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 CHEST RADIOGRAPHY

 Advantages
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 Normal Chest X-Ray (CXR) Findings (Fig. 3-1)

Heart
 ■ Normal cardiothoracic ratio of the heart width to the chest width is <50% on postero-
anterior (PA) projection, in adults.

Diaphragm
 ■ Normal chest expansion on CXR: 6 ± 1 anterior ribs or 9 ± 1 posterior ribs, right hemi-
diaphragm higher than the left by up to 3 cm in 95% of cases

Hila
 ■ Left hilum usually higher by approximately 1 cm than the right hilum, equal density

 Abnormal CXR Findings

Dextroposition
 ■ In situs solitus, the position of the heart is on the right side secondary to a non-cardiac 
abnormality (e.g., scoliosis, pneumonectomy, pulmonary agenesis, right pneumothorax, 
chronic volume loss or diaphragmatic hernia)

Dextrocardia with situs inversus
 ■ Heart on the right side with inverted abdominal viscera and lung morphology (Fig. 3-2)
 ■ Thoracic situs is determined by the anatomy of the trachea and lungs, not the position of 
aortic arch or cardiac apex.

Dextroversion
 ■ Counter-clockwise rotation of a normally developed heart in the right hemithorax. On 
CXR, the apex is not evident as it lies behind the sternum, the left heart border is formed 
by the left atrium, the right border is formed by the right ventricle (RV) and the right 
atrium is in a posterior position. The aortic knob is in the normal left-sided position.

“Boot-shaped” heart
 ■ Hallmark of Tetralogy of Fallot, due to right ventricular hypertrophy. The apical curva-
ture of the left heart border is elevated “coeur en sabot” (Fig. 3-3).

FIGURE 3-1

Normal frontal CXR 
demonstrating normal 
morphologic anatomy with 
normal thoracic and 
abdominal situs. C - Carina, 
D - diaphragm, G - gastric 
bubble, He - Heart,  
Hi - pulmonary hilum,  
K - Aortic knuckle,  
T - trachea
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Mediastinal enlargement
 ■ Technical factors causing width of mediastinum to appear exaggerated: patient position-
ing, antero-posterior (AP) projection or incomplete inspiration

 ■ Pathological causes: aortic aneurysm/dissection, lymphadenopathy, thyroid, thymus, 
tumor, hemorrhage

Enlarged cardiac silhouette
 ■ Pericardial effusion, left ventricular (LV) dilatation, LV aneurysm

FIGURE 3-2

Dextrocardia with situs 
inversus. Frontal CXR 
demonstrating both the 
cardiac apical silhouette 
and gastric air bubble are 
on the right side. Note the 
“L” marker on the upper 
right hand corner signify-
ing left

a b

FIGURE 3-3

Tetralogy of Fallot. (a) CXR showing elevation of the apical curvature of the left heart 
border known as “coeur en sabot”. (b) Cardiac CT showing an overriding aorta (Ao), 
ventricular septal defect patch (arrow), and right ventricular (RV) hypertrophy. The 
pulmonary stenosis is not shown on this CT slice. LV: left ventricle
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Unequal hilar densities
 ■ Rotated film, lymph nodes, tumor

Hilar enlargement
 ■ Pulmonary hypertension, lymphadenopathy (tuberculosis, sarcoid, lymphoma)

Elevated hemidiaphragm
 ■ Loss of lung volume, phrenic nerve palsy (e.g., post coronary artery bypass graft sur-
gery), subpulmonic effusion, subphrenic abscess, diaphragmatic rupture (e.g., traumatic), 
hepatomegaly

Increased translucency in lung fields
 ■ Pneumothorax (absent vascular markings with visible lung border), pulmonary hyperten-
sion, pulmonary emboli, hyperinflation and bullous changes in chronic obstructive pul-
monary disease

 Cardiopulmonary Abnormalities/Diseases on CXR

Heart Failure
 ■ Cardiomegaly
 ■ Kerley A lines: long (2–6 cm), unbranching lines seen coursing diagonally towards the 
hila caused by distension of anastomotic channels between peripheral and central lym-
phatics of the lungs. Kerley A lines are not seen without Kerley B or C lines

 ■ Kerley B lines: thickened interlobular septa visible as short linear opacities (1–2 cm) in 
the subpleural regions indicative of interstitial pulmonary edema

 ■ Kerley C lines: seen as fine reticular opacities which may represent anastomotic lymphat-
ics or superimposition of many Kerley B lines. Kerley C lines do not reach the pleura and 
do not course radially away from the hila

 ■ Peribronchial cuffing due to edema of the bronchial walls and peribronchial connective 
tissues

 ■ Poor distinction of lower lobe pulmonary vessels
 ■ Greater caliber of upper lobe vessels to lower lung zones
 ■ Pulmonary hila become enlarged and hazy
 ■ Bilateral patchy alveolar opacities (bat’s wing appearance)

 − Pleural effusions
 − Chronic left atrial (LA) hypertension results in pulmonary hypertensive changes, RV 

dilatation.

 ■ LA enlargement

 − Straightening of LA appendage segment between level of the main pulmonary artery 
and LV on the left heart border, double density to the right of the spine on PA CXR 
with increasing LA enlargement, splaying of carina >90°

Pulmonary embolism
 ■ Oligemia
 ■ “Westermark sign”: a dilatation of the pulmonary vessels proximal to an embolism along 
with collapse of distal vessels, sometimes with a sharp cutoff

 ■ Hampton hump: a triangular or rounded pleural-based infiltrate with the apex pointed 
toward the hilum, suggestive of pulmonary infarction

Pulmonary hypertension
 ■ Gradual taper of caliber between dilated central and hilar pulmonary arteries and smaller 
peripheral vessels (Fig. 3-4), if secondary to left–to-right shunting, the peripheral shunt 
vessels branch and extend towards the lung periphery

M.T. OS BOR N E, V. BALIYAN, AN D B.B. G HOS H HAJ RA
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Reduced pulmonary blood flow
 ■ Small caliber central and hilar pulmonary arterial branches, reduced pulmonary vascular 
markings, seen in Tetralogy of Fallot, pulmonary atresia with ventricular septal defect, 
Ebstein’s anomaly, tricuspid atresia

Right ventricular hypertrophy
 ■ The RV is a midline and anterior structure and thus does not form a cardiac border in the 
PA projection; however, in RV hypertrophy the apex may be elevated from the diaphragm 
and the left lower cardiac contour may become more rounded.

Scimitar syndrome
 ■ Partial or total anomalous pulmonary venous return of the right lung veins to the inferior 
vena cava just above or below the diaphragm, frequently associated with right lung and 
right pulmonary artery hypoplasia

 ■ PA CXR: decrease in the size of the right thorax, shift of mediastinal structures and heart 
to the right, presence of anomalous vein “scimitar” as a vertical structure coursing towards 
the right cardiophrenic angle closely in parallel with the right atrial border

 Pericardial Abnormalities

Pericardial Effusion
 ■ An abrupt asymmetrical change in the dimension of the cardiac silhouette without a 
change in the cardiac chamber size, larger effusions result in the appearance of a ‘globular 
shaped heart, ‘fat pad’ sign on lateral CXR is positive when an anterior pericardial stripe 
(separation by pericardial fluid between the pericardial fat posteriorly from the mediasti-
nal fat anteriorly) is thicker than 2 cm

 ■ Echocardiography is most commonly used to confirm the diagnosis.

Pericardial calcification
 ■ Irregular calcification along the heart border, coexisting cardiac enlargement if large peri-
cardial effusion (Fig. 3-5)

FIGURE 3-4

Pulmonary hypertension. 
CXR showing prominence 
of the main pulmonary 
artery and dilated left and 
right pulmonary arteries 
(arrows) associated with 
pruning of the peripheral 
pulmonary vasculature
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Pericardial cyst
 ■ Well demarcated, rounded mass more commonly near the right cardiophrenic border than 
the left cardiophrenic border, can have a pointed upper border, pericardial diverticulae 
changes contours and size during deep inspiration

Congenital absence of the pericardium
 ■ “Snoopy sign” with displacement of the LV and pulmonary artery towards the left side

 Abnormalities of the Aorta
Calcification usually signifies degenerative intimal change (e.g., from atherosclerosis).

Coarctation
 ■ “3” sign due to diminution of aortic arch segment with a concave notch in the proximal 
descending aorta and interruption of the descending aorta shadow distal to the coarcta-
tion, rib notching evident if retrograde collateral flow to the post-coarctation aorta by 
dilated intercostal arteries (Fig. 3-6)

Thoracic aorta dilatation
 ■ Increased curvature of the mid right heart border on PA projection or anterior aortic bor-
der on lateral projection suggest ascending aortic enlargement

Aortic dissection
 ■ Prominent aortic arch from hypertension, atherosclerosis, connective tissue disorders, 
vasculitis, bicuspid aortic valve, blunt chest trauma or iatrogenic causes

 ■ Dissection flap is usually not directly visualized on radiographs, but associated aortic 
dilation can be seen. Abnormal if diameter >4 cm, focal pathological dilatation especially 
with widening of the arch beyond the origin of the left subclavian artery (Fig. 3-7)

 ■ Other CXR findings may include obliteration of the aortic knob, tracheal deviation, 
depression of the left main stem bronchus.

 ■ Pleural effusions, usually left sided, are associated with descending aortic dissection.

a b

FIGURE 3-5

Pericardial calcification. (a) CXR and (b) CT image demonstrating calcification along the 
inferior cardiac border (arrow)
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a b

FIGURE 3-6

Aortic coarctation. (a) CXR showing left sided rib notching (arrow) due to retrograde 
collateral flow to the post-coarctation aorta by dilated intercostal arteries. (b) Cardiac 
Magnetic Resonance angiography demonstrating the aortic coarctation in the same 
patient

a b

FIGURE 3-7

Aortic dissection. (a) CXR demonstrating a widened mediastinum (> 6–8 cm. 4 cm is for 
aorta, white arrows) in a patient with aortic dissection after blunt chest trauma. (b) 
Cardiac CT confirms a DeBakey Type 1 aortic dissection where the intimal tear/dissection 
flap (black arrows) originates in the ascending aorta and propagates to the aortic arch 
and descending aorta
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Right-sided aortic arch
 ■ The descending aorta typically runs parallel to the spine in continuity to the aortic arch on 
the left side on PA CXR, except in cases of a right sided aortic arch.

 Identification of Valvular Prostheses on CXR 
(Fig. 3-8)

 ■ Apart from homografts, all valves are radio-opaque.
 ■ Caged valves and heterografts: direction of flow is from the base ring to the struts
 ■ Disc valves: the direction of flow is appreciated if the disc is seen in an open position

Aortic valve
 ■ The opening of the valve ring is directed more vertically, facing obliquely and to the right. 
The aortic valve is usually higher, smaller and more anterior to the mitral valve on lateral 
CXR, and the perceived direction of blood flow is towards the ascending aorta.

Mitral valve
 ■ The mitral valve is situated lower and more to the left than the aortic valve with a per-
ceived direction of flow towards the apex.

Tricuspid valve
 ■ Aligned in a medial-lateral direction, to the right of mitral valve and below the aortic 
valve

a
a b

FIGURE 3-8

(a) Frontal and (b) lateral CXR demonstrating the anatomic relationship of a patient with 
prosthetic aortic (AV) and mitral valve (MV) replacements and tricuspid valve (TV) 
annuloplasty ring. The AV is situated higher and is smaller and more anterior to the MV 
on the lateral CXR. The TV annuloplasty ring is aligned medial-laterally and is positioned 
to the right of and below the AV
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 CARDIAC COMPUTED TOMOGRAPHY (CT)

All current multi-detector CT scanners (64-, 256- and 320-slice scanners) have similar tem-
poral and spatial resolutions (100–200 ms temporal, 0.4 mm spatial), however the increased 
detector rows allow more coverage of the heart in each heartbeat, or even complete coverage 
of the heart in a single beat. Dual source CT scanners consist of two X-ray tube sources lead-
ing to improved temporal resolution to as low as 66 ms.

 Advantages and Disadvantages of Cardiac CT 
(Table 3-1)

 CT Scan Acquisition Modes (Table 3-2)

 Appropriate CT Indications
2010 Appropriate use criteria for cardiac computed tomography [1].

ADVANTAGES OF CT DISADVANTAGES OF CT

Rapid scan acquisition Ionizing radiation

Excellent isotropic spatial 
resolution (XYZ plane)

Iodinated contrast complications e.g. extravasations, allergy, 
nephropathy

Compatible with metal 
devices

Metal devices causes beam hardening artifacts

Contrast able to be 
hemodialyzed

Diagnostic accuracy may be reduced by heart rate >70 beats per 
minute, irregular rhythm, severe coronary calcification, inability to 
sustain breath hold for at least 5–10 s

Allows arterial, venous and 
functional cardiac 
assessment

Less accurate assessment of coronary stent with diameter <3 mm

TABLE 3-1

ADVANTAGES AND DISADVANTAGES 
OF CARDIAC CT

CT SCAN 
MODE

SCAN TECHNIQUE ADVANTAGES DISADVANTAGES

Non-contrast enhanced scans

Calcium score Non-contrast scan 
where calcium 
(>130 Hounsfield 
Units) is detected

■ Non-contrast
■ Prognostic information

■ Does not assess stenosis 
severity or other plaque 
morphology (non-calcified or 
mixed plaques)

Contrast enhanced scans

Non-ECG gated Scan acquisition 
without ECG 
synchronization

■ More readily available 
scanners and 
technologists

■ Adequate for most 
aorta and pulmonary 
assessment

■ Motion artifact
■ Not adequate for coronary or 

aortic root evaluation

Prospective 
ECG- 
triggered

Images acquired at a 
pre-defined set 
duration after the 
QRS complex

■ Radiation reduction as 
X-ray tube on only at 
pre-determined phase 
of the cardiac cycle

■ Limited functional assessment
■ Potential for misregistration 

or slab artifacts if ectopy or 
heart rate variability

Retrospective 
ECG-gated

X-ray current 
continuously 
delivered through-
out the cardiac cycle

■ Functional assessment; 
over the enitre duration 
of cardiac cycle

■ Allows reconstruction at 
multiple points in the 
cardiac cycle

■ Higher radiation

TABLE 3-2

CT SCAN ACQUISITION MODES
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 Indications for Non-contrast Coronary Calcium Score (CCS)

Risk assessment in asymptomatic patients without known coronary artery disease 
(CAD):

 ■ At intermediate risk of CAD (correlates with 10-year absolute coronary heart disease 
(CHD) risk between 10% and 20%)

 ■ At low risk of CAD (correlates with 10-year absolute CHD risk <10%) with a family his-
tory of premature CAD

 − Patients with an Agatston score of >400 have a 10-fold increased risk of cardiac events 
compared to a score of 0 [2].

 − The absence of calcium does not imply no significant coronary stenosis as 8–10% of 
stenoses can be caused by non-calcified plaque.

 Indications for CT Angiography (CTA)

Detection of CAD in symptomatic patients without known CAD who present with:
 ■ Non-acute symptoms (stable chest pain) possibly representing an ischemic equivalent 
with

 − intermediate pretest probability of CAD, or
 − low pretest probability of CAD with uninterpretable electrocardiogram (ECG) or 

unable to exercise

 ■ Acute symptoms with suspicion of acute coronary syndrome, low to intermediate pretest 
probability of CAD without high risk ECG changes or elevated cardiac biomarkers 
(Fig. 3-9)

Detection of CAD in other clinical scenarios
 ■ Newly diagnosed clinical heart failure with no prior CAD and reduced LV ejection frac-
tion (low to intermediate pretest probability of CAD)

 ■ Pre-operative coronary assessment prior to non- coronary cardiac surgery (intermediate 
pretest probability of CAD)

FIGURE 3-9

Severe stenosis in the left 
anterior descending artery 
(LAD) due to non-calcified 
plaque (arrow). Curved 
multi-planar reformat 
cardiac CTA image in a 
patient presenting with 
acute chest pain and 
low-intermediate pre-test 
probability of acute 
coronary syndrome 
without elevated cardiac 
biomarkers or ischemic 
ECG changes

M.T. OS BOR N E, V. BALIYAN, AN D B.B. G HOS H HAJ RA
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CTA in the setting of prior test results
 ■ Prior normal ECG exercise testing with continued symptoms, prior Duke Treadmill score 
with intermediate risk findings

 ■ Discordant ECG exercise and imaging results, prior equivocal stress imaging 
procedure

 ■ Evaluation of new or worsening symptoms in the setting of past normal stress imaging 
study

 − Meta- analysis shows good diagnostic accuracy for detection of obstructive CAD 
(≥50%) with sensitivity 98% and specificity 88% [3].

 − Due to high negative predictive values of 95–100%, coronary CTA has been used to 
“rule out” obstructive CAD in chest pain patients with low to intermediate risk of 
CAD.

 − CT delayed enhancement: myocardial scar detectable on non-contrast delayed 
enhancement scans, good concordance regarding the presence of late iodinated con-
trast enhancement in CT and cardiac magnetic resonance imaging (CMR) on a per- 
segment basis, though less sensitive than CMR.

Post revascularization (coronary artery bypass graft surgery (CABG) or percutaneous 
coronary intervention)

 ■ Evaluation of graft patency after CABG in symptomatic patients

 − CT ideal for graft assessment with high sensitivity (96%) and specificity (92%) [4].
 − Native coronary vessels are typically heavily calcified in this setting, limiting the diag-

nostic accuracy for stenosis evaluation.

 ■ Localization of coronary bypass grafts and other retrosternal anatomy prior to reoperative 
chest or cardiac surgery

 ■ Evaluation of left main coronary stent (diameter ≥3 mm) in asymptomatic patients

Assessment of adult congenital heart disease
 ■ Coronary anomalies (Fig. 3-10)
 ■ Anomalies of thoracic arteriovenous or aortic vessels (aorto-venous fistulas, aortic 
coarctation)

 ■ Adult congenital heart disease (Figs. 3-3 and 3-11)

a b c

FIGURE 3-10

Anomalous high origin of right coronary artery from the ascending aorta (a). The 
proximal segment of RCA has a slit like appearance (b, c) which is characteristic of 
dysplastic intramural course. Also, the artery lies above the level of pulmonic annulus 
(dotted line, c) meaning that it’s truly inter-arterial
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Assessment of ventricular morphology and function
 ■ If other noninvasive methods like echocardiography or CMR are inadequate, CT can be used 
to evaluate of LV function following acute myocardial infarction or in heart failure patients.

 ■ Quantitative evaluation of RV size and function, assessment of RV morphology (focal 
aneurysm), in suspected arrhythmogenic RV dysplasia

Pre-procedural planning for percutaneous valvular procedures
 ■ CT provides evaluation prior to transcatheter aortic valve replacement to determine arte-
rial measures for peripheral vascular access, aortic annulus size, aortic valve calcification 
and morphology, and distance from aortic annulus to coronary ostia.

 ■ CT imaging can also be applied prior to valve-in-valve procedures in both the aortic and 
mitral positions. It is becoming a critical part of dedicated mitral annulus sizing for dedi-
cated implantable mitral valves, although at the time of this writing none are approved for 
clinical use outside of trials.

Pre-procedural planning for electrophysiology procedures
 ■ Evaluation of pulmonary vein and LA anatomy (Fig. 3-12)

 − Co-registration with electroanatomic mapping prior to pulmonary vein ablation
 − Assessment for LA appendage thrombus (Fig. 3-13), but confirmation with trans-

esophageal echocardiography still required

 ■ Evaluation of cardiac venous anatomy such as prior to biventricular pacemaker implanta-
tion (Fig. 3-14)

Evaluation of intra and extra cardiac structures
 ■ If other imaging techniques are inadequate, CT can be used for characterization of native 
and prosthetic cardiac valves, and cardiac masses (e.g., tumors, thrombus).

 − CT is less sensitive for diagnosing valvular vegetations but useful for identifying para-
valvular abscesses and pseudoaneurysms.

a b

FIGURE 3-11

Patent ductus arteriosus (PDA). Cardiac CTA images (a, maximal intensity project;  
b, volume rendered image) demonstrating a PDA (arrow) with contrast traversing from 
the aorta to pulmonary artery (PA)
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FIGURE 3-12

Pulmonary venous anat-
omy by CT prior to atrial 
fibrillation ablation. Volume 
rendered contrast-
enhanced CT image 
showing the left atrium and 
pulmonary venous anat-
omy. This CT dataset is 
used to co-register with 
three-dimensional electro-
anatomic map in the 
electrophysiology labora-
tory for atrial fibrillation 
ablation

a b c d

FIGURE 3-13

Left atrial appendage (LAA) thrombus. Contrast-enhanced cardiac CT shows a hypoat-
tenuation filling defect in the LAA Small filling defect in the left atrial appendage on an 
arterial phase image (a) which persists on delayed image (b). On the contrary the filling 
defect on axial arterial phase image (c) from another patient does not persist on delayed 
image (d) and is consistent with slow flow phenomenon

MCV

CS

PVLV1

FIGURE 3-14

Cardiac venous anatomy 
by contrast-enhanced 
cardiac CT. Volume 
rendered CT image 
showing the cardiac 
venous system. CT venog-
raphy may be used 
pre-procedurally to 
facilitate cardiac resynchro-
nization therapy implanta-
tion. CS: coronary sinus, 
MCV: middle cardiac vein, 
PVLV1: first posterior vein 
to the left ventricle
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 ■ Evaluation of pericardial anatomy

 − Pericardial effusions, thickening, fat, calcification (Fig. 3-5), tumors, cysts
 − CMR and echocardiography for constrictive physiology assessment

 ■ Diagnosis of other non-cardiac pathologies

 − Thoracic aorta assessment: aortic aneurysms, dissection (Fig. 3-7), thoracic trauma, 
tears, intramural hematoma, mediastinal hematoma

 − Incidental findings: lung (pulmonary emboli (Fig. 3-15), pneumonia, nodules, effu-
sion, atelectasis), liver (hemangiomas, cysts, tumor), bone (fractures, lytic lesions, 
degenerative disc disease), gastrointestinal (hiatus hernia, esophageal thickening), 
mediastinal lymphadenopathy, etc.

 Medications in CT

Beta-blockers
 ■ Given (if necessary) to reduce heart rate (HR), HR variability and ectopy to minimize 
motion artifact and allow accurate ECG-triggering (may be necessary if HR > 60–65 
beats per minute, depending on scanner technology)

Sublingual or transdermal nitroglycerin
 ■ If not contraindicated, it is administered for vasodilatory effects immediately prior (sub-
lingual) or at least 40 min prior (transdermal patch) to coronary CTA. Diagnostic accu-
racy is reduced if nitroglycerin is not given.

Medications to avoid
 ■ Metformin due to small potential risk of lactic acidosis from acute kidney failure related 
to contrast dye administration and should be held for 48 h following a scan.

FIGURE 3-15

Pulmonary emboli (PE). Cardiac CTA images demonstrating the presence of PE (arrows) 
found incidentally in a patient presenting with acute chest pain

M.T. OS BOR N E, V. BALIYAN, AN D B.B. G HOS H HAJ RA
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 CT Safety

Ionizing radiation
 ■ Typical radiation doses are 0.3–3 mSv for a coronary calcium CT and 1–10 mSv for coro-
nary CT angiography, depending on the technique and imaging system used.

 ■ Adhere to the ALARA (As Low As Reasonably Achievable) principle regarding radiation 
with dose saving algorithms, minimization of repeated scans.

 ■ Stochastic effects

 − These effects occur by chance and are not dependent on the radiation dose received. 
There is no lower threshold of radiation dose where it is certain that an adverse effect 
cannot occur. An example is the development of cancer in the future.

 ■ Non-stochastic or deterministic effects

 − These effects are directly related to the radiation dose received with a clear relation-
ship between dose and effect. For example, a large radiation dose may result in skin 
burns, hair loss, cataracts, sterility, gastrointestinal syndrome (eg. ulcers), or hemato-
poietic syndrome (eg. bone marrow suppression).

Side-effects related to iodinated contrast
 ■ Tissue extravasation

 − Monitor for compartment syndrome and infection

 ■ Allergy

 − Resulting in skin reactions (itch, rash) or anaphylaxis—prior history of mild contrast 
reaction (hives or less) requires premedication with steroid and anti-histamine prior to 
contrast administration

 ■ Contrast Induced Nephropathy

 − Occurs when there is a temporal relationship between deterioration of renal function 
and the administration of intravenous contrast, in the absence of any other etiology

 − It can be defined as either a >25% increase of serum creatinine or an absolute increase in 
serum creatinine of 0.5 mg/dL after a radiographic examination using a contrast agent.

 − This condition occurs in <2% of patients, is very unlikely in patients with normal renal 
function (estimated glomerular filtration rate >60 mL/min/1.73 m2), typically occurs 
48 h post contrast, persists for 2–5 days and resolves by 7–10 days [5].

 CARDIAC MAGNETIC RESONANCE (CMR) IMAGING

 ■ CMR imaging uses magnetic and radiofrequency fields to generate signal from protons in 
hydrogen atoms.

 ■ The typical magnetic field strengths used for clinical CMR are 1.5 and 3.0 Tesla.

 Advantages and Disadvantages of CMR (Table 3-3)

 CMR Scan Sequences

Dark Blood Imaging
 ■ Flowing blood appears dark while slow moving structures such as myocardium is bright. 
T2-weighted images are sensitive to water content and will be represented as high signal 
in areas of acute injury such as myocarditis and infarction.
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Bright Blood Imaging
 ■ This technique allows acquisition of cine images for assessment of cardiac function. 
Steady state free precession technique is commonly used for this purpose.

Phase-contrast
 ■ Allows measurement of velocity and quantification of blood flow

Perfusion
 ■ Contrast agents, such as gadolinium (Gd), that shorten T1 relaxation time can be imaged 
as they transit through cardiac structures.

Tissue mapping and Extracellular Volume (ECV) measurement
 ■ Native properties of tissues are investigated to calculate the relaxation times of tissue 
before contrast (i.e. T1 and T2 “mapping”), or after contrast at several time points to 
quantitate the diffuse enhancement properties (ECV measurement). These quantitative 
measures can be compared to reference normal values to detect diffuse abnormalities that 
may not be apparent by traditional means

MR Angiography
 ■ Rapid acquisition allows three-dimensional examination of complex cardiac and vascular 
structures

Late Gadolinium Enhancement
 ■ Delayed hyperenhancement of Gd (~10 min after administration) is seen in areas of myo-
cardial necrosis and fibrosis of many etiologies

 CMR Indications [6]

Ischemic Heart Disease
 ■ Vasodilator perfusion or dobutamine stress CMR in symptomatic patients is indicated 
with intermediate pre-test probability of CAD with uninterpretable ECG or inability to 
exercise.

 ■ Stress perfusion to detect CAD can be performed with first-pass Gd perfusion imaging.
 ■ Meta-analysis of 1516 patients demonstrated stress perfusion imaging with CMR has a 
sensitivity 91%, specificity 83% in detecting CAD (≥50% stenosis) [7].

 ■ CMR parameters (LV ejection fraction, aortic flow, delayed enhancement) are incremen-
tal to perfusion data for predicting adverse outcomes [8].

Viability
 ■ The degree of transmurality of late myocardial Gd enhancement is associated with the 
degree of myocardial viability [9].

 ■ Myocardial segments with >50% transmural enhancement have a low likelihood of func-
tional recovery after revascularization [10].

ADVANTAGES OF CMR DISADVANTAGES OF CMR

High spatial (XY plane) and temporal 
resolution

Scanner availability and imager expertise

Imaging less affected by body habitus Claustrophobia

No ionizing radiation Contraindicated in patients with foreign metallic 
objects in eye or brain, and Starr-Edwards 
mechanical valve

Images can be acquired in any tomographic 
plane

Long image acquisition time

Increasingly available for most pacemaker 
and implanted defibrillator patients with 
monitoring

Gadolinium associated nephrogenic systemic fibrosis

TABLE 3-3

ADVANTAGES AND DISADVANTAGES 
OF CMR

M.T. OS BOR N E, V. BALIYAN, AN D B.B. G HOS H HAJ RA
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Cardiomyopathy
 ■ CMR can provide accurate measurements of biventricular function, wall thickness, vol-
ume, and tissue characterization for diagnosis, management, and prognosis.

 ■ It is appropriate to quantify LV function with CMR if echocardiographic imaging is tech-
nically limited or discordant with prior tests.

Ischemic Cardiomyopathy
 ■ The pattern of abnormal late Gd enhancement follows a subendocardial through transmu-
ral gradient pattern, with its location in a specific coronary artery distribution (Table 3-4).

Non-Ischemic Cardiomyopathy
Myocarditis

 ■ The presence of two CMR criteria for myocarditis has a sensitivity of 67% and specificity 
of 91% for the diagnosis of myocarditis [11].

 − Abnormal late Gd enhancement is typically subepicardial (focal or widespread)
 − Increased T2 signal suggesting myocardial edema (regional or global, Fig. 3-16)
 − Early global relative Gd enhancement indicating myocardial hyperemia and capillary 

leakage (Fig. 3-17)
 − T1 mapping and T2 mapping are proposed to supplant the relative qualitative mea-

sures traditionally used; these must be calibrated against normal for each scanner 
utilized.

Sarcoidosis
 ■ The presence of abnormal late Gd enhancement can be in any non- ischemic distribution 
(Fig. 3-18) and is associated with subsequent adverse cardiac events [12].

 ■ CMR has a sensitivity of 100% (78–100%) and specificity of 78% (64–89%) with an 
overall accuracy of ~80% in diagnosing cardiac sarcoidosis [13].

CARDIOMYOPATHY LV DISTRIBUTION REGION PROGNOSIS

Ischemic Subendocardial, 
extending to 
transmural

Coronary artery 
distribution

>50% transmural=low 
likelihood of segmental 
functional recovery after 
revascularization

HCM Midwall Patchy, interven-
tricular septum 
and junction

Independently associated with 
adverse outcome

Dilated Midwall Usually septal Predicts death, CV hospitaliza-
tion, VT

Myocarditis Midwall, subepicardial Variable
Parvovirus B19: 

Lateral
Herpes Virus 6: 

Septum

If lasting >4 weeks, associated 
with poor outcome

Amyloidosis Subendocardial Global (if 
subendocar-
dial), patchy

Variable predicts HF severity, 
± death

Sarcoidosis Any (frequently midwall 
at the RV insertion site 
at the LV 
inferoseptum)

Any pattern 9-fold increase in adverse 
events and 11.5-fold 
increase in cardiac death

Anderson-Fabry Epicardial/midwall Basal inferolateral Unknown

Endomyocardial 
fibrosis

Subendocardial Inflow tract, Apex 11-fold increase in mortality

Chagas disease Epicardial/midwall Inferolateral/apex Unknown

TABLE 3-4

DISTRIBUTION OF LATE GD 
ENHANCEMENT OF VARIOUS 
CARDIOMYOPATHIES AND 
PROGNOSTIC VALUE

CV cardiovascular, HCM hypertrophic cardiomyopathy, HF heart failure, HR hazard ratio, LV left ventricular, RV right 
ventricular, VT ventricular tachycardia
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FIGURE 3-16

CMR T2 assessment for 
myocarditis. Offline 
measurement for increased 
global T2 myocardial 
enhancement corrected for 
skeletal muscle, which is 
one parameter for assess-
ment of myocarditis

FIGURE 3-17

CMR early global relative gadolinium (Gd) assessment for myocarditis. Offline measure-
ment comparing the pre- and post-Gd images. The ratios of pre-Gd myocardial: skeletal 
muscle (a/b) are compared to the post-Gd myocardial: skeletal muscle (c/d) signal 
intensities
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Amyloidosis
 ■ Global transmural or subendocardial left and right ventricular late Gd enhancement is the 
typical finding on CMR and corresponds to the histological distribution of amyloid pro-
tein [14].

 ■ Increased T1 signal in comparison to controls and other pathologies is predictive of 
mortality.

Hypertrophic cardiomyopathy
 ■ CMR is able to identify increased regional wall thickness not appreciated on other imag-
ing techniques as well as accurate quantification of left ventricular mass.

 ■ Various patterns of late Gd enhancement, representative of fibrosis, are identified in 
patients with hypertrophic cardiomyopathy (Fig. 3-19) and are shown to be associated 
with adverse prognosis, especially when involving >15% of the LV mass [15].

 ■ Late Gd enhancement alone is not widely considered adequate to justify defibrillator 
implantation but is increasingly factored into challenging decisions, particularly if meet-
ing the 15% mass threshold.

Hemochromatosis
 ■ T2∗ measurement of myocardium on CMR can be used to identify subjects with cardiac 
involvement in hemochromatosis, with a T2∗ of less than 20 ms is associated with left 
ventricular systolic dysfunction [16].

Arrhythmogenic Right Ventricular Dysplasia
 ■ Quantitative evaluation of RV size and function, assessment of RV morphology (focal 
aneurysm) in suspected arrhythmogenic RV dysplasia

 ■ Fatty deposition and fibrosis in the RV by CMR are not part of the modified Task Force 
criteria [17]

Non-compaction cardiomyopathy
 ■ A diastolic ratio of non-compacted (trabeculated) to compacted myocardium of greater 
than 2.3 has a sensitivity of 86% and specificity of 99% for diagnosing non-compaction 
cardiomyopathy [18].

FIGURE 3-18

Cardiac sarcoidosis. CMR 
delayed enhancement of 
the left ventricular short-
axis at the mid-ventricular 
level showing patchy, 
myocardial scarring in the 
inferior septum (arrow) in a 
patient with known 
systemic sarcoidosis
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Anderson-Fabry Disease
 ■ Late Gd enhancement characteristically involves the basal and mid anterolateral and 
inferolateral walls and usually spares the subendocardium.

 ■ Can occur in the presence or absence of LVH

Congenital Heart Disease
 ■ Quantification of LV and RV mass, volume and ejection fraction
 ■ Quantification of valvular disease
 ■ Assessment of great vessels, coronary anomalies, flow through surgical conduits
 ■ Specific indications for CMR in congenital heart disease

 − Shunt size (Qp/Qs) calculation with phase contrast imaging
 − Assessing anomalous pulmonary and systemic venous return
 − Aortic abnormalities (e.g., coarctation (Fig. 3-5b), aortic aneurysm)
 − Pulmonary artery abnormalities (e.g., pulmonary atresia, stenosis)
 − Systemic to pulmonary collateral
 − Complex congenital disease assessment and surgical follow-up (i.e., post atrial/arterial 

switch operation for transposition of great arteries, Fontan operations and post- 
Tetralogy of Fallot repair)

Cardiac Tumor
 ■ CMR is an excellent modality for visualization and characterization of cardiac masses.
 ■ The main advantages of CMR include better contrast resolution, multiplanar capability, 
ability to assess functional impact of the tumor, tissue characterization and detection of 
vascularity of the tumor with first pass perfusion imaging.

 ■ Differentiates intracardiac thrombus from tumor and benign from malignant cardiac 
masses (Fig. 3-20)

FIGURE 3-19

Hypertrophic cardiomyopathy with midwall delay gadolinium enhancement of the left 
ventricle (LV) which is associated with increased risk for sudden cardiac death. Note the 
thick myocardial wall. RV: right ventricle
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Pericardial disease [19]
 ■ Assessment of pericardial disease such as pericardial mass and pericardial constriction
 ■ Features of pericardial constriction on CMR: thickened pericardium ≥4 mm, paradoxical 
motion of the interventricular septum, lack of normal breaking of tag lines on tagging 
sequence during cardiac contraction due to shear motion between visceral and parietal 
pericardium (Fig. 3-21), calcified pericardium

Valvular heart disease
 ■ If other forms of imaging such as echocardiography is technically limited, CMR can 
assess valvular function.

 ■ Qualitative assessment of regurgitant and stenotic jets can be seen on cine CMR.
 ■ Quantitative assessment of stenosis can be measured by planimetry or using phase con-
trast sequences to determine peak velocity across the valve.

 ■ Regurgitant volume and fraction can be assessed by phase contrast sequences (determin-
ing the forward and reverse flow) or (sometimes) by assessing the differences in RV and 
LV stroke volume.

Evaluation of pulmonary vein and left atrial (LA) anatomy
 ■ Co-registration with electroanatomic mapping prior to pulmonary vein ablation

a b c

d e f

FIGURE 3-20

Apical infarct and thrombus. Magnitude (top panel) and phase sensitive (bottom panel) 
images demonstrate subendocardial to transmural late gadolinium enhancement in 
territorial distribution (LAD infarct). A small intracavitary mass lesion at infarcted apex is 
a thrombus (a, b) which is hypointense on PSIR images at shorter inversion time (d, e) 
and also remains hypointense on longer inversion time (500 ms; c & f)
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 CMR Safety
 ■ The use of Gd in end-stage renal patients is associated with a rare but serious complica-
tion of nephrogenic systemic fibrosis, which result in fibrosis of skin overlying the 
extremities and truck and deeper structures including muscle, lung and heart.

 ■ Ferromagnetic implants may lead to complications with CMR and should be screened 
prior to CMR [20].

 ■ It is generally recommended a waiting period of about 6 weeks post implantations of 
weakly ferromagnetic devices (e.g., cardiac valves and stents) before CMR.

 ■ CMR in patients with pacemaker and implantable cardioverter-defibrillator can poten-
tially lead to heating of the tip of the lead, inhibiting pacing output, activating tachyar-
rhythmia therapy or damage to the device.

 ■ CMR-compatible pacemaker systems have recently become available, and these indi-
viduals are now able to safely undergo imaging with appropriate monitoring and careful 
adjustment of the exam parameters to ensure acquisitions remain within prescribed limits 
of gradient strengths and power deposition.

FIGURE 3-21

Pericardial constriction. Tagging CMR sequences showing unbroken taglines over the 
pericardium during ventricular diastole and bending of taglines over the pericardium 
during systole suggesting pericardial adhesions
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Questions and Answers
1. Per the 2010 Appropriate Use Criteria for cardiac computed 

tomography (CT), which of the following is false?
A) It is appropriate to perform a CT calcium score in an asymp-

tomatic patient with intermediate pretest probability of coro-
nary artery disease

B) It is appropriate to perform CT angiography in an asymptom-
atic patient with intermediate pretest probability of coronary 
artery disease

C) It is appropriate to perform CT angiography in a patient with 
acute chest pain intermediate pretest probability of coronary 
artery disease with normal ECG and cardiac biomarkers

D) It is appropriate to perform CT angiography for risk assessment 
in an asymptomatic patient with prior 3.5 mm left main stent

E) It is appropriate to perform CT angiography in a symptom-
atic patient with intermediate pretest probability of coronary 
artery disease with interpretable ECG and able to exercise

1. Answer: B. Non-contrast calcium score is used for risk 
assessment in asymptomatic patients without known coronary 
artery disease (CAD). It is inappropriate for coronary CT angi-
ography to be performed for risk assessment in asymptomatic 
patients with no previous coronary artery disease with low to 
intermediate pretest probability of CAD.

2. What artificial valve is shown in this CXR (Fig. 3-22)?
A) Mechanical mitral valve
B) Mechanic aortic valve
C) Bioprosthetic aortic valve
D) Mechanical tricuspid valve
E) Bioprosthetic mitral valve

2. Answer E. The CXR demonstrates a bioprosthetic mitral 
valve with the perceived direction of flow is towards the apex.

3. A 59-year- old man who presented with symptoms of heart failure 
after mediastinal irradiation for Hodgkin lymphoma undergoes 
cardiac magnetic resonance (CMR) imaging. Which of the fol-
lowing feature is NOT consistent with pericardial constriction on 
CMR?
A) Pericardial thickness ≥4 mm
B) Left ventricular myocardial trabeculation ratio >2.3
C) Lack of normal breaking of tag lines during cardiac 

contraction
D) Pericardial calcification
E) Septal flattening on early diastolic filling

3. Answer B. The ratio of noncompacted to compacted left 
ventricular (LV) myocardium of >2.3 is consistent with 
LV noncompaction, which is not a feature of pericardial 
constriction.

4. Which of the following complications does not occur with CT 
angiography?
A) Nephrogenic systemic fibrosis
B) Anaphylaxis
C) Compartment syndrome of the arm
D) Contrast induced nephropathy
E) Bradycardia

4. Answer A. Nephrogenic system fibrosis is a potential com-
plication of gadolinium administration when undergoing car-
diac magnetic resonance (CMR) imaging. Anaphylaxis and 
contrast induced nephropathy are potential complications of 
iodinated contrast administration used in cardiac computed 
tomography (CT), severe tissue extravasation of iodinated 
contrast may result in compartment syndrome of the arm and 
beta-blockers administered prior to coronary CT angiography 
can result in bradycardia.

FIGURE 3-22

Frontal and lateral CXR images for question 2
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5. Which of the following is a stochastic effect from ionizing 
radiation?
A) Radiation burns
B) Cancer
C) Permanent sterility
D) Radiation sickness
E) Cataracts

5. Answer: B. Stochastic effects occur by chance and are not 
dependent on the radiation dose received (e.g., cancer). There 
is also no lower threshold of radiation dose where it is certain 
that an adverse effect cannot occur. The other options are 
examples of non- stochastic effects, which are effects that are 
directly related to the radiation dose received; there is a clear 
relationship between radiation dose and non- stochastic effect.

6. A 52-year- old woman with hypertension and dyslipidemia pres-
ents to the emergency department with worsening chest discomfort 
on minimal exertion. Her ECG was non- diagnostic and two sets of 
troponin were negative. She underwent coronary computed tomog-
raphy (CT) angiography. This image (Fig. 3-23) demonstrates:
A) Anomalous left coronary artery arising from the right Sinus 

of Valsalva with an interarterial course
B) Severe aortic regurgitation due to aortic dissection
C) Severe stenosis in the mid right coronary artery
D) Sinus venosus atrial septal defect
E) Unroofed coronary sinus

6. Answer: C. This CT image demonstrates severe stenosis in 
the mid right coronary artery due to non-calcified plaque.

7. A 60-year-old man with type 2 diabetes on metformin and hyper-
tension presents with dyspnea and impaired left ventricular sys-

tolic function on echocardiography. Based on the delayed 
gadolinium enhancement on cardiac magnetic resonance (CMR) 
imaging (Fig. 3-24), what is the most likely cause of the systolic 
dysfunction?
A) Myocarditis
B) Amyloid
C) Previous left anterior descending artery territory myocardial 

infarction
D) Previous right coronary artery territory myocardial infarction
E) Constrictive pericarditis

7. Answer: C. The subendocardial distribution of late gado-
linium enhancement in the anterior wall on CMR is consistent 
with previous anterior myocardial infarction. The typical late 
gadolinium enhancement seen in myocarditis is subepicardial. 
Cardiac amyloid typically has global subendocardial delayed 
enhancement, rather than localizing to a coronary distribution. 
The following diagram (Fig. 3-25) illustrates the distribution 
of late gadolinium enhancement in various cardiac conditions.

8. A 35-year-old man with back pain has the above finding on 
computed tomography (CT) (Fig. 3-26), which of the follow-
ing is false?

A) He may have an autosomal dominant genetic disorder
B) He may have a diastolic and systolic murmur on examination
C) He requires urgent surgical consultation
D) He has non-compaction of the left ventricle
E) He may have a mutation of the transforming growth factor 

beta receptor 1

8. Answer: D. This gentleman has a dilated aortic root and left 
ventricle. He may have Marfan’s syndrome which is an auto-
somal dominant genetic disorder, however patients with 
Loeys-Dietz syndrome may also have aortic aneurysms due to 
a mutation of the gene encoding transforming growth factor 
beta receptor 1. Urgent surgical intervention is required in 
patients with an aortic diameter of 5 cm, however in patients 
with Marfan’s or Loeys-Dietz syndrome, earlier intervention is 
recommended at 4 cm. On CMR, the ratio of noncompacted to 
compacted myocardium of 2.3 has good accuracy for the 
detection of non- compaction. A similar ratio has been applied 
to properly-acquired cardiac CT and validated versus 
MRI. However, the patient in this scenario does not have non-
compaction, as the diagnosis of non-compaction cardiomyop-
athy requires the absence of other etiologies of left ventricular 
wall thickness abnormalities and/or dysfunction.

9. A 47-year-old man presents for CTA to investigate first presenta-
tion of intermittent chest discomfort. He is a current smoker and 
has a history of diabetes on metformin, dyslipidemia on atorvas-
tatin, erectile dysfunction on vardenafil and benign prostatic 
hypertrophy. On examination, his heart rate is 79 beats per min-
ute, he has a harsh ejection systolic murmur which becomes 
louder with the Valsalva maneuver and clear lung fields. Which of 
the following is not advised when performing CTA for this 
patient?
A) Withhold metformin for 48 h post CTA
B) Administration of metoprolol to achieve heart rate of 60–65 

beats per minute
C) Administration of iodinated contrast for the coronary CTA
D) Administration of sublingual nitrates for coronary vasodila-

tion to improve CTA accuracy
E) All the above can be advised or given

FIGURE 3-23

Curved multiplanar reformatted coronary CT angiography image 
for question 6

M.T. OS BOR N E, V. BALIYAN, AN D B.B. G HOS H HAJ RA



55  C HAPTER 3 • CAR DIAC NON I NVAS IVE I MAG I NG

FIGURE 3-24

Short and long axis CMR images of late gadolinium enhancement for question 7

a b

c d

FIGURE 3-25

Late gadolinium enhancement in 
various cardiovascular conditions. (a) 
Ischemic heart disease (subendocar-
dial enhancement), (b) Amyloid 
cardiomyopathy (global enhance-
ment), (c) Myocarditis (subepicardial 
enhancement), and (d) Hypertrophic 
cardiomyopathy (mid-wall 
enhancement)
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9. Answer: D. The administration of nitroglycerin (400–800 μg 
of a sublingual tablet or sublingual spray) is performed imme-
diately prior to coronary CTA to improve diagnostic accuracy 
by causing vasodilation of the coronary arteries. The patient in 
this scenario has clinical signs which may be due to hypertro-
phic obstructive cardiomyopathy and is taking a 5-phosphodi-
esterase type 5 inhibitor (vardenafil). Nitroglycerin should be 
avoided in patients with hypertrophic cardiomyopathy with 
outflow tract obstruction or severe aortic stenosis as nitrates 
many reduce preload, exacerbate obstruction and result in 
hypotension, syncope or worsening heart failure. Nitroglycerin 
should also be avoided in patients on PDE-5 inhibitors.
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FIGURE 3-26

Coronal CT angiography image for question 8
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