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ABSTRACT

Childhood pulmonary hypertension (PH) is a
heterogenous disease associated with considerable
morbidity and mortality. Invasive assessment of
haemodynamics is crucial for accurate diagnosis and
guidance of medical therapy. However, adequate
imaging is increasingly important in children with PH to
evaluate the right heart and the pulmonary vasculature.
Cardiac MR (CMR) and computed tomography (CT)
represent important non-invasive imaging modalities that
may enable comprehensive assessment of right
ventricular (RV) function and pulmonary haemodynamics.
Here, we present graded consensus recommendations for
the evaluation of children with PH by CMR and CT. The
article provides a structured approach for the use of
CMR and CT imaging, emphasises non-invasive variables
of RV function, myocardial tissue and afterload
parameters that may be useful for initial diagnosis and
monitoring. Furthermore, assessment of pulmonary
perfusion and characterisation of the lung parenchyma
provides structural information about processes that may
cause or be due to PH.

INTRODUCTION

Pulmonary hypertension (PH) as a result of ele-
vated pulmonary vascular resistance (PVR) ultim-
ately leads to right ventricular (RV) failure and
premature death when not responsive to therapy.
Despite progress in medical treatment, morbidity
and mortality is still high, especially in idiopathic
pulmonary arterial hypertension (IPAH). RV failure
represents the most common cause of death in
childhood PH, and therefore, reliable evaluation of
RV function is crucial.!

Echocardiography is the most commonly used
non-invasive tool for initial assessment, screening
and serial follow-up as it allows rapid assessment of
RV function and estimation of pulmonary artery
pressure. However, this technique can be limited by
poor acoustic windows and the complex geometry
of the RV This sometimes makes reliable

assessment of RV function using echocardiography
difficult.”

A more comprehensive assessment of the RV
and the pulmonary vasculature is possible by
cardiac MR (CMR) and CT. These techniques
have become important non-invasive imaging
modalities in the management of adult PH. CMR
offers the ability to assess ventricular function,
blood flow, pulmonary perfusion and myocardial
tissue characteristics. The main role of CT is to
detect alternative causes of PH including lung par-
enchymal disorders, thromboembolic disease and
vascular abnormalities such as pulmonary vein
stenosis.

In this consensus statement, we review the princi-
ples and application of CMR and CT in patients
with paediatric PH. The article provides practical
recommendations and emphasises non-invasive
variables that may be useful for initial diagnosis
and monitoring.

METHODS

The recommendations summarised in table 1 relate
to the grading system currently suggested by the
European Society of Cardiology and the American
Heart Association, and was based on paediatric
data only (class, level of evidence). The grading
and voting process within the writing group is out-
lined in the executive summary of this special issue.
Computerised searches of the PubMed/MEDLINE
bibliographic database were conducted between
January 1990 and June 2015. Clinical trials, guide-
lines and reviews limited to paediatric data were
searched using the terms ‘pulmonary hypertension’,
‘children’, ‘cardiac magnetic resonance’ and ‘com-
puted tomography’.

CMR protocol

CMR in young children is often performed under
either sedation or general anaesthesia. However,
patients with paediatric PH are at high risk for
cardiac decompensation, and therefore, anaesthesia
and sedation come at substantial risk.®> If
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Table 1 Recommendations on the use of cardiac magnetic resonance and computed tomography in children with pulmonary hypertension
Recommendations COR| LOE
cMRI without anaesthesia/sedation is recommended in children with suspected pulmonary hypertension/paediatric pulmonary hypertensive vascular | B
disease as part of the diagnostic evaluation and during follow-up to assess changes in ventricular function and chamber dimensions® ’

It is recommended that a cMRI study of a child with suspected PH/PPHVD should include the following modules® ’: Cine cMRI for the assessment | B
biventricular volume, function and mass using a stack of axial or short-axis slices covering the entire heart

A cMRI study of a child with suspected PH/PPHVD should include the following modules’: standard 2D flow (PCMRI) measurements at the MPA, RPA, | B
LPA, AAO

A cMRI study of a child with suspected PH/PPHVD may include the following modules: standard 2D flow (PCMRI) measurements at the pulmonary veins IIb |B
A cMRI study of a child with suspected PH/PPHVD may include the following modules: late gadolinium enhancement may be considered for the Ilb | C
assessment of presence and amount of myocardial fibrosis?’

It is uncertain whether a cMRI study of a child with suspected PH/PPHVD should include simultaneous invasive pressure measurements (cMRI-guided b | C
cardiac catheterisation) to calculate PVR (combined with pulmonary flow measurements) and/or to assess load-independent indices of ventricular

function (combined with ventricular flow measurements)

A cMRI study of a child with suspected PH/PPHVD may include the following modules: gadolinium contrast-enhanced or non-contrast-enhanced Ilb | C
angiography to assess morphology and size of the pulmonary arteries, the pulmonary arterial tree and to quantify pulmonary perfusion (CE-MRI)

It is uncertain whether a cMRI study of a child with suspected PH/PPHVD should include the following modules: assessment of regional RV myocardial Ilb | C
function by cMRI tagging techniques

It is uncertain whether a CMR study of a child with suspected PH/PPHVD should include the following modules: non-invasive estimation of RV afterload IIb | C
variables including RVP/PAP/PVR using different proposed cMRI techniques (interventricular septal position, flow measurements, pulmonary distensibility

and elastance, RV-PA coupling)

High-resolution chest CT with angiography is recommended in the initial assessment of a child with suspected PH/PPHVD | C
In case an obvious cause for PH/PPHVD, such as left-to-right cardiovascular shunt, a chest CT may be omitted. Ilb | C
High-resolution chest CT is indicated in every patient being evaluated for lung transplantation I |C

AAO, ascending aorta; COR, class of recommendation; cMRI, cardiac MRI; LOE, level of evidence; LPA, left pulmonary artery; MPA, main pulmonary artery; PCMR, phase-contrast
MR; PH/PPHVD, pulmonary hypertension/paediatric pulmonary hypertensive vascular disease; PVR, pulmonary vascular resistance; PAP, pulmonary artery pressure;

RV, right ventricular; RPA, right pulmonary artery.

anaesthesia or sedation is required, it is important to thoroughly
weigh the benefits gained from the information acquired
against the risks of anaesthesia in a child with PH. If no sed-
ation is required, e.g in an older child, cardiac CMR is recom-
mended in children with suspected or confirmed PH/paediatric
pulmonary hypertensive vascular disease (PPHVD) as part of

the diagnostic evaluation and during follow-up. As with all
CMR examinations, it is recommended that protocols are opti-
mised to answer specific questions related to the disease. Below
is a list of the main advantages and disadvantages of CMR
variables (table 2), a recommended protocol for paediatric PH
(table 3).

Table 2 Advantages and disadvantages of CMR measurements in pulmonary hypertension

Variable

Main advantages

Main disadvantages

RV and LV: EDVI/ESVI/SVI,
myocardial mass

EF

Blood flow (PCMR)

Late gadolinium enhancement
(LGE)

Strain, strain rate

Septal curvature
T1 mapping
Pulmonary artery stiffness:

pulsatility/capacitance/
distensibility/compliance

RV-PA coupling

Routinely performed, reliable assessment of cardiac size, RVEDVI/
LVEDVI/SVI and RV mass index predictors of mortality in adult PH,
initial and follow-up study to study disease progression

Routinely assessed parameter of global ventricular pump function,
RVEF related to outcome in paediatric PH

Routinely performed, selective blood flow measurements in any
vessel of appropriate size possible, estimation of pulmonary and
systemic blood flow, quantification of shunt flow, low intrastudy and
interstudy reproducibility

Visualisation of macroscopic myocardial fibrosis

Additional parameter of myocardial function, assessment of
intraventricular and interventricular dyssynchrony, postprocessing
analysis by tissue tracking software, easy to perform

Valid estimation of sSPAP and PVR in paediatric PH

Quantification of diffuse myocardial fibrosis

Early marker of PH; independently associated with the degree of RV
dysfunction, dilation, and hypertrophy in PH

Easy to calculate, comprehensive analysis of ventricular contractility
and vascular load, correlated with outcome in adult PH

Observer variance problems depending on standards/training

Load-dependent parameter of RV function, may miss early systolic
dysfunction

Time consuming if several vessels are examined, helical flow
pattern in main PA, no accurate assessment of peak blood flow
velocities (no reliable assessment of pressure gradients), susceptible
to non-flow-related phase errors

Contrast agent necessary, longer examination time, conflicting data
regarding prognostic value of LGE in adults, no data in paediatric
PH

Not routinely assessed, tagging techniques time consuming,
myocardial feature tracking from cine-SSFP possible but no data
available in paediatric PH for either technique

Not routinely assessed, postprocessing time

Only data in experimental model of chronic PH

Not routinely assessed, no data in paediatric PH

Invasive data necessary, no data in paediatric PH

CMR, cardiac MR; EDVI, indexed enddiastolic volume; ESVI, indexed endsystolic volume; LGE, late gadolinium enhancement; LV, left ventricle; LVEDVI, indexed left ventricular
enddiastolic volume; PH, pulmonary hypertension; PCMR, phase-contrast MR; PVR, pulmonary vascular resistance; RV, right ventricular; RVEDVI, indexed right ventricular enddiastolic
volume; RVEF, right ventricular ejection fraction; SSFP, steady-state free precession.
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Table 3 Proposed CMR protocol in children and adolescents with suspected or confirmed PH/PPHVD

Assessment Metrics assessed

Sequence

Ventricular volumes EDVI/ESVI/SVI, EF myocardial mass

b-SSFP cine imaging. Short axis or transverse slices. Can be acquired in breath-holds, free

breathing or real time

Blood flow in RPA, LPA, MPA and  Calculation of CO, Qp:Qs and valvar
aorta regurgitation if present

Phase contrast MR. Best acquired using a free-breathing sequence with multiple signal averages
for respiratory compensation

CMR, cardiac MR; CO, cardiac output; PH/PPHVD, pulmonary hypertension/paediatric pulmonary hypertensive vascular disease; Qs, systemic blood flow; Qp, pulmonary blood flow;
SSFP, steady-state free precession. RPA, right pulmonary artery; LPA, left pulmonary artery; MPA, main pulmonary artery.

Ventricular assessment

Cine CMR is the gold standard for the assessment of biventricu-
lar volumes, muscle mass and global pump function.* ° Cine
CMR is also highly reproducible, making it ideally suited for
serial follow-up examinations to detect changes in RV dimen-
sions and function.® 7 Thus, Cine CMR it is the most important
component of a paediatric PH CMR. A stack of contiguous
short-axis or transverse slices covering both ventricles is used to
measure ventricular volumes (figure 1). There are some data to
suggest that transverse slices provide more accurate assessment
of RV volumes.® ° However, this has not been definitively
demonstrated in paediatric PH. It is recommended that a
steady-state free precession (SSFP) sequence is used with
approximately 20 true phases per cardiac cycle and a slice thick-
ness of between 5 and 8 mm depending on patient size. This is
typically achieved by either short breath-holds or in uncoopera-
tive patients free-breathing measurements. Free-breathing cine
CMR can be achieved by using signal averaging or real-time
techniques. The clinical importance of cine CMR in the paediat-
ric PH population has recently been demonstrated in the study
by Moledina et al,” which included 100 children and adoles-
cents with PH of various aetiologies. This study revealed several
CMR parameters to correlate with functional class, 6-minute
walk distance and invasive haemodynamic measurements such
as pulmonary artery pressure. Furthermore, this study revealed
the prognostic value of CMR in the children and young adoles-
cents with PH: of all CMR indices, RV ejection fraction and left
ventricle (LV) indexed stroke volume were most associated with
an increased risk of death or transplantation with a 1 SD
decrease in there measures, resulting in a 2.6-fold and 2.5-fold
increased risk of death, respectively. In another study, Blalock
et al® assessed RV volumes and function by cine CMR in a
smaller cohort of 26 patients with PH aged 2-16 years and
found RV parameters abnormal in contrast to healthy

Figure 1 Cine images in the
four-chamber view (left) of a patient
with systemic PA pressures showing
right ventricular (RV) dilatation and
hypertrophy and an enlarged right
atrium. The short-axis view (right) of a
patient with severe idiopathic
pulmonary hypertension showing a
severely dilated and hypertrophied RV
with end-systolic septal bowing to the
left. The green and red lines represent
the curvature of the interventricular
septum and the left ventricle free wall.

individuals. In a follow-up examination in 15 patients, RV
volumes, function and LV stroke volume showed no significant
change over 1 year, which was probably related to a relatively
stable cohort with normal 6-minute walk distances.

Blood flow

Measurement of blood flow in the ascending aorta, the pulmon-
ary trunk and the right and left pulmonary artery using standard
two-dimensional velocity encoded phase contrast MR (PCMR)
should always be part of the CMR study (table 4). PCMR allows
accurate quantification of cardiac output and shunts, as well as
differential lung perfusion and evaluation of valve function.'®"'?
The CMR study may also include the assessment of blood flow
in the systemic or pulmonary veins to allow quantification of
blood flow through aortopulmonary or venovenous collaterals.
Measurement of blood flow by PCMR is performed in a single
plane perpendicular to the vessel of interest. PCMR has low
interstudy and interobserver/intraobserver variability and is best
performed using free-breathing techniques. Breath-hold or real-
time PCMR is possible but tends to have lower spatiotemporal
resolution.”® Quantification of blood flow by MR is affected by
complex flow patterns as seen in the dilated pulmonary vascula-
ture (figure 2). This is particularly true in the main pulmonary
artery, which is why assessment of flow in the branch pulmonary
arteries is recommended.'® Assessment of peak velocities is not
accurate with PCMR, and reliable quantification of pressure gra-
dients is better with echocardiography.

Anatomical assessment

Anatomical assessment in children with PH may also be import-
ant, particularly if there is a suspicion of congenital heart
disease. Contrast-enhanced CMR angiography may be useful
in children with PH for the assessment of vascular abnormal-
ities. Although uncommon in childhood PH,"> MR angiography

ii32

Latus H, et al. Heart 2016;102:ii30—ii35. doi:10.1136/heartjnl-2015-308246

"ybuAdoa Aq parosioid 1sanb Aq 202 ‘2z [Mdy uo ywoo fwgeayy/:dny wol papeojumod ‘9102 Udy 9 U0 91280E-GT0Z-|ulieay/9eTT 0T Se paysiignd 1si1 :JesH


http://heart.bmj.com/

Pulmonary vascular disease

Table 4 Summary of CMR and CT studies in children and adolescents with pulmonary hypertension and studies providing CMR reference

values in a healthy population

Reference No. Patients Age (years) Parameters Outcome
CMR

Blalock et al® 26 IPAH 2-16 RVEDV, RVEF, LVEDV, LVSV Abnormal compared with controls, stable over 1 year

Moledina et al’ 100 IPAH, CHD, 0.5-17.6 RV and LV: EDV, ESV, SV, EF, MM CMR measures correlate with clinical status and prognosis

miscellaneous (RVEF and LVSV)

Pandya et al?® 50 IPAH, CHD, LD 0.45-16.5 CMR-augmented cardiac catheterisation,  Septal curvature metrics are able to estimate RV afterload
real-time CMR sequence, septal curvature and track acute changes in pulmonary haemodynamics
metrics during vasodilator testing

(@)
Moledina et al’ 31 CHD, IPAH, other 0.7-19.1 Fractal dimension of CT pulmonary Fractal dimension correlates with clinical status,

angiograms
Normal values CMR
Robbers-Visser et a/*' 60 Healthy children and 8-17
adolescents

Sarikouch et a/*? 99 Healthy children and 8-20
adolescents

RV and LV: EDV, ESV, MM

RV and LV: EDV, ESV, MM

haemodynamics and survival

Gender-specific normative data for biventricular function,
volume and mass

Percentiles for ventricular mass and volume in children
aged 8-20 years

CHD, congenital heart disease; CMR, cardiac MR; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; IPAH, idiopathic pulmonary hypertension; LD, lung disease;
LV, left ventricle; MM, myocardial mass; No., number of patients; RV, right ventricle; SV, stroke volume; LVSV, left ventricular stroke volume.

may also detect vascular obstruction caused by pulmonary
thromboembolism (figure 3) or peripheral pulmonary artery
stenoses.'®~'® Conventional contrast-enhanced MR angiography
is acquired in a breath-hold. Unfortunately, due to the high
prevalence of dyspnoea in these patients, the long breath-holds
required may be difficult to perform. New techniques such as
time-resolved MR angiography may solve problems associated
with breath-holding as well as provide quantitative information
about perfusion heterogeneity.'” Due to current limitations, MR
angiography is not recommended as a sole screening test for
chronic thromboembolic PH and most international guideline
groups continue to recommend ventilation perfusion scintig-
raphy followed by pulmonary angiography or CT pulmonary
angiography instead. MR angiography is also useful in detection
of congenital vascular causes of PH, such as patent ductus arter-
iosus. However, for assessment of intracardiac causes of PH,
such as a ventricular septal defect (VSD), when unable to char-
acterise by echocardiography, three-dimensional SSFP whole
heart imaging is recommended.*® Since it is respiratory navi-
gated and ECG triggered, there is no necessity for breath-
holding and it is well suited to this patient population.

Myocardial tissue characterisation

Increased RV afterload is associated with myocyte apoptosis,
inflammation and fibrosis.>" Thus, quantification of myocardial
fibrosis may be a useful indicator of disease severity. Late gado-
linium enhancement (LGE) is typically seen at the RV insertion
points (figure 4) and has been found to be related to abnormal
pulmonary haemodynamics and RV systolic dysfunction.”**
Data about the presence of LGE and quantitative data on
diffuse RV myocardial fibrosis by mapping techniques and/or
extracellular volume quantification are lacking in childhood PH.
The prevalence, haemodynamic consequences and prognostic
value of delayed enhancement in childhood PH need to be
defined in the future.

Areas of further development

Combined measurement of invasive pressure and MR-based
volume and flow data by CMR augmented cardiac catheterisa-
tion has been described by several groups.’’=? So far, it is
uncertain whether simultaneous pressure measurements should
be included in a CMR study of a child with suspected PH/
PPHVD as experience is currently limited to a small number of
specialised centres. CMR-augmented catheterisation may offer

Figure 2 MR image of the pulmonary artery in a patient with
pulmonary hypertension. Note abnormal recirculating blood flow
patterns at the level of the dilated left and right pulmonary artery.

Figure 3 CT image for a patient with chronic thromboembolic
pulmonary hypertension. The arrow points to the right lower lobe
pulmonary artery, which is partially occluded by thrombus.
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Figure 4 Late gadolinium enhancement image in the short-axis view
in a 7-year-old patient with suprasystemic idiopathic pulmonary arterial
hypertension. Note the areas of regional fibrosis typically found at the
right ventricular insertion points (arrows).

some advantages including a precise calculation of PVR due to a
more reliable quantification of pulmonary flow volume com-
pared with thermodilution technique or oximetry.>! 32

Uncertainty exists regarding non-invasive estimation of RV
afterload parameters such as RV pressure, PAP and PVR by
CMR imaging in children with PH as these techniques are pri-
marily validated in adults.*® ** Analysis of interventricular
septal curvature by CMR (figure 1) has been found to correlate
with mean PAP and indexed pulmonary vascular resistance
(PVRI) in adults and in children.®® 3¢ Septal curvature metrics
also reliably tracked changes in haemodynamics during acute
vasodilator testing, making it potentially useful for afterload
assessment during follow-up.>® Cine CMR assessment of pul-
monary distensibility may be used to detect PH and has been
shown to correlate with outcome in small studies.

CT in paediatric PH

The principal role of CT in assessment of PH is to demonstrate
features of secondary forms of PH. More specifically, this
modality is suited to assessing for parenchymal lung disease,
vascular abnormalities and thromboembolic disease. It may also
provide information on cardiac, mediastinal abnormalities and
may suggest a diagnosis of PH. As such, it features as an early
investigation for patients suspected of PH in various guide-
lines.?” Multislice CT has made it possible to image the thorax
at high resolution in under 5 s producing isotropic data at sub-
millimetre resolution.

Computed tomography pulmonary angiography (CTPA) pro-
tocols vary depending upon the type of scanner, the availability
of ECG-gating among other factors. Nevertheless, the aim of
any CTPA study is to optimally opacify the right heart chambers
and pulmonary arterial tree and limit cardiac and diaphragmatic
motion artefact.

CT, when performed for the investigation of other conditions,
may raise the suspicion of PH. A recent systematic review and
meta-analysis in adult CT suggests the pulmonary artery dilata-
tion and pulmonary artery to ascending aorta diameter ratio to
have high specificity for PH. Similar data are not yet available in
children.?®

CT is the modality of choice for the detection of parenchymal
lung disease such as chronic lung disease and developmental
abnormalities. Identification and quantification of lung disease
may be particularly helpful in paediatric PH, where history of
dyspnoea may be non-specific and when younger children may
not reliably perform pulmonary function testing. In addition,
prevalence of congenital lung abnormalities is likely to be
higher in children than in adults. In addition, CT is highly sensi-
tive for the identification of pulmonary veno-occlusive disease
(PVOD) due to its characteristic features: thickened interlobular
septa, poorly defined nodular opacities and lymphadenopathy.*
POVD is an important differential diagnosis because of its
impact it has on management strategy.

Chronic thromboembolic disease (CTED) is an important
diagnosis to exclude in patients with PH. Even though the inci-
dence is likely to be low in children with PH, the possibility to
surgically cure this condition warrants assessment. Due to its
rarity, paediatric-specific data from on are lacking; however, by
extrapolation from extensive research in adult CTED, CT pul-
monary angiography is the first-line cross-sectional imaging
modality for the evaluation of chronic thromboembolic PH in
patients with suggestive ventilation-perfusion scan.*® Recent
data suggest that modern CT technology in experienced hands
may have nearly equal sensitivity and specificity to V/Q scan-
ning. Importantly, CT angiography can distinguish between sur-
gically amenable disease from distal disease.’”

CT pulmonary angiography is well suited to assessment of
great vessel anatomy and to the detection of extracardiac shunt
lesions, for example, persistent arterial duct, aortopulmonary col-
laterals; however, operators should be aware of the possibility of
false negative results. While echocardiography remains the first-
line imaging modality for assessing congenital cardiac and vascu-
lar abnormalities, CTPA remains an extremely useful adjunct.

Protocols should be developed to minimise exposure to ionis-
ing radiation and follow-up CTs should be kept to a minimum.
Where possible it is recommended that children undergo
low-dose prospectively ECG-gated CT as it provides better
image quality.
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