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1	 �Introduction

There are now more adults alive with congenital 
heart disease than children (Marelli et al. 2007), 
and many will have ongoing problems despite 
surgical repair. Surgery is never a cure—merely a 
fix—and in some cases directly introduces new 
problems that were not present previously 
(Celermajer and Greaves 2002). ACHD patients 
therefore generally require lifelong follow-up in 
specialized institutions where the technical and 
clinical expertise exists to recognize and deal 
with issues as they arise.

Imaging lies at the heart of this follow-up pro-
cess. Today we have so many advanced modali-
ties to choose from that a nonimager may be 
bewildered by the options available and uncertain 
about what test would best answer the clinical 
problem facing him or her. The purpose of this 
chapter is to review briefly the strengths and 
weaknesses of the major cardiac imaging modali-
ties and propose a few principles to help guide 
the selection of most appropriate modality in 
each case. It should be recognized that this is a 
single author opinion, and—as with everything 
else in medicine—there is more than one way to 
skin a cat! Nevertheless the principles here are 
expected to be non-contentious and largely 
self-evident.
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2	 �What Information Do 
We Want?

In imaging the key question to the referrer should 
always be: ‘what do you want to know?’. An 
uncertain or unfocussed question is unlikely to 
result in a lucid and helpful report. Lack of clarity 
in the request may also lead to incorrect selection 
of modality. Clear communication between the 
referrer and the imager is therefore vital for 
appropriate triage and protocolling of requests. 
The imager cannot however entirely rely on the 
referrer to provide all essential knowledge, and it 
is incumbent upon an ACHD imager to review 
prior imaging and—on occasion—the hospital 
notes as the underlying anatomy and physiology 
(and even the patient’s personality) may dictate 
the most appropriate imaging technique to use.

In general terms, however, the commonest type 
of information required in ACHD patients pertains 
to anatomy, function and flow. These and other 
potential requirements are summarized in Table 1.

3	 �Imaging Anatomy

Understanding the anatomy of the patient is fun-
damental to ACHD care. Many conditions have 
seen era-based variations in surgical repair, lead-
ing to very different anatomic appearances—for 
example, a d-TGA patient repaired 40 years ago 
by a Mustard or Senning procedure has quite dif-
ferent anatomy to the same patient repaired by 
the arterial switch operation which is the stan-
dard of care today (Roche et al. 2011).

Basic anatomy can be inferred to some degree 
from the plain CXR with PA and lateral views. 
Heart size and bronchial situs, great vessel anatomy 
and pulmonary arterial and venous anomalies may 
all be recognized by plain film. Inferences about 
physiology may even be made based on atrial 
chamber enlargement, pulmonary venous disten-
sion and lung parenchymal lymphatic engorgement. 
However it is hard to argue that a two-dimensional 
representation of the chest represents the standard 
of reference in first-world countries any longer. One 
useful feature of the CXR remains its ability to 
depict small stainless steel devices, clips or coils 
that may have been used in childhood to close holes 

or embolize vessels. Many of these devices cause 
substantial disturbance to the uniformity of a mag-
netic field and result in large signal voids on CMR 
images (Fig. 1). Recognition of these in advance is 
useful so that limited magnet time is not wasted.

Although echocardiography is usually the first 
imaging test experienced by the ACHD patient, it is 
in fact probably the least well suited to questions of 
pure anatomy. Image quality is both operator and 
patient dependent. Obesity, in particular, chal-
lenges the echocardiographer in a way that is rarely 

Table 1  Areas of potential interest in an ACHD imaging 
examination

Anatomy

 �   Cardiac anatomy

 �   Bronchial anatomy

 �   Visceral situs

 � �  Anomalies of systemic and/or pulmonary venous 
return

 �   Anomalies of the aorta and/or branch vessels

Physiology

 �   Ventricular volumes

 �   Ventricular function

Flow

 �   Peak velocity across stenoses

 �   Volume of forward and regurgitant flow

 �   Direction of flow

 �   Quantification of shunts

Perfusion

 �   Reimplanted coronary arteries

 �   Compressed or stenosed coronary arteries

 �   Aneurysmal coronary arteries

 � �  Assessment of functional reserve prior to major 
surgery

Tissue characterization

 �   Ischaemic scar

 �   Myocardial oedema

 �   Subclinical fibrosis

 �   Calcium

 �   Metal

Thrombus

 �   Within cardiac chambers

 �   Within aneurysmal coronary arteries

 �   Within pulmonary arteries

Postsurgical complications

 �   Anatomic distortion

 �   Infection

 �   Leakage

Resolving conflicting information

A.M. Crean
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a problem for CT or CMR (assuming the patient 
does not exceed the maximum table weight and can 
physically fit into the scanner). Although image 
acquisition is usually standardized, this is in the 
form of selective 2D tomographic views selected 
by the operator at the time of the scan. There is no 
possibility to return to the data and reconstruct fur-
ther views desired after the fact. This limitation of 
standard 2D echo has only partially been overcome 
by 3D techniques (Yang 2017). These remain cum-
bersome, imperfect (Crean et al. 2011) and far from 
routine in the majority of laboratories. The other 
major limitation of echo pertains to its inability to 
visualize more than the proximal portions of the 
vascular structures of the thorax or to interrogate 
the lung parenchyma beyond basic recognition of 
pleural fluid and lung collapse/consolidation. 
Therefore, although echocardiographic assessment 
is vital in ACHD for other reasons, assessment of 
anatomy alone is rarely its forte.

What then should we use to determine the tho-
racic anatomy of the ACHD patient with confi-
dence? If anatomy is the sole or primary question, 
there is little doubt that computed tomography (CT) 
is the test of choice in many patients (Han et  al. 
2015a). Advances in technology have been so pro-
found that imaging of the chest by CT now takes 
only a few seconds. Images can be acquired in most 
ACHD patients at trivial doses of radiation. Low-

dose imaging is possible for two reasons. Firstly, 
many complex ACHD patients are well below mean 
adult size due to chronic illness, and a relative lack 
of obesity means that images contain less noise. 
Secondly—as a corollary to the first point—low 
body mass index means that tube voltage may usu-
ally be reduced down to 80 kV rather than the stan-
dard 120 kV resulting in an exponential decrease in 
radiation exposure (Han et  al. 2015b). The addi-
tional noise created by this approach is usually tol-
erable for all but the smallest structures and can be 
smoothed out by both iterative reconstruction tech-
niques or simply by reconstructing at thicker slice 
thickness than that acquired (Fig. 2).

There are additional benefits of anatomic imag-
ing by CT. Many of the peculiarities of ACHD can 
be relatively subtle—small communications 
between structures, anomalous vessels including 
aorta-pulmonary and veno-venous collaterals, pul-
monary arteriovenous malformations, etc. may all 
be missed without high spatial resolution. This is 
an inherent advantage of CT where it is possible to 
acquire volumes of isotropic data with a voxel size 
of 0.5 mm3 at still acceptable radiation exposure 
levels. Such high-resolution data sets have the fur-
ther advantage of potential reconstruction in any 
non-standard imaging plane required to best dem-
onstrate the abnormality, long after the patient has 
departed the CT suite. The ability to synchronize 

a b

Fig. 1  Artefact due to stainless steel coils. (a) MR angio-
gram in a patient with a Fontan circuit shows a large cen-
tral area (dotted circle) where the underlying anatomy is 
obscured. (b) CXR in same patient (note incidental dex-

trocardia) reveals multiple metallic densities in the central 
mediastinum (dotted circle) from venous embolization 
with stainless steel coils

Technical Considerations for ACHD Imaging
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CT image acquisition to the ECG also makes it 
particularly suitable for anatomical assessment of 
the aortic root and coronary arteries which are oth-
erwise obscured by cardiac motion. The principal 
disadvantage of anatomic imaging by CT is the 
need for administration of intravenous contrast. 
This slows the workflow and may be contraindi-
cated in patients with reduced renal function or 
severe contrast allergy.

CMR anatomic imaging is usually performed as 
part of any cardiac study. Sequences may use bright 
blood techniques in which the blood pool is seen as 
higher signal intensity than surrounding myocar-
dium or black blood techniques in which the signal 
from flowing blood is suppressed. Compared to CT, 
anatomic CMR imaging incurs a considerable time 
penalty (10–15 min for bright blood imaging of the 
thorax by CMR versus under 5  s by CT) and is 
obtained at significantly lower spatial resolution. 
Despite this, many centres employ CMR as the pri-
mary tool for assessment of the ACHD patient. This 
is not because it is a better anatomic test than CT but 
because other information (particularly ventricular 
size and function) is usually also desired.

However there are rare situations when CMR 
may be used principally for anatomy. The most 
common indication for this at our centre usually 
involves a pregnant woman with a known aortopa-
thy (Marfan syndrome, coarctation patch aneu-
rysm) who develops chest pain—rapidly leading to 
similar symptoms in the responsible clinician! 

Although CT may be the most logical test for 
patients in the second trimester or beyond, the spec-
tre of unproven ‘risk’ to the foetus almost invariably 
results in both patient and physician insisting upon 
CMR. This may not be a trivial undertaking in a 
heavily pregnant woman who may need to lie par-
tially elevated to prevent IVC compression and who 
is usually uncomfortable and restless. Limited dia-
phragmatic excursion results in poor breath holding 
and frequently suboptimal images. Furthermore, 
gadolinium is relatively contraindicated in preg-
nancy (Garcia-Bournissen et  al. 2006; Sundgren 
and Leander 2011). Here, however, one advantage 
of CMR over CT emerges. Steady-state free preces-
sion (SSFP) pulse sequences generate intrinsic con-
trast within the blood pool without the need to inject 
exogenous agents (Fig. 3). Furthermore, the use of 
free-breathing navigated SSFP sequences can obvi-
ate concerns about poor breath holding (Stehning 
et al. 2005).

Cardiac catheterization should not be forgot-
ten as a method for determining anatomy. Indeed 
in the early days of congenital heart disease, it 
was the principal if not the only way to assess 
complex intracardiac anatomy. Whilst that role 
has largely been usurped by echo and other cross-
sectional techniques, it remains useful for assess-
ment of vascular structures particularly where 
intervention is contemplated (e.g. delivery of 
coarctation or pulmonary artery stent, collateral 
embolization). The direct injection into collateral 

a b c

Fig. 2  Decreasing dose in cardiac CT through kV manip-
ulation. (a) Axial cross section by CT in 2008 in a patient 
with tetralogy of Fallot acquired at 0.5 mm, 120 kV, mul-
tiphase. Image quality is excellent with little noise but the 
total effective dose was 25  mSv. (b) Same patient re-
imaged in 2010 at 0.5 mm, 80 kV, multiphase. The image 

is significantly noisier but still interpretable. (c) Same data 
set as in (b) but this time the slice has been thickened post 
acquisition to 5 mm rather than the native 0.5 mm. Note 
how much of the image noise is reduced by this manoeu-
vre with little change in diagnostic quality for the major 
cardiac structures

A.M. Crean



T
hi

s 
do

cu
m

en
t 

is
 c

op
yr

ig
ht

 o
f 

th
e 

or
ig

in
al

 p
ub

lis
he

r.
 T

hi
s 

do
cu

m
en

t 
is

 s
tr

ic
tl

y 
pr

iv
at

e,
 c

on
fid

en
ti

al
 a

nd
 p

er
so

na
l t

o 
it

s 
re

ci
pi

en
ts

 a
nd

 s
ho

ul
d 

no
t 

be
 c

op
ie

d,
 d

is
tr

ib
ut

ed
 o

r 
re

pr
od

uc
ed

 in
 w

ho
le

 o
r 

in
 p

ar
t,

 n
or

 p
as

se
d 

to
 a

ny
 t

hi
rd

 p
ar

ty
. This document is 

copyright of the 
original publisher. 
This document is 
strictly private, 
confidential and 
personal to its 
recipients and 
should not be 

copied, distributed or 
reproduced in whole 
or in part, nor passed 

to any third party.

5

vessels may also reveal the course and extent of 
these more clearly than simply relying upon pas-
sive filling by contrast as happens at CT or CMR.

We close this section with nuclear medicine, 
only to comment that the limited spatial resolu-

tion of this technique results in little or no role 
for anatomical imaging of the ACHD patient. It 
may still have some limited role in physiologic 
imaging which will be discussed subsequent 
sections.

a b

Fig. 3  Examples of severe aortic root dilatation in two 
different pregnant patients with Marfan syndrome. To 
avoid administering gadolinium—and limit heating of the 
foetus by radiofrequency deposition—single-shot steady-

state free precession imaging has been used. In both cases 
the aortic root (asterisk) measured almost 6  cm across 
(normal is less than 4  cm; 5  cm is the usual operative 
threshold in Marfan syndrome)

Echo Nuclear CT CMR Cath

Spatial resolution ++ + ++++ ++ ++++

Temporal resolution ++++ + ++ +++ ++++

Suitability in obese ++ + ++++ ++++ +++

Multiplanar reformats possible − ++ ++++ +++ −
3D reconstructions possible − ++ ++++ +++ −
Limited by metal ++ +++ + +++ −
Limited by calcium + + + ++ −
Speed of assessment ++ ++ ++++ + +++

Requires exogenous contrast injection − ++++ +++ + ++++

Availability ++++ ++++ ++++ ++ ++++

Claustrophobia − + ++ +++ −
Radiation − +++ +/++ − ++/+++

Technical Considerations for ACHD Imaging
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4	 �Imaging Ventricular 
Function

One of the most frequently asked questions of an 
ACHD imager pertains to the size and function of 
the ventricles. Accurate assessment is vital since 
serial follow-up is often performed in order to 
determine the most appropriate time to intervene 
on lesions which are responsible for ventricular 
enlargement or impairment of ventricular func-
tion. Although 2D echo is most frequently used 
for this purpose, its accuracy and interobserver 
variability leave much to be desired. Endocardial 
definition is often poor, and, since a volume of 
data is not acquired, size and function are esti-
mated in ways that make assumptions about the 
shape of the ventricles. Such assumptions are fre-
quently untrue in normal hearts and are quite 
unreliable in malformed or repaired hearts. 3D 
echo has been shown to be more accurate and 
precise in the paediatric population, but the size 
of enlarged ventricles (particularly the RV) in 
adults often results in incomplete coverage of the 
ventricle within the sector field of view and can 
lead to quite significant underestimation of ven-
tricular volume (Crean et al. 2011).

CMR is generally regarded as the standard of 
reference for functional and volumetric assess-
ment of the ventricles, notwithstanding occasional 
dissenters (DeFaria Yeh and Foster 2014; Geva 
2014). Sequential slices are acquired in a 2D fash-
ion, and then the resulting stack of discs is con-
toured offline and provides measurements derived 
from Simpson’s rule. Since the precise geometry 
of the ventricle is accounted for in the image 
acquisition, there are no geometric assumptions 
made. Values derived in this way are usually 
highly reproducible both within and between 
observers (Mooij et al. 2008; Moody et al. 2015). 
Nonetheless there are several technical consider-
ations of which to be aware. CMR cine images, as 
conventionally acquired, do not in fact reflect real-
time motion data—in other words the image as 
seen is not constructed from motion data pertain-
ing to a single cardiac cycle. Instead, using a pro-
cess of ‘segmented acquisition’, the cine data 
required to build a moving cine image at any one 
slice location is acquired over multiple temporally 

sequential cardiac cycles. In practice this means 
that each moving image is usually the result of a 
data acquisition process over 10–15 heartbeats. 
There are several implications of this: (a) the tem-
poral resolution (i.e. frame rate) of each cine image 
is a function of how many heartbeats are used to 
acquire data, better temporal resolution can be 
achieved by collecting more data over more heart-
beats but at a cost of a longer breath hold; (b) since 
the image data is derived from sequential beats, 
stable sinus rhythm is a prerequisite for clear 
images free of the temporal blurring which can 
make contouring unreliable. Although there are 
methods for acquiring a cine slice in a single heart-
beat (‘single-shot imaging’), the resulting image is 
often low in both spatial and temporal resolution, 
and since each slice is acquired from beats of dif-
ferent cycle length, the varying number of cardiac 
phases per cycle means that conventional contour-
ing packages (which require each slice to have the 
same number of phases) cannot load the data for 
quantitative measurement. Finally, published nor-
mal ranges exist with different values—how is this 
possible? The answer for the LV depends on 
whether the papillary muscles are ignored (‘left in 
the blood pool’) or included when drawing the 
endocardial contour (Alfakih et al. 2003a; Buechel 
et al. 2009; Hudsmith et al. 2005; Cain et al. 2009; 
Salton et al. 2002; Lorenz et al. 1999; Sievers et al. 
2004). Novel planes of acquisition may also affect 
the ideal normal range (Childs et  al. 2011; Clay 
et al. 2006).Values may differ for the RV accord-
ing to whether the ventricle was contoured from 
the axial, short axis or some other plane (Maceira 
et al. 2006; Alfakih et al. 2003b; James et al. 2013; 
Fratz et  al. 2009; Strugnell et  al. 2005; Winter 
et  al. 2008). It is therefore important that each 
CMR lab maintain a consistent approach to con-
touring and use of the appropriate normal range. 
Very recently, work produced from the UK 
Biobank project has provided normal sex and age-
defined ranges in over 5000 healthy individuals, 
and this is likely to become the standard reference 
paper in this area—at least for Caucasian popula-
tions (Petersen et al. 2017).

Cardiac CT is being utilized at most ACHD 
centres with volumetric and functional assess-
ment an increasingly common indication. Usually 

A.M. Crean
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this is requested in patients who are either claus-
trophobic or have implanted devices and thus 
contraindicated for CMR. There have been sev-
eral reports suggesting comparable accuracy to 
CMR for volumetric assessment (Fuchs et  al. 
2016; Koch et  al. 2004; Juergens et  al. 2004; 
Mahnken et al. 2003; Singh et al. 2014). Caveats 
relate not only to the nature of the populations 
studied which were invariably small and free of 
congenital heart disease but also to the CT equip-
ment employed in the majority of studies fre-
quently involving dual-tube technology resulting 
in a potential temporal resolution considerably 
superior to many other types of scanner. It is nec-
essary to understand that the ability to construct a 
time-volume ventricular filling curve accurately 
is a function of not only the patient’s heart rate 
but also the effective temporal resolution of the 
scanner used. This latter itself can vary according 
to the scan mode selected. As usual in cardiac 
imaging, there is no substitute for understanding 
how image acquisition occurs.

Nonetheless, there is no doubt that cardiac CT 
provides measurements of end diastolic volume 
that are usually highly reliable. End systolic vol-
ume (and therefore ejection fraction) measure-
ment accuracy depends on sufficient temporal 
resolution. Therefore an apparently impaired 
ventricle may be either genuinely impaired or 
apparently so because true end systolic images 
have not been acquired. Distinction between gen-
uine and artificial ventricular impairment may be 
difficult unless the other ventricle demonstrates 
entirely normal function. Since it is difficult to 
overestimate ejection fraction (EF) by CT, nor-
mal function on one side makes it more likely 
that true end systole has been captured and there-
fore that the abnormal function on the other side 
is more likely to be genuine. One final caveat is 
that since most CT scanners acquire cine data by 
segmentation, they are as vulnerable to irregular 
cardiac cycles as CMR.

In cases where CMR is not possible and CT 
and echo give conflicting results, use of radionu-
clide angiography should not be forgotten 
(Schelbert et al. 1975; Harel et al. 2007; Navare 
et  al. 2003; Johnson and Lawson 1996; Hesse 
et  al. 2008). This is a simple and reliable tech-

nique for either ventricle. Since images are 
acquired by averaging over hundreds of heart-
beats, the technique is also relatively independent 
of cycle length variations. Careful attention must 
be paid to correctly defining the boundary of the 
ventricle. This may be difficult for technologists 
unfamiliar with congenital hearts, particularly if 
there are abnormalities of situs or looping. It is 
often wise for the ACHD imager to directly 
inspect the raw data to ensure ventricles have 
been correctly identified and encircled.

Finally, visual assessment of ventricular func-
tion by conventional angiography is still a valid 
approach even if it appears to lack the rigour of 
cross-sectional imaging. The temporal resolution 
of angiography is so high that reliable visual esti-
mates of function can be made even in the pres-
ence of arrhythmia in most cases.

5	 �Imaging Pressure and Flow

Abnormalities of flow are fundamental to many 
of the conditions seen in congenital heart disease. 
Reliable methods are required to measure both 
velocity and volume of flow (Lotz et  al. 2002). 
On occasion it may be useful to additionally have 
information about direction of flow. The com-
monest requirement is for flow assessment across 
a valvular lesion where varying degrees of steno-
sis and regurgitation may coexist. Not infre-
quently there may also be questions regarding the 
flow across conduits—which often calcify and 
stenose with time—as well as differential flow 
into branch pulmonary arteries. Aortic flow may 
be requested in the setting of aortic coarctation. 
In cases of multiple sources of pulmonary blood 
flow (i.e. some or all of the blood flow being 
derived from collateral sources and not simply 
the pulmonary arteries), then summed flow of all 
four pulmonary veins may be required in order to 
calculate total pulmonary resistance according to 
the equation: PVR  =  80 * (Mean Pulmonary 
Artery Pressure - Left Atrial Pressure)/
Pulmonary Flow. Calculation of pulmonary 
arterial and aortic flows is also required in the set-
ting of shunt lesions where the shunt fraction has 
to be calculated.

Technical Considerations for ACHD Imaging
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Echo is once again on the front line for these 
requests but usually only manages to provide par-
tial answers. There are a number of reasons for 
this including the previously mentioned prob-
lems with poor visualization in a proportion of 
patients. For isolated valvular stenosis in patients 
with suitable body habitus, echo estimates peak 
and mean gradients with a high degree of reli-
ability and reproducibility. Regurgitant lesions 
are typically more difficult to quantify since all 
available echo methods are surrogates for the true 
regurgitant volume which echo cannot measure 
directly. Echo also struggles with conduit steno-
sis since the Bernoulli assumptions break down 
often leading echo to overestimate gradients.

CMR is complementary to echo in many cases. 
Its strengths are the mirror image of echo in that 
direct measurement of aortic and pulmonary regur-
gitant fractions is straightforward and reliable 
(Mercer-Rosa et al. 2012). Atrioventricular regurgi-
tation may also be directly calculated although is 
not routinely performed. Net forward flow mea-
surements in the main pulmonary artery and aorta 
permit calculation of the shunt ratio (Qp:Qs) in shunt 
lesions such as atrial septal defect or patent ductus 
arteriosus. CMR is also the only available method 
for measuring total pulmonary blood flow in condi-
tions where some of the arterial supply to the lungs 
is not derived from the pulmonary arteries. In this 
circumstance, the total blood supply to the lungs is 
equivalent to the total blood volume returning from 
the lungs (Grosse-Wortmann et  al. 2007). Thus 
measurements of blood flow in each of the pulmo-
nary veins may be summated to provide a rough 
assessment of total pulmonary flow, which is 
required for the calculation of pulmonary vascular 
resistance (see above) in these challenging cases.

CMR is inferior to echo generally for the 
assessment of stenotic lesions. This is because the 
velocity profile across a stenosis is rapidly chang-
ing and a high temporal resolution is required to 
catch peak velocity. Although there are technical 
tricks possible to improve CMR temporal resolu-
tion (by decreasing ‘views per segment’), this 
comes at the expense of longer breath holds, and 
a move to free breathing with multiple averages 
may be necessary. Since this can produce rather 
blurred images, many centres refrain from doing 

this. As a consequence the peak velocity across a 
stenosis (and therefore the derivative, peak gradi-
ent) is often underestimated by CMR compared to 
echo. Both CMR and echo may also underesti-
mate the severity of a stenosis due to collateral 
run-off. A classic example of this is tight coarcta-
tion of the aorta where the peak gradient may be 
lower than expected due to the presence of large 
collateral vessels, which circumvent the obstruc-
tion and reduce the measured gradient (Fig. 4). 
Here, the presence of multiple large collaterals 
and direct inspection of the severity of the steno-
sis may be a better guide to its true significance 
than relying upon a number produced by any 
technique! Technical factors relating to correct 
implementation of phase-contrast CMR tech-
niques are nicely reviewed by Nayak et al. (2015).

Fig. 4  Underestimation of coarctation gradient due to 
collateral flow. In cases of significant coarctation, it is 
possible for echocardiography to underestimate the sever-
ity of coarctation if run-off down large collateral vessels 
(arrows) means that the volume of flow across the coarct 
segment (asterisk), and therefore its velocity, is reduced. 
One way of recognising this is by using phase-contrast 
imaging to measure the flow in the aorta at two levels—
firstly, just beyond the coarct and, secondly, at the level of 
the diaphragm. A significant increase in measured flow 
between these two points implies that there is significant 
collateral return to the descending aorta

A.M. Crean
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There is a limited role for nuclear techniques 
particularly for the calculation of relative pulmo-
nary flow in the setting of pulmonary artery ste-
nosis. A ratio of greater than 70:30 between the 
two sides is usually regarded as an indication to 
intervene. Although this could be easily mea-
sured by CMR, there may be situations where 
claustrophobia or device contraindications pre-
clude this (Roman et al. 2005). Prior stent implan-
tation would also make direct measurement of 
branch flow impossible as the presence of metal 
disturbs the homogeneity of the magnetic field 
and leads to inaccurate values. CT has little or no 
role since flow measurement is not possible, but 
it may be useful to delineate areas of potential 
narrowing invisible to MRI—for example, within 

stents in the aorta or pulmonary arteries. CT may 
also be relevant to reveal the underlying cause of 
stenosis—for example, calcified homograft con-
duits where the obstructing calcium is low signal 
and difficult to recognize by CMR but readily 
apparent on CT (Fig. 5).

Cardiac catheterization remains the standard 
of reference for stenotic lesions (McLaughlin 
et al. 2006). The ability to measure simultaneous 
pressures at two distinct ends of a stenosis pro-
vides the most accurate assessment of stenosis 
severity. As mentioned above, lesions which 
appear severely stenotic on CMR or echo may be 
less impressive at catheterization. Many surgical 
decisions are still made primarily on the basis of 
catheter-derived gradients, and relatively few 

a b

Fig. 5  Outflow tract obstruction across a homograft con-
duit in tetralogy of Fallot recognized by complementary 
imaging modalities. This patient with prior insertion of a 
pulmonary valve homograft conduit was noted to have 
increased velocities across the RVOT at echocardiogra-
phy, but the exact level of obstruction could not be deter-

mined with certainty. (a) Sagittal cine SSFP CMR image 
demonstrates flow acceleration (arrow) which appears to 
be arising just above the level of the conduit valve. (b) 
Axial cardiac CT slice confirms that the obstruction is at 
valve level and is due to dystrophic calcification of both 
valve leaflets (arrows)

Technical Considerations for ACHD Imaging



T
hi

s 
do

cu
m

en
t 

is
 c

op
yr

ig
ht

 o
f 

th
e 

or
ig

in
al

 p
ub

lis
he

r.
 T

hi
s 

do
cu

m
en

t 
is

 s
tr

ic
tl

y 
pr

iv
at

e,
 c

on
fid

en
ti

al
 a

nd
 p

er
so

na
l t

o 
it

s 
re

ci
pi

en
ts

 a
nd

 s
ho

ul
d 

no
t 

be
 c

op
ie

d,
 d

is
tr

ib
ut

ed
 o

r 
re

pr
od

uc
ed

 in
 w

ho
le

 o
r 

in
 p

ar
t,

 n
or

 p
as

se
d 

to
 a

ny
 t

hi
rd

 p
ar

ty
. This document is 

copyright of the 
original publisher. 
This document is 
strictly private, 
confidential and 
personal to its 
recipients and 
should not be 

copied, distributed or 
reproduced in whole 
or in part, nor passed 

to any third party.

10

cardiologists would feel comfortable sending a 
patient for surgery on the basis of echo or CMR 
measurements alone. Measurement of shunt frac-
tion may also be made by catheterization using 
the Fick principle. This assumes that flow can be 
derived from oxygen consumption divided by the 
arteriovenous difference in oxygen content of the 
blood. Although this is commonly done—and is 
reasonably accurate—it is important to under-
stand one potential source of error is the term for 
oxygen consumption which is routinely assumed 
for convenience based on gender, age and body 
surface area rather than being directly measured 
which is preferable but more complex. Use of 
catheterization for assessment of regurgitant 
lesions is purely visual and rather dependent on 
operator experience.

6	 �Imaging Perfusion

Assessment of the coronary circulation is more 
commonly required than might be expected in 
young people in the congenital clinic. Although 
there are only a number of patients with coronary 
anomalies who present to congenital clinics each 
year, there are also significant numbers of patients 
with either inflammatory coronary disease 
(Kawasaki, Takayasu, Behcet) or surgical proce-
dures which have necessitated detachment then 
reimplantation of the coronary arteries during 
surgery. Aortic root replacement, the Ross proce-
dure and the arterial switch operation are all good 
examples of the latter and consequently require 
long-term coronary surveillance. Similarly, late 
presentations of coarctation are often associated 
with hypertension and an accelerated risk of cor-
onary atherosclerosis which will need to be 
excluded prior to decision about the best treat-
ment for the coarctation itself (Fig. 6).

There is really no consensus about the optimum 
approach to this sort of patient. The guidelines are 
vague and unhelpful in this regard. There is lack of 
clarity and agreement as to frequency of surveil-
lance and modality to be used. In the absence of 
clear guidelines, choice of strategy may depend 
mainly on local imaging availability and expertise. 
The principal decision for the clinician is whether 
to seek to reassure him/herself that the myocar-

dium is properly perfused under stress or whether 
to undertake direct inspection of the coronary ves-
sels. The decisions are often—but not always—
mutually exclusive as we review below.

Stress echo is an excellent modality for pro-
viding reassurance—especially when combined 
with treadmill stress. Most young adults are 
capable of reaching target heart rate, and 
additional prognostic data is derived from the 
ECG and exercise capacity portions of the test as 
well as the principal focus on wall motion. The 
test is widely available and the equipment 
required is inexpensive. Furthermore the lack of 
ionizing radiation makes it ideal for repeated 
examinations in a young population. The princi-
pal disadvantage stems as always from the 
requirement for an adequate echo window, which 
is variable from subject to subject. With good 
windows, however, a negative exercise echo can 
be highly reassuring.

Nuclear cardiology perfusion techniques have 
dominated the assessment of ischaemia in con-
genital patients until relatively recently. Single-
photon computed emission tomography (SPECT) 
cameras are commonplace, and stress perfusion 
of the heart is easy to perform and well tolerated 
by patients. The main drawbacks of the technique 
include the associated radiation dose, which cur-
rently is in the range of 10–15 mSv using techne-
tium isotopes (but historically was much higher 
with thallium isotopes). The other principal limi-
tation of SPECT imaging is that of relatively 
poor spatial resolution, often in the region of 
8–10 mm, which contrasts unfavourably with the 
1.5–2 mm resolution achievable by CMR.

Recent advances in camera technology con-
tinue to reduce the expected dose, and with the 
advent of rubidium positron emission tomogra-
phy (PET) imaging, doses as low as 2–4 mSv can 
be expected. Heavy water PET has been used on 
occasion and is an ideal tracer because of a linear 
relationship between uptake and perfusion 
(Yoshinaga et  al. 2003; Furuyama et  al. 2003, 
2002). PET technology is currently limited to 
major academic centres however.

As PET becomes more widespread, it is likely 
to play a major role in the assessment of all forms 
of coronary disease including congenital problems. 
This is because of the ability to image the coronary 

A.M. Crean
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anatomy directly (most PET now is performed on 
integrated PET-CT systems) and superimpose 
regional flow onto three models of the vascular ter-
ritories. Furthermore, software packages now allow 
for derivation of fully quantitative myocardial per-
fusion in mL/min/g of tissue, improving the speci-
ficity of the test (Hagemann et al. 2015).

PET therefore is arguably the ideal test for con-
genital coronary imaging despite the modest asso-
ciated radiation burden. However its limited 
availability means that, in most large ACHD cen-
tres, CMR is regarded as the current non-invasive 

gold standard for perfusion assessment. The tech-
nique of vasodilator stress perfusion CMR is quick, 
easy and safe and has been validated extensively in 
adult ischaemic disease (Greenwood et  al. 2009, 
2012, 2014, 2016; Foley et al. 2017) and to a lesser 
degree in congenital heart disease. Furthermore, 
the use of free-breathing SSFP sequences has made 
it possible to acquire high-resolution images of the 
coronary arteries and their pathology. This has 
been particularly successful when applied to 
Kawasaki disease and congenital coronary anoma-
lies (Fig. 7) (Tobler et al. 2014; Deva et al. 2014).

ai aii

bi bii

Fig. 6  Multimodality coronary imaging in a 35-year-old 
man with unrepaired coarctation. (ai–ii) Thin-slice maxi-
mum intensity projection images from cardiac CT show 
evidence of severe calcification of the left main and left 
anterior descending coronary arteries (arrows), raising 
concern for significant underlying stenosis. (bi–ii) Basal 

and mid-ventricular short axis slices acquired during 
vasodilator stress perfusion CMR, however, demonstrate 
normal perfusion in all coronary territories. Conventional 
angiography confirmed the absence of any flow-limiting 
coronary lesion

Technical Considerations for ACHD Imaging
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7	 �Imaging Myocardial 
Substrate

Patients with congenital heart disease often have 
abnormal myocardium. This may be congenital, 
for example, left ventricular non-compaction 
(Vermeer et al. 2013; Stähli et al. 2013; Bagur 
et al. 2008); or it may be acquired, for example, 
after chronic ischaemia or chronic volume load-
ing. The ability to recognize and categorize 
abnormal myocardium has been relatively 
under-explored in the past in ACHD cohorts; 
however recent developments in the field of 

both molecular and CMR imaging indicate that 
greater attention to this area is warranted.

Substrate imaging in the nuclear world is lim-
ited by lack of clinical development although 
many interesting tracers have been developed for 
preclinical work. In practical terms SPECT-MIBI 
is the main tool for myocardial imaging. Persistent 
defects at stress and rest are usually indicative of 
scar—here, the absence of tracer acts as a ‘nega-
tive signal’ to identify abnormality. Unfortunately 
the limited spatial resolution of the technique 
means that important but limited or dispersed 
degrees of scarring may be missed entirely. 

a

b

Fig. 7  Kawasaki disease with RCA occlusion. (a) Short 
axis view of the RCA (arrow) on MR angiography (left 
panel) and cardiac CT (right panel)—the vessel does not 
look entirely normal on MRA, but the extent of disease is 

more easily recognized on CT due to inherently higher 
spatial resolution. (b) Basal and mid-ventricular frames 
from vasodilator stress perfusion CMR demonstrate a 
zone of hypoperfusion in the inferior septum (arrows)

A.M. Crean
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Conversely both diaphragmatic motion and body 
habitus may result in false positive defects that are 
misconstrued as real areas of scar (Fig. 8).

CMR has emerged as the primary method for 
assessing myocardial structure and composition. 
The technique of late gadolinium enhancement 
(LGE) imaging (Jimenez Juan et  al. 2015) has 
been mainstream for 15 years and has revolution-

ized management of cardiomyopathies in partic-
ular. When performed with care it is exquisitely 
sensitive and can detect as little as 1  g of scar 
within the heart. In congenital work it may be 
used to identify areas of myocardium that have 
been scarred by ischaemic, mechanical or inflam-
matory insult (Fig. 9). It is therefore a fundamen-
tal part of any imaging protocol where coronary 

a b

Fig. 8  False positive SPECT MIBI study in a patient fol-
lowing the arterial switch procedure. (a) Bullseye plot 
from stress-rest MIBI demonstrates an area of apparent 
reversible ischaemia in the basal to mid-anterior wall. (b) 

MIP reconstruction of the proximal to mid-left coronary 
tree from CT coronary angiogram demonstrates an 
entirely normal reimplantation site (arrow) and more dis-
tal coronary branches

Fig. 9  Atrial fibrosis and enhancement in an atriopulmo-
nary Fontan connection. Axial LGE images demonstrat-
ing intense enhancement in the wall of the hugely dilated 

right atrium. Scar in the atrial wall is common in Fontan 
patients but often goes unrecognized

Technical Considerations for ACHD Imaging
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abnormality is suspected. The very high achiev-
able spatial resolution also makes it possible to 
see pathology that previously was only identifi-
able at surgery, for example, endocardial fibro-
elastosis in chronically pressure-overloaded or 
ischaemic ventricles (Fig. 10).

One limitation of the LGE technique, however, 
is the necessity for there to be some recognizable 

normal myocardium in the slice acquired. This is 
because the technique works by suppression of 
signal from (operator recognized) normal myocar-
dium so that scar may be highlighted. This works 
well in conditions of regionality where scar is, for 
example, confined to a vascular territory; however 
it fails when there is a field change with diffuse 
increase in interstitial fibrosis throughout the myo-

a

b c

Fig. 10  Endocardial fibroelastosis (EFE) in setting of 
chronic ischaemia. (a) Basal and mid-ventricular short 
axis slices from an inversion time scout sequence. The 
majority of the myocardium is grey/white, but note the 
subendocardial dark rim (arrows) which has a different 
inversion time since it is composed of fibroelastic tissue 
rather than myocardium. (b) Short axis LGE image dem-
onstrating a subtle inner rim of enhancing tissue (arrows) 
which represents the fibroelastic membrane. Very high-
quality imaging is required to identify this finding—both 

high spatial resolution and appropriately timed image 
acquisition. Had LGE images been acquired even a few 
minutes earlier after contrast injection, the blood pool sig-
nal would have been sufficiently high to conceal the 
increased subendocardial signal. (c) Aortic root (Ao) 
angiogram in a man with chronic severe stenosis of the 
left main coronary artery (arrow) following earlier com-
plicated reinsertion. Chronic ischaemia was believed to be 
the cause of the endocardial fibroelastosis in this case

A.M. Crean
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cardium. More recently the technique of T1 map-
ping has been proposed to overcome this limitation. 
The details are beyond the scope of this chapter, 
and several useful reviews are provided 
(Messroghli et al. 2017; Radenkovic et al. 2017). 
In essence however it is possible to derive a T1 
value for every pixel in the image—where the 
shortening of T1 post gadolinium generally 
reflects a local increase in fibrosis concentration. 
As such, a ‘map’ of the fibrosis content and distri-
bution may systematically be created (Fig.  11). 
There are a number of assumptions made by T1 
mapping, and in an attempt to reduce the influence 
of these, the field has lately turned towards using 
measured T1 values pre- and post-contrast, cor-
rected for haematocrit, to produce instead a map of 
the extracellular volume (ECV) (Cameron et  al. 
2017; Haaf et al. 2016). In chronic conditions, the 
ECV corresponds mainly to the degree of intersti-
tial fibrosis, and the normal range is 20–30% with 
most normal volunteers lying around 25%. Limited 
initial work suggests that this concept may trans-
late to the ACHD population although it remains 
unclear as yet precisely how it might affect man-
agement (Hanneman et al. 2017). One possibility, 
however, is that subclinical heart failure—a grow-
ing problem in ACHD populations—might be 

detected earlier through an ECV biomarker than 
by conventional measures such as ejection fraction 
(Riesenkampff et al. 2015; Schelbert et al. 2015).

8	 �Imaging Thrombus

Thrombus is usually a result of derangement of 
one or more of the three principal components of 
Virchow’s triad:
–– Altered coagulability
–– Altered wall
–– Altered flow

This is not a trivial issue in adult congenital 
heart disease as many patients will have two if not 
three of these conditions. Fontan patients are 
peculiarly vulnerable to developing thrombus par-
ticularly if they have one of the older right atrium 
to pulmonary artery type connections (RA-PA 
Fontan) (Fig.  12). These—often very dilated—
chambers with swirling flow provide ideal condi-
tions for thrombus to form and possibly embolize 
more distally within the circulation (Fig.  13). 
Atrial arrhythmias may compound the thrombotic 
tendency. This kind of event may be life-threaten-
ing in a Fontan patient, and prompt recognition 
and treatment of this complication are vital.

a b

Fig. 11  T1 mapping in congenital heart disease. Adult 
patient with unrepaired anomalous left coronary artery 
from the pulmonary artery. (a) Native (pre-contrast) T1 
map. (b) Post-contrast T1 map. Combined, these maps 
allow generation of an extracellular volume (ECV) map 

which—in the chronic situation—reflects the degree of 
underlying diffuse tissue fibrosis. Normal ECV is 
20–30%. This patient has an ECV of about 32% even 
though the LGE imaging was unremarkable—and as such 
may be a more sensitive marker for diffuse tissue changes

Technical Considerations for ACHD Imaging
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Echo is usually the first-line examination for 
such a patient. In our experience transthoracic 
echo rarely allows confident exclusion of throm-
bus within a Fontan circuit. More surprising is 
how often transesophageal echocardiography 
leads to an equivocal ‘unable to definitively rule 
out thrombus’. Why does echo find it so difficult? 
The answer lies in the appearance of slow-
moving twisting patterns of blood flow giving 
rise to what echocardiographers refer to as 
‘smoke’ within the atrium. In places this smoke 
may be sufficiently dense and slow moving as to 
be indistinguishable from fully formed thrombus. 
A similar phenomenon can be seen in the giant 
aneurysms of Kawasaki patients in whom swirl-

ing flow is problematic and can even confuse at 
the time of coronary angiography.

CMR suffers from the same limitation when 
only cine imaging is used for assessment. 
However, after administration of gadolinium, the 
use of LGE imaging invariably allows confident 
detection or exclusion of thrombus (Srichai et al. 
2006; Goyal and Weinsaft 2013). This is because 
LGE imaging is usually performed 8–10 min after 
the administration of contrast by which time even 
the slow-moving currents of flow within the right 
atrium have had chance to distribute the gadolin-
ium evenly throughout the chamber (Fig. 12).

Patients who are unwell and unstable or who have 
a contraindication to CMR may be alternatively 

a b

c d

Fig. 12  The challenges of identifying thrombus in 
ACHD patients. (a) Axial cine SSFP image demonstrates 
mixed intensities suspicious for thrombus in the right 
atrium (asterisk) in this patient with a Fontan circuit. (b) 
Same patient following contrast—no thrombus is present. 
The appearances in (a) were due to swirling slow flow 

only. (c) Same patient several years later with thrombus 
(asterisk) visible in the right atrium on coronal view from 
MR angiogram. (d) This is made even more obvious by 
using phase-sensitive inversion recovery LGE 
sequences—with thrombus (asterisk) appearing uni-
formly low signal

A.M. Crean
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investigated by cardiac CT (Fig.  13). This is an 
excellent modality for thrombus detection aided 
by best-in-class spatial resolution and unlimited 
multiplanar reconstruction abilities (Choi et  al. 
2017). Many modern scanners have dual-energy 
capability which may further enhance discrimina-
tion between slow-flowing blood and genuine 
thrombus (Hur et  al. 2012). Although dose has 
been a concern in the past, an examination of diag-
nostic quality can be carried out at a dose of only 
1–2 mSv or even less if dose factors are aggres-
sively modulated. Since we see many patients with 
atrial arrhythmias related to a variety of underly-
ing lesions, it would be challenging to arrange 
CMR rapidly in each case prior to cardioversion. 
Over the years we have increasingly moved away 
from pre-cardioversion transesophageal echo and 
now perform cardiac CT instead in many cases—
transforming both the workflow and the patient 
experience—with no adverse outcomes.

9	 �Imaging Infection

Imaging infection in ACHD usually means imag-
ing endocarditis, which is unfortunately not a 
rare occurrence in this population (Li and 
Somerville 1998). Here there is no doubt that 
echocardiography—both transthoracic and trans-

esophageal—comes into its own (Greaves et al. 
2003). Detection of vegetations may be challeng-
ing if small and rapidly moving and only echo 
really has sufficient spatial and temporal resolu-
tion to do this reliably. There is little role for 
CMR here, except perhaps occasionally to con-
firm embolism from an aortic valve vegetation—
by demonstration of new oedema and scar in a 
coronary territory or by revealing acute cerebral 
embolic lesions.

CT, however, has a more relevant role. Right-
sided (tricuspid, pulmonary) lesions should rou-
tinely undergo periodic surveillance to ensure 
that silent pulmonary embolism is not occurring 
with risk for empyema and mycotic aneurysm 
formation. Left-sided lesions—particularly aor-
tic—should probably undergo baseline screening 
once the diagnosis is established with imaging of 
the brain, chest, abdomen and pelvis to establish 
the event of embolic disease in case there is later 
deterioration, which might then favour surgery. 
Infection that is slow to respond with persistent 
fever and/or elevation of inflammatory markers 
should prompt a search for occult sources 
(Fig. 14).

A more recent addition to the imaging arma-
mentarium for endocarditis is FDG PET imaging 
(Pizzi et  al. 2015). This has been shown to be 
effective in whole-body screening of patients to 

a b c

Fig. 13  Cardiac CT to identify thrombus in a Fontan 
patient. (a) The patient presented with acute breathless-
ness, and CT pulmonary angiogram demonstrated right 
lower lobe filling defects (arrows) consistent with pulmo-
nary emboli. (b) Axial CT image with large low attenua-
tion mass (asterisk) in the right atrium, consistent with 
thrombus and attached by a thin stalk to the posterior 

atrial wall. (c) Same patient 1 month later after anticoagu-
lation. The thrombus is still present (asterisk) but has 
reduced in size. Cardiac CT is a very rapid method for 
identifying thrombus in the heart and can be performed at 
very low radiation doses by use of a low-kilovoltage 
technique

Technical Considerations for ACHD Imaging
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look for evidence of unsuspected embolism to 
various vascular beds (Amraoui et  al. 2016; 
Bonfiglioli et al. 2013; Van Riet et al. 2010). It 
also enables early reclassification from possible 
endocarditis to a definite or rejected diagnosis of 
endocarditis. Although available literature is 
principally confined to non-ACHD patients, there 
are early data suggesting that this might be 
equally valuable in congenital heart patients, 
many of whom have prosthetic valves and devices 
(Pizzi et al. 2017). Since FDG imaging may be 
performed even on standard SPECT cameras 
equipped with appropriate collimators, this may 
become a more widespread approach in the 
future.

10	 �Imaging Surgical 
Complications

Complications following surgery for ACHD are 
an unfortunate fact of life. Prompt recognition of 
a problem by a surgeon is usually followed by an 
equally prompt request for imaging! There is no 
substitute for talking directly to the surgeon in 

order to find out what (s)he did at the operation 
and what (s)he feels may have gone wrong. This 
is essential in order to tailor the examination to 
the precise question of concern. Failure to do this 
usually results in requests for additional imaging 
in subsequent days.

No specific guidance can be given in this sec-
tion since the imaging required varies according 
to situation. A few general comments may be 
made. Cardiac MR is usually poorly tolerated in 
the immediate post-operative period, and image 
quality is often poor. It may be useful however if 
there are concerns about myocardial damage. 
Cardiac CT is a very rapid and well-tolerated 
examination even in quite sick patients and may 
provide a lot of information above and beyond 
what may be obtained by echocardiography 
(although the two are usually complementary). If 
a surgeon is concerned about coronary artery 
compromise (ECG or wall motion abnormality or 
unexpected troponin rise), it is rare that anything 
other than a conventional coronary angiogram 
will reassure. However, following a normal 
angiogram, CMR may reveal the cause for chest 
pain.

a

b

Fig. 14  Detection of 
disseminated infection 
in endocarditis. (a) 
Axial post-contrast CT 
image in a patient with 
pulmonary valve 
homograft endocarditis 
(arrow) and an anterior 
mediastinal collection 
(asterisks) with a 
thickened enhancing 
wall. (b) Incidental 
detection of multiple 
pectoral muscle 
abscesses (arrows) in the 
same patient

A.M. Crean
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11	 �Imaging by Invasive 
Coronary Angiography

Despite the bias towards non-invasive imaging in 
this chapter, it should be recognized that coro-
nary catheterization is neither outdated nor irrel-
evant. Imaging in its broader sense also includes 
physiologic imaging, and the determination of 
intracardiac pressures is of vital importance both 
for diagnosis and management. Likewise for an 
experienced operator, there is little substitute for 
an angiographic roadmap and measurements 
derived from catheter images. Conventional angi-
ographers are increasingly interested in seeing 
how the 3D data derived from CT and CMR may 
be integrated with the angiographic data to plan 
procedures such as coarctation stenting and pul-
monary valve implantation. Coronary angiogra-
phy remains the gold standard for the assessment 
of chest pain in general ACHD patients and is 
specifically indicated in most congenital patients 
with coronary anomalies of origin, course and 
termination—particularly when associated with 
symptoms. Direct arterial injection permits the 
visualization of flow within coronary arteries, fis-
tulae and aneurysms in a way that remains impos-
sible for CT and CMR.  For coronaries with an 
intramural proximal course, the possibility of 
physiologic assessment by fractional flow reserve 
and intravascular ultrasound arises. More recently 
optical coherence tomography has also been 
employed to look at the structure of the coronary 
wall in conditions such as Kawasaki disease.

�Conclusion

Adult congenital heart disease is a challenging 
area in which to work. No two patients are 
alike—even those who appear to share a com-
mon underlying lesion. The temporal evolu-
tion of surgery and intervention means that 
patients born 40 years ago may look quite dif-
ferent from those born 20  years ago even if 
they share the same diagnosis. The variety and 
complexity amongst the ACHD population 
argues for a personalized rather than dogmatic 

approach to imaging. Flexibility of approach—
and sometimes more than one approach—is 
needed to fully characterize the challenging 
lesions and problems seen in this population.
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