstruction and display to provide real-
time images for procedural guidance. (38) MRI technologists develop protocols to
modify image orientation and position interacting with the interventionist, to
guarantee continuous visualisation of catheters and wires. CMR imaging
localizers are generally obtained at abdominal and cardiac sites to allow catheter
visualisation from the groin to the heart. (36) Interventional CMR computer
systems have been developed and are available to simplify catheter real-time
guidance. Many interventional cardiologists work under fluoroscopy at a frame
rate between 4 and 15 frames/second, real-time CMR can easily offer images at
8-10 frames/second with better soft tissue visualisation but worse spatial

resolution.

4.4 Cath equipment

One of the main challenges limiting the routine use of MRI-guided catheterization
is the scarce availability of MRI-compatible and MRI-visible wires, catheters,
sheaths and devices. Transducers, access sheaths and non-braided diagnostic
catheters such as balloon wedge catheters are MRI-compatible. However, most of
the catheters incorporate metal braiding for support, kink resistance and
"torquability" and are attracted by the MRI magnet, acting as projectiles and
susceptible to radiofrequency (RF) heating during the procedure, with potential
harm for the patients and the operators. Indeed, due to the equipment's conductive
properties, radiofrequency coupling can cause significant heating of the material.
(85,86) Moreover, ferromagnetic equipment such as stainless steel coils or stents
creates large artefacts, while nickel-titanium, platinum, gold, copper and plastic
are less susceptible to artefacts. RF artefacts depend not only on magnetic field
strength but also on the device size, orientation and imaging parameters. (39)

4.4.1 Catheters

In most centers, a single-lumen balloon wedge pressure catheter is used for right
heart catheterizations. Polymer catheters are visualized exclusively by the
contents of distal balloons filled with air, CO2 or dilute gadolinium contrast.

Therefore, the catheter tip and shaft are always visible under fluoroscopy, whereas
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only the tip is visible during MRI-guided catheterization, causing inferior
visibility. This issue may limit catheter navigation, especially in congenital
patients after surgical repair, dilated heart chambers or severe valvular
regurgitation. (87) Gadolinium-filled balloons are usually seen more than air-
filled balloons and can be selectively identified using a ‘saturation preparation’
CMR mode that enhances the appearance of gadolinium inside the wedge balloon.
(36) Gadolinium-filled wedge catheters deflate satisfactorily though more slowly
than air-filled balloons. Some Authors described simple modifications to metallic
braided catheters which preserve the mechanical integrity while allowing CMR

catheterization without RF-induced heating. (86)

4.4.2 Guidewires

During cardiac catheterization, guidewires aid the navigation in complex
cardiovascular anatomies and their absence may result in increased procedure
challenges and potential failure. Unfortunately, standard commercial metallic
guidewires used for X-Ray-guided cardiac catheterization cannot be used under
real-time CMR guidance. Metal is used for commercially available guidewires to
ensure support and "torquability”. (88) As seen for the catheters incorporating
metal braiding, guidewire metals are responsible for RF heating and artefacts.
Anyway, types of CE-marked 0.035” CMR-conditional guidewires are available
such as the Emery GlideTM MR Wire guidewire (Nano4Imaging, Germany) and
the MRline guidewire (EPflex, Germany). The first is constructed from a high-
strength core composite of glass fibers and polymers, protected by an aramid fiber
mantle and covered with a PTFE extrusion. The EPflex MRline guidewire core is
made of a high-strength polymeric material with an “MRI marker” of iron-

platinum nanoparticles.

Several other guidewires have been described in vitro and in vivo in the last years.
Some non-metallic polymer CMR-compatible guidewires with less stiffness and
torque responsiveness are available with iron oxide tip for passive or active
electronic visualization. (43,89) Glass-fiber-based guidewires made from
micropultruded glass and/or aramid fibers and epoxy resin have been tested in
vivo for evaluation of MR-guided endovascular interventions showing feasibility
and safety in a swine model. These guidewires showed good to excellent
visibility, with low artefacts and satisfactory stiffness and flexibility. (90)

Glass-fiber epoxy-based guidewire were also assessed by Li X et al during 3T
MRI-guided cardiovascular catheterization in phantoms and porcine models. This

group also confirmed the not significant heating of the guidewire, as the tip
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heating did not exceed 0.35°C when using low-SAR protocols with sufficient
visualisation to support the catheterization procedure during real-time MRI. They
could perform also left heart catheterization, successfully placing a braided curved
AL2 catheter in the left ventricle in healthy swine using the glass-fiber epoxy-
based guidewire under real-time MRI guidance. (91)

Self-made guidewires made of a resin-microparticle compound covered by
polytetrafluoroethylene were successfully tested for MR-guided coronary artery
catheterization in swine models (92) Despite feasible, as an average of 141
seconds were needed to cannulate coronaries from the carotid arteries, passive
markers needed for real-time MR guidance obscured the anatomy of the small
coronaries. (92,93) Brecher C et al, developed an MR-compatible guidewire made
from fiber-reinforced plastics using a micro-pullwinding technology, with

satisfactory bending, torsional and stiftness proprieties. (94)

Sonmez M et al designed a 0.035” active MRI-compatible guidewire with an
internal fiberoptic temperature probe with satisfactory flexibility and entire length
visibility. The presence of a distal solenoid attachment offered tip visibility and
negligible heating, while real-time temperature monitoring could collect heating

information without a negative effect on imaging. (43)

Campbell-Washburn AE et al hypothesized the safe use of standard commercial
metallic guidewires by reducing the CMR low specific absorption rate (SAR).
(95) This was possible by lessening excitation energy and prolonged readout times
to reduce RF-induced heating and using a commercially available Terumo
guidewire  (0.035" 150 cm angled-tip) because its nitinol core is completely
insulated with expanded polytetrafluoroethylene (ePTFE). Parameters used in
low-SAR setting generated a 67-fold reduction in heating compared to normal
protocols. After in vitro and animal models, a Terumo guidewire using low SAR
cardiovascular magnetic resonance was tested in seven patients with suspected
pulmonary hypertension with no adverse events. Less than 0.1°C was generated
by the Terumo Glidewire with low-SAR imaging during 2 minutes of continuous
imaging. (87) In this experience, this specific guidewire could facilitate MRI-
guided right heart catheterization, improving the visibility and stiffness of the
shaft of a Swan-Ganz catheter. However, visualisation even in this setting remains

inferior to X-Ray guided catheterization. (87)
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4.5 MRI-guided catheterization step by step

Preliminary imaging is needed with conventional localizers as the first step before
creating reference views from interactive real-time sequences, which will be then
used for real-time catheter visualization. The most commonly used views for right
heart catheterization are a bicaval view, the right ventricle long axis view and the
pulmonary artery bifurcation view. (38) The catheter is advanced from the
vascular access (femoral or jugular) through the inferior or superior vena cava, the
right atrium, the right ventricle, pulmonary artery and wedge position under real-
time CMR view. The MRI technologist selects the precise real-time planes and
directly communicates with the interventionist to track the catheter by switching
among the planned reference views. Pressure measurements are recorded in the
right atrium, right ventricle, pulmonary artery and capillary wedge pressure.
Mixed venous and pulmonary sample blood for oxygen saturation are obtained.

CMR flow analyses is performed in the proximal ascending aorta, sub-pulmonary
artery and pulmonary artery branches using a conventional free breathing
velocity-encoded phase contrast sequence in order to derive cardiac output. All

CMR imaging and analysis are carried using commercially available sequences.

38



Chapter 5

Ospedale Pediatrico Bambino Gesu
experience

1. Background

In recent years MRI-guided cardiac catheterization has emerged as a feasible and
safe procedure, combining the benefit of cardiac catheterization with the
advantages of CMR. (34,36) Real-time CMR guides catheter navigation through
the heart chambers and vessels allowing simultaneous haemodynamic assessment,
detailed tissue characterization and anatomical evaluation under the same sedation
or anaesthesia conditions without the use of ionising radiation. (36,51,60)

Cardiac output, pulmonary artery pressure and pulmonary vascular resistance are
crucial components of standard hemodynamic assessment. Usually, the Fick
principle or thermodilution are used for these measurements, however, they are
intrinsically inaccurate and imprecise as based on multiple measurements and
assumptions. In contrast, velocity-encoded phase-contrast magnetic resonance is
an established method to quantify blood flow and has been proven accurate.
(56-58) However, the comparison of flows and pulmonary vascular resistances
between the Fick principle and CMR flows had controversial results. We
retrospectively report our initial experience of MRI-guided catheterization in
children and patients with CHD, comparing the cardiac output and indexed
pulmonary vascular resistance measured using the traditional Fick method and

CMR flows under the same haemodynamic conditions.
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2. Methods

Non-consecutive children and young adults affected by CHD or cardiomyopathy
referred for cardiac catheterization and MRI between May 2022 and October 2024
were invited to undergo MRI-guided heart catheterization. All patients or their
parents in case of <18 years old signed a written informed consent and completed
an MR safety questionnaire. Exclusion criteria were ineligibility to perform CMR,
cardiovascular instability, pregnancy or nursing and renal insufficiency defined by
an estimated glomerular filtration rate < 30 mL/min/1.73m2. Baseline
demographics, clinical characteristics, procedural data, invasive hemodynamic
findings, CMR flows and procedural complications were recorded. All MRI-
guided catheterizations were performed in a suite equipped with a 1.5-Tesla MRI
scanner (MAGNETOM Aera, Siemens Healthcare, Erlangen, Germany) adjacent
to a preparation room at Ospedale Pediatrico Bambino Gesu in Rome. All
procedures were performed by one of two paediatric interventional cardiologists
with more than five years of experience in X-Ray guided catheterization. Two of
the four paediatric interventional cardiologists involved in this procedure, one
anesthesist and one CMR technologist from Ospedale Pediatrico Bambino Gesu
spent a period of training with the cardiac magnetic resonance research group of
the Royal Free London NHS Foundation Trust. During each procedure at least an
interventional cardiologist, a radiologist, an anesthesist, a CMR technologist and a
CMR nurse were present. Depending on the clinical scenario, the procedure was
conducted either in an awake patient or under general anaesthesia. Vascular access
to the femoral vein and artery was gained in the preparation room under
ultrasound guidance. Alternative access such as the right internal jugular vein was
considered in case of blocked femoral veins. Once access was gained and
appropriate size short sheaths inserted, the MRI-compatible detachable travelling
table was made sterile, cleared of any metallic equipment, moved to the CMR
room and attached to the MRI scanner. Hemodynamic monitoring with 12-lead
ECG, pulse oximetry sensors, non-invasive blood pressure and end-tidal CO2 was
kept throughout the patient transfer. A CMR-compatible monitor was used to

mirror the scanner display for in-room catheter visualization.

MRI-guided right heart catheterization was performed using an appropriate size
SF or 7F Corodyn™ wedge catheter (Braun Interventional Systems Inc.,
Pennsylvania, United States) monitoring wedge pressure balloon flotation catheter
with single pressure lumen filled with air, which produced a signal void on
imaging. [Figure 5] An MRI conditional wire Emery Glide Straight Cp MR Wire
(Nano4Imaging GmbH, Aachen, Germany) was used when the catheter alone

could not reach the desired chamber or vessel. The catheters were navigated
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through the heart and vessels under real-time MRI guidance. Procedural success
was defined as the completion of a full right heart catheterization. Pressure
measurements and traces were recorded in the right atrium, right ventricle,
pulmonary arteries and pulmonary wedge. Systemic, mixed and pulmonary
sample blood for oxygen saturation were obtained at the same haemodynamic and
sedation conditions. Haemodynamic data and pulmonary vascular resistance were

assessed under 25% fraction of inspired oxygen (FiO2).

Systemic blood flow (Qp) and pulmonary blood flow (Qs) were obtained by phase
contrast CMR and compared to the Fick principle. LaFarge-Miettinen formula
was used to estimate oxygen consumption (VO2) and utilised for cardiac output
calculations with the Fick principle. (53) CMR flow analyses was performed in
the proximal ascending aorta, sub-pulmonary artery and pulmonary artery
branches using a conventional free breathing velocity-encoded phase contrast

sequence.

The total pulmonary blood flow to total systemic blood flow, the Qp/Qs ratio was
used to quantify the net shunt.

Pulmonary vascular resistance (PVR) was calculated as:

PVR = (mean pulmonary artery pressure— mean pulmonary wedge pressure)/Qp.

Indexed PVR (PVRi) was calculated as:
PVRi=PVR /BSA.

2.1 Imaging settings

Initial imaging included localizer sequences and the acquisition of dedicated
planes optimized for interventional catheter navigation. CMR catheterization was
performed using an interactive real-time balanced steady-state free precession
(bSSFP) sequence, employing up to three interleaved imaging planes oriented
along different axes to enhance catheter visualization. Subsequently, anatomical
reference planes of the right atrium, right ventricle, and pulmonary arteries were
obtained to facilitate catheter navigation through the right heart, ultimately
advancing into the pulmonary arteries and reaching the wedge position.
Following catheter navigation, phase-contrast (PC) flow imaging was performed
at the level of the proximal ascending aorta, main pulmonary artery, and branch
pulmonary arteries. Velocity encoding (VENC) values were individualized for
each patient. Cardiac volumes and function were evaluated using breath-hold
SSFP cine imaging. Breath-holds were manually coordinated by the

anesthesiologist. Additional imaging, such as cine long-axis (LAX) views, 3D
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morphological sequences, or late gadolinium enhancement (LGE) were acquired
as needed to complete the diagnostic evaluation.

2.2 Statistical analysis

Data were analyzed with SPSS v22.0. (International Business Machines, Chicago,
IL) Continuous variables are presented as mean + standard deviation, while
categorical variables as percentages. Linear regression was used to compare
cardiac index, pulmonary index, Qp:Qs and PVRi. A p-value of <0.05 was
considered significant. Flow measurement techniques, Qp:Qs and PVRi were
compared using Bland-Altman analysis. The differences between the 2 methods

were expressed as mean difference and mean percentage difference.
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3. Results

3.1 Baseline demographic and clinical details

Twenty-five patients, thirteen males and twelve females, were invited to undergo
MRI-guided heart catheterization. All of them accepted to participate in the study
and signed the informed consent. Cardiac catheterization and CMR were
clinically indicated in all patients. The study population was composed of
paediatric or young adult patients with complex CHD or cardiomyopathy. The
mean age was 12.3 &+ 11.1 years old and the mean weight was 35.7 + 22.5 Kg with
a mean BSA of 1.1 = 0.5 m2. Most of the patients had a cardiomyopathy and the
indication for catheterization was surveillance and/or placement on the heart
transplant list (n = 13; 52%; nine restrictive cardiomyopathy, two hypertrophic
cardiomyopathy, one dilated cardiomyopathy and one chronic inflammatory
cardiomyopathy). Seven patients were univentricular heart palliated with Glenn (n
= 2) and Fontan (n = 5), tricuspid valve anomalies (n =1), total anomalous
pulmonary venous return post-repair (n =1), double outlet right ventricle post-
repair (n =1), Uhl’s anomaly (n =1) and congenitally corrected transposition of

great arteries palliated with pulmonary artery banding (n =1).

3.2 Procedural success and timings

A complete MRI-guided cardiac catheterization was performed successfully in
96% of patients. In one case the pulmonary arteries could not be reached due to
severely dilated right atrium and right ventricle in an adolescent with a Uhl’s
anomaly. This patient was transferred to the cath lab and pulmonary arteries could
be reached with the use of a hydrophilic 0.035" Terumo wire (Terumo
Corporation, Tokyo, Japan) under X-ray guidance. For the other patients right
heart catheterization was not repeated under X-ray guidance.

Most of the procedures were performed from a femoral access (n = 23; 92%). In
the two patients palliated with a Glenn a right internal jugular access was also
gained to access the pulmonary arteries. In the other two patients (one patient with
restrictive cardiomyopathy and one with congenitally corrected transposition of
great arteries palliated with pulmonary artery banding) femoral access could not
be gained so right heart catheterization was performed from the right internal
jugular vein. Intravenous heparin (100 IU/kg) was administered, aiming for an
activated clotting time (ACT) target >200 s. In most of the patients, the MRI-
guided catheterization was performed under general anaesthesia with mechanical
ventilation (n=20; 80%). The remaining 5 patients were awake and only local

anaesthesia was given. Procedural time ranged between 120 and 280 minutes
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including catheterization and CMR imaging. Procedures became significantly
shorter with increasing procedural experience using standard real-time CMR

imaging planes.

3.3 Patient safety

Radiation-free MRI-guided catheterization was performed in all subjects with no

cases of bailout to X-Ray, except for one patient. There were no procedural
complications related to MRI-guided catheterization and no patient experienced
hemodynamic instability or needed resuscitation. There were no cases of early
termination of CMR catheterization due to technical equipment or CMR issues.
Metal safety check was performed in all cases preventing ferromagnetic
equipment presence in the MRI room in all procedures. After the procedure, two

patients reported access site bruising which was managed conservatively.

3.4 Hemodynamic assessment

MRI-guided cardiac catheterization haemodynamic findings are described in
[Table 1]. The Cardiac index measurements with the Fick method were slightly
higher in comparison to MRI flows (3.15 + 0.82 L/min/m? and 3.00 + 0.95 L/min/
m? respectively). There was a moderate correlation between cardiac index
measurement techniques (R2 0.59; p<.001). The Bland-Altman Analysis showed
a mean difference of 0.15 + 0.61 L/min/m2, 95% CI -1.04 to 1.34 L/min/m2,
which corresponded to a mean percentage difference of 6.1 = 20.1%. [Figure 6]

The pulmonary index measurements with the Fick method were slightly higher in
comparison to MRI flows (2.97 £ 0.73 L/min/m? and 2.67 £+ 0.72 L/min/m?
respectively). There was a moderate correlation between pulmonary index
measurement techniques (R2 0.42; p<.001). The Bland-Altman Analysis showed
a mean difference of 0.29 + 0.61 L/min/m2, 95% CI -0.90 to 1.49 L/min/m2,
which corresponded to a mean percentage difference of 11.1 +£21.9%. [Figure 7]

The QP:Qs measurements with the Fick method were similar in comparison to
MRI flows (0.95 + 0.12 and 0.92 + 0.17 respectively). There was a significant
correlation between QP:Qs measurement techniques (R2 0.83; p< .001). The
Bland-Altman Analysis showed a mean difference of 0.03 + 0.07, 95% CI -0.12 to
0.18, which corresponded to a mean percentage difference of 4.1 £ 11.5%. [Figure
8]
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The indexed pulmonary vascular resistance measurements with the Fick method
were slightly lower in comparison to MRI flows (2.33 + 1.35 WU*m?2 and 2.57 +
1.26 WU*m? respectively). There was a strong correlation between PVRi
techniques (R2 0.86; p< .001). The Bland-Altman Analysis showed a mean
difference of -0.23 + 0.51 WU*m2, 95% CI -1.23 to 0.76 WU*m2, which
corresponded to a mean percentage difference of -11.2 £ 23.0%. [Figure 9]
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4. Discussion

4.1 Feasibility of MRI-guided catheterization

In this study, we report Ospedale Pediatrico Bambino Gesu experience with
radiation-free MRI-guided cardiac catheterization in children and patients with
CHD. We used previously described passive tracking sequences in a
heterogeneous population of patients with cardiomyopathies, complex CHD and
post-surgical anatomies, referred for diagnostic cardiac catheterization and
pulmonary vascular resistance assessment. We could obtain invasive and CMR
data under the same haemodynamic conditions with reasonable agreement
between flow measurements and PVRi with the Fick method and the phase-
contrast—derived MRI flows.

After the first description in 2003 by Razavi R et al, many centers worldwide have
started MRI-guided catheterization programs with good results. Previous studies
have described different CMR settings and software, catheters and guidewires,
passive and active tracking. Patients with cardiomyopathies or complex CHD
usually require multiple diagnostic and interventional catheterization during their
life, being exposed to ionising radiation with possible radiation-induced

chromosomal damage, increasing the risk of developing cancer. (29)

Cardiomyopathy assessment was the main indication for MRI-guided
catheterization in our series. This was an excellent starting point to get experience
in a "normal" biventricular heart, acquiring the necessary experience to
manipulate catheters under real-time CMR in more challenging anatomies.
Overall, the success rate was 96% without the need for bailout fluoroscopy. There
was only one failure to access the pulmonary arteries without a guidewire in a 29
Kg Uhl’s anomaly patient with severely dilated right heart chambers. This is in
line with reports from Rogers T and Ratnayaka K group who failed to reach the
pulmonary artery with a balloon wedge pressure catheter in a few patients with
severely dilated right atrium and ventricle caused by pulmonary hypertension.
(36,52) In these selected cases, when difficulties can be anticipated, a
catheterization laboratory should be available and free to complete the
haemodynamic assessment under fluoroscopy guidance often with the help of a
hydrophilic guidewire. In all cases, the procedure was performed using a 5F or 7F
balloon wedge catheter filled with air. The SF wedge catheters which were used in
smaller children lack support, kink resistance and "torquability", especially after a

few minutes of manipulation inside the vessels. Moreover, only the tip of this

46



catheter is visible limiting catheter navigation, especially in small children and

CHD patients after surgical repair.

As already reported by other Authors, MRI-guided catheterization is also feasible
in patients with single ventricle anatomy status post Glenn or Fontan. (35,63,96)
In our series, the procedure could be performed in all seven patients with a Glenn
or Fontan physiology without a bailout X-Ray procedure. This special population
needs non-femoral access (Glenn) to enter the pulmonary arteries and often a
guidewire is necessary to cross the conduit fenestration (Fontan) to assess atrial
and ventricular pressures when indicated. Imaging planes oriented along different
axes are similar and catheters course is even straighter than the right ventricle to
pulmonary artery trajectory. The feasibility of this procedure in this population is
extremely important because these are the patients most exposed to multiple
catheterizations, thus reducing the risk of DNA damage and developing cancer

during follow-up. (29)

Despite the advancement of MRI-guided catheterization, some technical
challenges need to be addressed to expand a broader adoption of this method. One
of the most encountered issues in real-time CMR guidance is the continuous need
for manual updating of the imaging plane to track the balloon wedge catheter tip
during navigation. This was particularly true in patients with severe right heart
chamber dilatation, slowing the procedures because of continuous relocation of
the catheter tip. This limitation is also the reason for procedural failure or the
necessity to use a guidewire as demonstrated by Knight DS et al. (38).
Interestingly, with the actual technology the average balloon visibility is less than
70% of the scanning time (63) However, some Authors demonstrated that balloon
wedge catheter visibility can be improved to around 90% of the procedure by
acquiring a heavily T1-weighted image with a large slice thickness and overlaying
this onto a high-resolution image of the selected anatomical structure. (97,98)
Neofytou AP et al developed an automatic, deep-learning post-processing pipeline
for automatic tracking of the catheter and imaging plane during MRI-guided
catheterization. The images are dynamically acquired on three contiguous slices,
and the planes are automatically adjusted when the catheter falls in one of the
outer slices. This approach was assessed in seven patients showing high accuracy
specificity and sensitivity of this tracking strategy with compatibility with real-

time conditions. (98)
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4.2 Safety of MRI-guided catheterization

Procedures were performed safely in all patients without any adverse events.
Team training and communication were essential to increase the safety of this
procedure. (99) Many professionals were involved and they needed to adapt to a
new environment, working together. Proper communication included clear
information flow and a reciprocal comprehensive understanding of various needs.
The interventional cardiologists should anticipate their preferred imaging planes
before the beginning of the procedure and mutual feedback and reciprocal
knowledge usually improve the team results. Proper training for sterile field
maintenance was adopted among the team, especially for professionals not used to
working in the catheterization laboratory. Developing protocols may reduce risks

and improve procedural performance.

To reduce risks we decided to start with older children weighing more than 30 Kg
in order to gain confidence with the new procedure and get enough expertise to
perform more complex procedures. In our series, we confirmed the very low risk
of RF-induced catheter heating if proper catheters are used. (34,36). One catheter
was kinked during the procedure in a child with restrictive cardiomyopathy but
could be easily removed, as described in other experiences. Despite the
impossibility of seeing the catheter shaft the catheter kink was recognized based

on change in tactile feedback. (36)

We also performed a "metal time-out" in the preparation room before entering the
MRI room. The first operator and the nurse cleared the sterile field and all the
ferromagnetic equipment was counted to ensure that non-MRI-compatible
materials became projectiles attracted by the MRI magnet. To further reduce the
risk of introducing metals in the MRI scan we always open the same number of
syringes and puncture needles, leaving on the sterile field only catheters, an MRI-
compatible wire, two syringes for flushing, four syringes for blood gases and a
plastic bowl with saline. Subsequently, one anesthesiologist, two CMR nurses and
a CMR technologist performed patient transfer to the MRI scan. This process was
facilitated by the use of an MRI-compatible detachable travelling table where
patients lay during all procedural time. Patient safety was also guaranteed by
continuous patient monitoring and high-fidelity haemodynamic and ECG

recording.

Urgent evacuation from the CMR scan was not needed in our series and none of

the patients needed urgent resuscitation manoeuvres. However, we planned
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evacuation strategies with prompt evacuation to the preparation room in case of

emergency such as haemodynamic instability and/or ventricular arrhythmia.

4.3 Radiation sparing

The main advantage of MRI-guided catheterization is combining haemodynamic
assessment and detailed tissue characterization and anatomical evaluation without
the use of ionising radiation. In our series, this technique allowed avoiding X-Ray
exposure and the hazards associated with ionising radiation in 24 out of 25
patients. Despite the increased attention to radiation exposure with subsequent
accurate radiation dose optimisation in children over the years, the risk for
children often requiring multiple long procedures remains important. Ait-Ali L et
al tried to determine the lifetime risk of developing cancer associated with
radiation exposure in 59 children with complex CHD. They found that the lifetime
attributable risk to develop cancer for a 1-year-old child was 1 in 382 for male and
1 in 156 for female patients. Moreover, there was a statistically significant
increase in micronucleus assay as a biomarker of DNA damage and long-term risk
predictor of cancer 2 hours after catheterization procedures in comparison with
baseline assessment. (29) Growing children are more radiosensitive than adults

and live longer to experience the hazard of radiation toxicity.

Most of the patients in our series had more than one previous catheterization
during their life. This is particularly true in the two most represented populations
of this preliminary experience: children with cardiomyopathies and patients with
single ventricle physiology palliated with Glenn or Fontan procedures. (100-103)

Moreover, especially patients with univentricular heart require long procedure and
prolonged X-ray exposure, which may include interventions on the Fontan
conduit, Fontan fenestration, pulmonary arteries, veno-venous collaterals, aortic

arch etc.

4.4 Comparison between Fick and Phase-Contrast MR

Our series demonstrates a reasonable agreement between flow measurements and
PVRIi with the Fick method and the phase-contrast—derived MRI flows. This result
confirms the data previously obtained in other experiences. Already in 2004,
Muthurangu V et al demonstrated a good correlation between the two methods in
children and adults with suspected PH or CHD. (28) The data was then
corroborated in children post-heart transplant, simple shunts, pulmonary
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hypertension, cardiomyopathy, valvular and heart disease (34) and in 102 patients
with and without pulmonary hypertension. (52)

Controversial is the agreement between the two methods during the vasoreactivity
test with inhaled nitric oxide and oxygen. Indeed Rogers T et al reported a
stronger correlation on the vasoreactivity test than Muthurangu et al (28),
speculating that this result could be explained by the higher number of paired
calculations, use of estimated VO2 and lower mean PVRIi at baseline. (52)
However, it is known that the Fick principle is not precise in patients with large
intracardiac shunt and high pulmonary blood flow due to reduced pulmonary
arteriovenous oxygen content difference. This can explain why pulmonary
vasodilation test with high-concentration oxygen further reduces the accuracy of
this principle as the oxygen content of pulmonary artery become similar to the
oxygen content of aortic blood at baseline.

On the contrary, Muthurangu et al could demonstrate on phantom studies the
accuracy of phase-contrast MR even at high flow rates. (28,57) They concluded
that the worse agreement between the Fick method and the phase-contrast—derived
MRI flows after pulmonary vasodilation tests may be caused by errors in the Fick.
(28) In our series flow measurements were slightly higher with the Fick method in
comparison to MRI flows. Also, this result matches with the experience of
Ratnayaka et in children with mixed conditions ranging from pulmonary

hypertension to simple shunts and cardiomyopathies. (34)
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5. Future direction

MRI-guided catheterization has evolved in the last decade to clinical routine in
several centers. Though availability of MRI-compatible and MRI-visible
equipment remains the main problem for the widespread implementation of this

procedure, some efforts have been made by industry to address this issue.

However, current research efforts are now shifting more to imaging systems than
catheterization equipment, with the goal reduce RF heating of metal-made
catheters and devices under CMR. (47) Some groups described the use of low-
specific absorption rate (SAR) imaging protocol which can reduce the amount of
radio energy applied to create the images reducing significantly equipment
heating. (87) Other groups proposed lower field MRI, for example modifying a
1.5T scanner to operate at 0.55T, to reduce existing catheterization equipment
heating, maintaining adequate image quality. The concept is that at lower
magnetic fields, the RF which is needed to create images is reduced as the metal
equipment heating. (47,104) The routine introduction of low-field imaging may

increase the use of available catheterization equipment and reduce artefacts.

There is potential for MR-guided catheterization to grow, finding its role also in
interventional cardiology. This procedure may significantly improve the
management of patients with complex CHD, providing instant assessment of the
outcome of an intervention and guiding additional treatment and follow-up. It may
help the development and optimization of new procedures and assist alternative
access such as transthoracic access to the heart due to visualization of the whole
thorax. (79,105)

Rogers T et al described successful percutaneous transthoracic left atrium access
directly from the posterior chest wall under real-time MRI guidance. This kind of
percutaneous approach to the left atrium was described in the 1950s using long
needles through the posterior chest wall. (106) It needs iatrogenic lung deflation,
which is generally associated with low morbidity and mortality. (107) This
alternative access to the left atrium has the potential to offer a more direct and
coaxial route for transcatheter mitral valve interventions. In this experience, the

left atrium access was closed with an off-the-shelf atrial septal occluder (105)

Percutaneous cavo-pulmonary anastomosis and shunt creation were successfully
demonstrated in fifteen swine using an MRI antenna needle to create a pathway
between the superior vena cava and the pulmonary artery bifurcation under real-

time MRI guidance. Overlapping pre-mounted covered CP stents or a purpose-
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built self-expanding device were then implanted. (96) MRI guidance was crucial
in this successful preliminary experience as it allowed transmural puncture of two
contiguous vessels avoiding surrounding critical structures such as the aorta. The
target vessel (main pulmonary artery-right pulmonary junction) was always
visualised, making the needle trajectory even more accurate. This experience was
translated in humans the following year with the first-in-human fully percutaneous
bidirectional Glenn operation under fluoroscopy in a 35-year-old woman with a

functional single ventricle and restrictive pulmonary blood flow. (108,109)

The substantial advantage of MRI-guided catheterization in the field of
interventional cardiology is the possibility to assess the real-time interaction of
used devices and the surrounding anatomical structures and tissues. For example,
results of stent or device implantation can be assessed instantaneously, as the
possible complications such as vessel dissection, rupture or pericardial effusion.
(37) Moreover, in the future would be possible the integration of MRI-guided
catheterization with pressure-volume loop assessment, which can add interesting
information on myocardial functional analysis. Kuehne T et al determined right
ventricle myocardial contractility from MRI-derived pressure-volume loops in
patients with pulmonary hypertension demonstrating that pressure overload was

associated with reduced right ventricle function. (110)

Finally, some groups hypothesised promising implementation of exercise MRI-
guided catheterization as a clinical tool to unmask subtle conditions. Patients with
unexplained dyspnea, chest pain and normal testing at rest may benefit most from
this tool. (52). In 2016 the Great Ormond Street Hospital group demonstrated the
feasibility and safety of MR-augmented cardiopulmonary exercise testing in
healthy and CHD children. Exercise tests were performed on an MR-compatible
ergometer, oxygen uptake was continuously acquired and simultaneous cardiac
output was measured using a real-time MR flow sequence. They demonstrated
abnormal exercise patterns in oxygen uptake, cardiac output, and arteriovenous
oxygen content difference in patients with pulmonary hypertension and repaired
Tetralogy of Fallot. (111)
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6. Limitations

This preliminary experience carries some limitations being a retrospective study
with a relatively small sample. Moreover, we did not enroll consecutive patients,
making the study population highly heterogeneous with difficult comparison of
the different subgroups. Indeed, we started with adults and older children (>30
Kg) to get enough experience to safely perform MRI-guided catheterization in

smaller patients and be more inclusive.

The scarcity of MRI-compatible catheterization equipment and CMR time slots
limited the routine adoption of MRI-guided catheterization in our center. We used
commercially available balloon wedge catheters filled with air, however, only the
tip of the catheters could be visualised during real-time CMR and after some
attempts catheters lost their stiffness in contact with blood. We performed MRI-
guided catheterization with standard technology using our existent 1.5 T CMR
scan, however, a dedicated interventional CMR workstation may offer live

visualization of different planes, which may help in challenging cases.

Finally, we routinely performed MRI-guided catheterization via the femoral
approach apart in the patients palliated with a Glenn and when femoral veins were
no more accessible after multiple procedures. However, in some cases, the
internal jugular venous approach could have been even advantageous with
potentially reduced catheter manipulation which could have been a benefit in this

setting.
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7. Conclusions

MRI-guided catheterization is feasible and safe in children and patients with CHD
and can be performed with standard technology using existent CMR scans. MRI
combines a better soft tissue visualisation with additional haemodynamic
information obtained by catheterization, without the use of X-Ray, reducing the
risks associated with ionising radiation. A full anatomical, functional and
haemodynamic assessment can be obtained during the same anaesthesia and under
the same conditions. Flow measurements and pulmonary vascular resistance
obtained by CMR and with the traditional Fick method have a good correlation at
the baseline condition. Training and effective communication between team
members involved in this procedure is essential. Advancements in MRI
technology with improved image quality, faster scanning times, and dedicated
catheterization equipment may increase the role of MRI-guided catheterization in
CHD and open more space for interventional procedures. Sharing experience,
knowledge and innovation and building consensus among the CHD international
community is needed for a true clinical translation of these preliminary

experiences.
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Chapter 6

Interesting cases

6.1 Uhl’s anomaly

A 10-year-old, 29 kg child from Marocco was referred to our unit for worsened
exercise tolerance and persistent vomiting. The parents were cousins but there was
no family history of CHD or sudden death during childhood. The child suffered
recurrent respiratory infections and reduced exercise tolerance in the past. At the
age of 8, the parents consulted a healthcare provider in Morocco who diagnosed
severe tricuspid regurgitation and prescribed oral diuretics, potassium and iron. A
few months after moving to Italy, she came to our emergency department with

worsening symptoms of right heart failure.

After a routine diagnostic work-up, we decided to perform an MRI-guided cardiac
catheterization in general anaesthesia. The CMR demonstrated extreme dilation of
the right ventricle (RVEDVi 618 ml/m2, RVEDV/LVEDV ratio of approximately
16), with severe global systolic dysfunction (RVEF 13%), with poor/absent
representation of the ventricular myocardium. Severely dilated tricuspid annulus
with free tricuspid regurgitation (RF approximately 80%) with marked dilation of
the right atrium, inferior vena cava and suprahepatic veins. There was diffuse
linear enhancement of the walls of the right ventricle, with a thin LGE extending
also to the right side of the interventricular septum. The size of the left ventricle
was normal (LVEDVi 37 ml/m2) with mild-moderate systolic dysfunction (LVEF
40%). Marked interventricular septum dyskinesia with inversion of the septal
curvature in the diastolic phase.

The pulmonary arteries were free from discrete stenosis, with angulation of the
left pulmonary artery at the origin, compressed posteriorly by the severe
cardiomegaly, and referential flow to the right pulmonary artery (RPA/LPA =
76%/24%). These findings were compatible with the clinical suspicion of Uhl's
anomaly with severe impairment of right ventricular function. The cardiac index
measured by CMR flows was 2.1 L/min/m2. [Figure 10]

The catheterization was performed under real-time MRI guidance. Through the
right femoral vein, a 7F Corodyn™ wedge catheter (Braun Interventional Systems
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Inc., Pennsylvania, United States) filled with air was easily advanced to the right
atrium and right ventricle. Even with the use of an MRI conditional wire Emery
Glide Straight Cp MR Wire (Nano4Imaging GmbH, Aachen, Germany), it was not
possible to reach the pulmonary arteries. The haemodynamic data, confirmed at
the subsequent X-Ray guided catheterization to assess pulmonary artery pressure
and wedge pressure, showed an equalization of the right sections pressures (RA
-/-/21 mmHg, RV 31/15/23 mmHg, PAs 29/17/22 mmHg, wedge pressure -/-/15).
Systemic saturation was 97%, mixed venous and pulmonary artery saturations
were 55%. So the Cardiac index by Fick was 2.4 L/min/m2 with PVRi of 2.9
WU.m2.

The patient was listed for a heart transplant and discharged. She was re-admitted
a few weeks later for episodes of vomiting and abdominal pain. She was
deteriorating on inotropic support and was finally transplanted. She suffered acute
rejection on the third day post-transplant, which was successfully treated with ev
steroids, thymoglobulins, eculizumab and alemtuzumab. She was finally

discharged home, continuing her cardiological follow-up.
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6.2 Fontan circulation

A 30-year-old woman with tricuspid atresia, normally correlated great vessels and
pulmonary stenosis was referred to our unit. She was palliated in another center
with a modified right Blalock-Taussing shunt followed by a Glenn procedure and
finally with a Fontan procedure with a 20 mm extra-cardiac fenestrated conduit.
In the last months, she was experiencing reduced exercise tolerance, which was
confirmed by a cardiopulmonary test. We decided to electively perform an MRI-
guided catheterization to assess the Fontan anatomy, function and
haemodynamics. The entire procedure was performed with the patient awake and

local anaesthetic.

CMR showed a significant narrowing at the mid portion of the Fontan conduit
with concentric wall thickening, probably calcified, and associated flow
acceleration. There were no significant pulmonary artery branches stenosis with
balanced flow distribution. The left ventricle was of normal size and function
(LVEDVi 59 ml/m2, LVEF 64%). The liver was enlarged, with irregular margins
and diffuse inhomogeneous parenchyma. [Figure 11a]

Hemodynamyc data confirmed the conduit stenosis with a pressure gradient of 2
mmHg (-/-/12 mmHg below the stenosis and -/-/10 mmHg above it). There was
good agreement between Cardiac index and indexed pulmonary vascular
resistance between Fick method and CMR flows (CI by Fick 2,8 L/min/m?2 vs CI
by CMR 2,6 L/min/m2, PVRi by Fick 1,8 WU.m2vs PVRi by CMR 1,9 WU.m?2).

In view of this data we discussed the case with the case manager of the patient and
decided to proceed one month later with stenting of her Fontan conduit.

The procedure was performed under X-Ray guidance and general anaesthesia.
Angiography in the Fontan conduit confirmed the stenosis at the level of the
middle tract of the conduit, measuring approximately 10 mm. Direct stenting of
the Fontan conduit was performed with a 22x48 mm BeGraft Bentley covered
stent (Bentley InnoMed GmbH, Germany) which was post-dilated with a 20x40
mm Atlas Gold PTA balloon (Bard Medical). There was almost complete abolition
of the waist (minimum diameter in the central portion around 17 mm) and

complete abolition of the gradient. [Figure 11b]

There were no procedural complications and the patient was discharged the
following day, doing well during follow-up. Anticoagulation was prescribed for
three months after the procedure, followed by aspirin only long-life. The

subsequent cardiopulmonary test demonstrated an improvement in functional

57



capacity with a peak VO2 of 22.4 ml/kg/min equal to 60% according to normative
values proposed by Wasserman equation and between the 75th and 90th percentile
of the values detected in similar populations in comparison to a peak VO2 of 19.6

ml/kg/min before the stenting procedure.
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Chapter 7

Research activity undertaken
throughout the PhD programme

7.1 Description of the specific issues tackled in the
research activity

The research activity tackled several critical topics in paediatric cardiology,
especially in the field of interventional cardiology. The specific issues addressed
included:

* New devices in CHD. Atrial flow regulator implantation in patients with
CHD and children with severe pulmonary hypertension or cardiomyopathy,
demonstrating the promising and beneficial effects in this population in the
short-term follow-up.

 Implantable hemodynamic monitors in CHD. Feasibility and safety of
percutaneous implantation of the CardioMEMS device in a selected population
of adults and children with CHD. The potential of this device in reducing HF
hospitalization in this setting is enormous, with uncertainty on the adherence to
the regular transmission of hemodynamic data in the congenital population.

* 4D Flow magnetic resonance in Tetralogy of Fallot (ToF). Describe by
means of 4D flow MRI and computational fluid dynamics simulations the
hemodynamics of operated ToF patients with transannular patches undergoing
routine follow-up MRI before percutaneous or surgical pulmonary valve

implantation and its possible association with clinical outcomes.
* Management and percutaneous treatment of pulmonary vein stenosis.
* Use of Pressure-volume loops in CHD.

 Transcatheter palliation with pulmonary artery flow restrictors in neonates
with CHD.
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* Bedside transcatheter patent ductus arteriosus device closure in premature
neonates.

* Education in CHD community. Coordination and evaluation of the role of e-
learning postgraduate education in collaboration with the Association for
European Paediatric and Congenital Cardiology.
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Figures

Figure 1. Preparation room. The patient lies on the same MRI-compatible
detachable traveling table which is then moved to the MRI scanner. Anaesthesia
induction and mechanical ventilation is performed. Surface vector-cardiogram
electrodes are attached, a phased array body coil positioned and groins are
prepared with antiseptic solution.
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Figure 2. Preparation room. The sterile drape is folded over the patient. Vascular
access is gained using ultrasound guidance and catheterization equipment is
prepared. A metal safety check is performed before moving the patient to the

magnetic field.
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Figure 3. CMR room. The MRI-compatible detachable table is moved to the MRI
scanner. The MRI scanner side is draped with sterile surgical drapes to avoid any
contamination. Our CMR suite contains MRI-conditional anaesthesia equipment,
ventilators, infusion pumps and patient monitors, haemodynamic recording

system, and a CMR-compatible monitor to mirror the scanner display for in-room

catheter visualization.
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Figure 4. MRI scanner control room. A radiologist and an MRI technologist
interact with the interventionists during the procedure, to guarantee MRI
continuous visualisation of catheters and wires. Two mirrored images displays

allow simultaneous visualisation in the control room and in the CMR room.
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Figure 5. The tip of a Corodyn™ balloon wedge catheter filled with air is
visualised in the main pulmonary artery as a signal void on CMR imaging (white

arrow).
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Figure 6. a. A moderate correlation between cardiac index calculated with the Fick
principle and with CMR flow at baseline (R2 0.59; p<.001). b. Bland-Altman plot
of the two flow measurement methods.
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Figure 7. a. A moderate correlation between pulmonary index calculated with the
Fick principle and with CMR flow at baseline (R? 0.42; p< .001). b. Bland-
Altman plot of the two flow measurement methods.
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Figure 8. a. A significant correlation between Qp:Qs calculated with the Fick
principle and with CMR flow at baseline (R? 0.83; p<.001). b. Bland-Altman plot
of Qp:Qs with the two measurement methods.
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Figure 9. a. A significant correlation between indexed pulmonary vascular
resistance (PVR1) calculated with the Fick principle and with CMR flow at
baseline (R? 0.86; p< .001). b. Bland-Altman plot of PVRi with the two

measurement methods.
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Figure 10. Uhl's anomaly on CMR with extreme dilation of the right ventricle
(RVEDVi 618 ml/m2), poor/absent representation of the ventricular myocardium
and marked interventricular septum dyskinesia with inversion of the septal

curvature in the diastolic phase.
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Figure 11. a. CMR shows a significant narrowing at the mid portion of the Fontan

conduit with concentric calcified wall thickening. b. Direct stenting of the Fontan

conduit with a 22x48 mm BeGraft Bentley covered stent, post-dilated with a
20x40 mm Atlas balloon.
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Table

Table 1. MRI-guided cardiac catheterization haemodynamic findings. Mean
pulmonary artery pressure (mPAP), mean aortic pressure (mAo), right atrium
(RA), right ventricle (RV), pulmonary wedge pressure (PWP), transpulmonary
gradient (TPG), cardiac index (CI), pulmonary index (PI), indexed pulmonary
vascular resistance (PVRi).

Baseline (n=25)

mPAP (mmHg) 20.9+8.3
mAo (mmHg) 68.9 + 15.1
RA (mmHg) 9.7+ 3.7
PWP (mmHg) 141+£6.2
TPG (mmHg) 6.8+ 3.5
Systemic sat (%) 97.6+29
Mixed venous sat (%) 70.5+10.7
Pulmonary artery sat (%) 72.6 £4.5
Cl Fick (L/min/m2) 3.2 0.8
PI Fick (L/min/m2) 3.0+£0.7
QP: QS Fick 1.0+ 0.1
PVRi Fick (WU*m2) 23114
ClI CMR (L/min/m2) 3.0+£0.9
Pl CMR (L/min/m2) 2.7+0.7
QP: QS CMR 0.9+0.2
PVRi CMR (WU*m2) 2.6 £1.3
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