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Ever since its first development approximately four decades ago, MR imaging has undergone 
rapid growth and technological advancement in screening, diagnosis, and follow-up assess-
ment of various medical disorders. Particularly in recent years, the advancement to 3T and 7T 
magnets combined with many newer and faster MR imaging sequences and multichannel coils 
with parallel imaging capabilities has substantially improved the quality of MR imaging and 
allowed 3D imaging while reducing imaging acquisition time. In addition, due to its many 
advantages, including lack of harmful ionizing radiation, superb soft tissue characterization, 
and capacity to obtain functional information, MR imaging is currently being increasingly 
utilized as an integral component of noninvasive imaging assessment in many clinical circum-
stances in the pediatric population. Therefore, a clear understanding of pediatric MR imaging 
techniques and characteristic MR imaging findings of various pediatric disorders is essential 
for practicing pediatric and general radiologists, who encounter pediatric patients in their clini-
cal practice to ensure optimal pediatric patient care.

The initial idea of this book arose from trainees, pediatric radiologists, general radiologists, 
and various specialists whom I have encountered as a pediatric radiologist at Boston Children’s 
Hospital, chair of the pediatric radiology section of the Core Examination for radiology resi-
dents and Online Longitudinal Assessment (OLA) Committee for practicing pediatric radiolo-
gists at the American Board of Radiology (ABR), and visiting professor to more than 50 
different countries around the world for the past 15 years. Everyone from these groups was 
looking for an up-to-date single volume practical resource for learning and reviewing the fun-
damentals and essentials of pediatric body MR imaging. However, there was no such book 
currently available. From this came my desire to write a pediatric body MR imaging 
textbook.

This book is organized into 17 main chapters based on organ systems in addition to a last 
chapter dedicated to whole body MR imaging. The organization and presentation of this book 
are structured to provide accessibility to both common and less common but clinically impor-
tant pediatric body disorders that can be currently evaluated with MR imaging. Each chapter 
included in this book is designed to provide up-to-date information on current as well as 
emerging MR imaging techniques and outline methods to specifically tailor MR imaging for 
each individual pediatric patient. Practical strategies including pre-imaging pediatric patient 
preparation are highlighted. Developmental embryology, normal anatomy and variants, and 
characteristic MR imaging findings are reviewed. In addition, the discussion of each disorder 
includes the clinical features, characteristic MR imaging findings, and up-to-date management 
information in some selected cases. Given its focus on disorders affecting the pediatric popula-
tion, we have emphasized how to differentiate between normal variants and abnormal pathol-
ogy and how to determine whether certain MR imaging findings are related to age or a genetic 
or malformation syndrome. Furthermore, current information on optimizing performance, 
analysis, and interpretation of MR imaging is highlighted along with practical tips on navigat-
ing technical and interpretative pitfalls that occur in pediatric body MR imaging.

This book is intended primarily for radiology trainees and practicing pediatric and general 
radiologists. However, other physicians in different specialties as well as MR technologists 
and physicists who encounter the pediatric patient for MR imaging may derive valuable clini-
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cal MR imaging and some patient management information that can be used to optimize their 
pediatric patient care.

For a book such as this one, which requires an extensive collaborative effort for preparation, 
I am a strong believer that we are only as good as the people that we work with. This book has 
greatly benefited from the tireless work of gifted associate and assistant editors whom I can 
proudly call my true “academic brothers.” No word can adequately thank associate editors, 
Mark C. Liszewski, Michael S. Gee, and Pedro Daltro, for sharing their boundless enthusiasm 
and depth of knowledge in pediatric disorders. I am especially appreciative of Ricardo 
Restrepo, image associate editor, and Heron Werner Junior, image assistant editor, for their 
careful attention to detail in image acquisition and preparation. I would also like to thank the 
contributing authors of this book for their superb work, all of whom are experts or rising stars 
in the field of pediatric body MR imaging. Lastly but also importantly, I would like to acknowl-
edge Margaret Moore and her colleagues at Springer for understanding the importance of a 
book such as this one for pediatric patient care, turning our initial ideas into a reality, and 
providing their superb administrative and editorial assistance from beginning to end.

It is understandable that writing a book such as this can be often challenging because it is 
trying to catch a moving target in the field of rapid technical advancement in MR imaging. 
However, our overarching hope is that the contents of this book will increase interest and 
understanding of pediatric body MR imaging that can enhance the care of pediatric patients 
with various congenital and acquired disorders. Then, we will have accomplished our over-
arching goal that we have set with this edition. We truly look forward to feedback from readers 
that can be incorporated into the next edition. Until then, we sincerely hope that all readers 
enjoy this book and learn as much as we did in preparing and writing it.

Boston, MA, USA Edward Y. Lee, MD, MPH
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Lung and Pleura

Mark C. Liszewski, Pierluigi Ciet, and Edward Y. Lee

 Introduction

Disorders of the lungs and pleura are common in children 
and are a frequent indication for medical imaging. Over the 
past decade, a combination of advances in magnetic reso-
nance (MR) imaging scanner technology and increased con-
cern about the effects of ionizing radiation has led to 
increased utilization of MR imaging in the pediatric popula-
tion. Despite this general trend, there has been slower adop-
tion of MR imaging to evaluate the lungs and pleura due to 
technical limitations including motion artifact, low signal-to-
noise ratios, and signal dephasing at air-tissue interfaces. As 
MR imaging technology advances, many of these technical 
hurdles are being overcome, and MR imaging of the lungs 
and pleura has begun to be a feasible option for evaluation of 
many pediatric pleuropulmonary conditions. Therefore, an 
up-to-date understanding of these emerging applications is 
important to practitioners performing MR imaging in infants 
and children.

In this chapter, an overview of MR imaging techniques to 
evaluate the lungs and pleura in children is discussed. Normal 
anatomy and development of the lungs and pleura are 
described, and the MR imaging findings in a spectrum of 
pediatric lung and pleural disease are illustrated.

 Magnetic Resonance Imaging Techniques

A main advantage of MR imaging is the ability to obtain 
cross- sectional images with high-contrast resolution without 
requiring ionizing radiation. Because of technical challenges 
when imaging the lungs and pleura, the key to successful MR 
imaging of the thorax lies in appropriate patient preparation 
and use of optimized pulse sequences and protocols.

 Patient Preparation

MR imaging is an imaging modality that is highly sensitive 
to motion artifact, and successful MR imaging of the chest 
depends on appropriate patient selection and preparation 
prior to imaging. Selection of a successful technique largely 
depends on the age of the child and the assessment of the 
child’s ability to follow instructions.

Infants are often able to undergo successful MR imaging 
utilizing a “feed and wrap” technique, in which the child is fed 
and swaddled prior to MR imaging [1]. After infancy, nearly 
all children under 5 years of age are not able to hold still or 
adequately follow breathing instructions and therefore require 
moderate sedation or general anesthesia for successful MR 
imaging.  Examinations performed under moderate sedation 
must utilize sequences that are optimized for quite free breath-
ing. Examinations performed under general anesthesia may 
utilize sequences that require apnea. Children as young as 
5  years of age may be candidates for MR imaging without 
sedation or anesthesia but must be carefully assessed prior to 
imaging to gauge their ability to cooperate for the examination. 
In order for an examination to be successful, preparation and 
coaching are essential prior to the MR imaging. Children must 
practice breathing maneuvers and become familiar with the 
scanner prior to the examination, ideally in a mock scanner 
environment with the assistance of child life specialists. 
During practice sessions, children learn to hold their breaths at 
end-inspiration and end-expiration, rapidly breathe in and out, 
and perform coughing maneuvers.

1
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 MR Imaging Pulse Sequences and Protocols

Historically, MR imaging of the lungs and pleura has been 
hampered by technical factors inherent to these organ systems 
including respiratory motion artifact, low signal-to-noise ratios, 
and signal dephasing at air-tissue interphases. However, in 
recent years, technological advances have helped to overcome 
many of these impediments, and diagnostic MR imaging of the 
lungs and pleura can now be achieved on MR imaging scanners 
currently in use at many medical centers. MR imaging proto-
cols of the lungs and pleura mainly consist of spin-echo and 
gradient- echo sequences which can often produce image qual-

ity that approaches that of CT [2]. Newer techniques including 
ultra- short (UTE) or zero echo time (ZTE) sequences provide 
even better image quality which is on par with CT [3, 4]. When 
pediatric patients are unable to cooperate with breathing 
instructions, respiratory  gating can be employed by utilizing a 
pneumobelt or navigator echo sequence [2]. Specialized 
sequences, which minimize motion artifact, can be used to 
obtain images during free  breathing,  including helicoidal 
(PROPELLER@GE) or radial (STARVIBE@SIEMENS) 
k-space acquisition schemes [5, 6]. MR imaging also has the 
ability to provide information about ventilation, inflammation, 
perfusion, and structure, under the acronym VIPS [7–10]. 

Table 1.1 MR imaging sequences for ventilation, inflammation, perfusion, and structural (VIPS) MR imaging of the lung and pleura

SEQUENCE ACRONYMS MR 
IMAGING 
SYSTEM

AVERAGE 
ACQUISITION 
TIME (FOR THE 
ENTIRE CHEST 
COVERAGE)

SPATIAL 
RESOLUTION

TEMPORAL 
RESOLUTION

SCAN 
PARAMETERS

Ventilation 
2D gradient echo SSFP (GE)

TruFISP 
(SIEMENS)
bFFE (PHILIPS)

1.5 T 3–9 min FOV = 450 × 450 mm
SL = 12 mm
Matrix = 128 × 128

3.33 images/s 
acquisition

TE/TR 
0.67 ms/1.46 ms
FA = 65°
BW = 2056 Hz/pixel

2D gradient echo 2D SPGR (GE)
2D FLASH 
(SIEMENS)
2D FFE

1.5 and 3 T 3–9 min FOV = 500 × 500 mm
SL = 15 mm
Matrix = 256 × 192

3.08 images/s 
acquisition

TE/TR 1.04 ms/3 ms
FA = 5°
BW = 1500 Hz/pixel

Inflammation 
2D single-shot 
echo- planar 
imaging 
sequence (EPI)

EPI-DWI 
(SIEMENS/GE/
PHILIPS)

1.5 T 5–7 min FOV
SL = 5 mm
Matrix

Low TE/TR 
83 ms/5632 ms
FA = 90°
B = 0 and 600 s/mm2

2D single-shot 
echo- planar 
imaging 
sequence (EPI)

EPI-DWI 1.5 T 5–7 min Voxel size
2.5 × 2.5 × 6 mm3

Low TE/TR 
54 ms/4800 ms
FA = 90°
BW = 1644 Hz/pixel
B = 0, 10, 20, 30, 50, 
70, 100, 150, 200, 
400, 800 s/mm2

2D T2-weighted 
Turbo spin echo

TSE (SIEMENS)
FSE (GE)
TSE (PHILIPS)

1.5 T and 
3 T

5–7 min FOV = 400 mm
SL = 5–7 mm
Matrix = 256 × 192

Low TE/TR 
80 ms/2000–4000 ms
FA = 90°
BW = 1644 Hz/pixel
Fat suppression 
mode = SPAIR

Perfusion/Angiography 
2D gradient echo SSFP (GE)

TruFISP 
(SIEMENS)
bFFE (PHILIPS)

See scan parameters above

2D gradient echo 2D SPGR (GE)
2D FLASH 
(SIEMENS)
2D FFE

See scan parameters above

3D gradient echo 
T1-weighted

FLASH 3D 
(SIEMENS)
SPGR (GE)
FFE (PHILIPS)

1.5 and 3 T 12–20 s FOV = 460 mm 
matrix = 40 × 192 × 256 
(isotropic voxel as low as 
1 mm3)

Low TR = 2.5–3 ms 
TE = 1.0–1.5 ms 
FA = 30°–40°

3D gradient echo 
T1-weighted

Twist(SIEMENS)
TRICKS (GE)
TRACK (PHILIPS)

1.5 and 3 T Breath-hold 
(end-expiratory)/
shallow breathing

FOV = 460 mm 
matrix = 32 × 96 × 128

High, 0.5–1 s/
volume

TR = 2.0–2.5 ms 
TE = 0.8–1.0 ms 
FA = 30°–40°

M. C. Liszewski et al.
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Table 1.1 provides an outline of MR imaging sequences com-
monly used to image the lungs and pleura [11].

 Anatomy

 Embryology

Lung Development The development of the lung begins in 
the first gestational month and continues after birth into child-
hood. The development is divided into five phases: embry-
onic, pseudoglandular, canalicular, saccular, and alveolar.

Phases of Prenatal Lung Development During the fourth 
week of gestation, lung development begins when the laryn-

gotracheal groove arises from the foregut endoderm and 
forms the lung bud. The embryonic phase begins when the 
lung bud divides into the right and left bronchial buds [12]. 
In the embryonic phase, the bronchial buds lengthen and 
divide into three branches on the right and two branches on 
the left and further subdivide into the pulmonary segments. 
By the end of the embryonic phase, a vascular plexus begins 
to form within the lung mesenchyme [13] (Fig. 1.1).

The pseudoglandular phase begins at week 5 and ends at 
week 17. In this phase, the bronchi further divide, and by 
week 17, the entire air-conducting portion of the lung has 
developed to the level of the terminal bronchiole. On the cel-
lular level, ciliated, goblet, and neuroendocrine cells develop, 
and the terminal bronchioles contain cuboid columnar cells 
(see Fig. 1.1).

Table 1.1 (continued)

SEQUENCE ACRONYMS MR 
IMAGING 
SYSTEM

AVERAGE 
ACQUISITION 
TIME (FOR THE 
ENTIRE CHEST 
COVERAGE)

SPATIAL 
RESOLUTION

TEMPORAL 
RESOLUTION

SCAN 
PARAMETERS

Structure 
2D T2-weighted 

BLADE 
(SIEMENS)
T2-weighted 
PROPELLER (GE)
T2-weighted 
MultiVane 
(PHILIPS)
± FAT suppression

1.5 and 3 T End-expiratory 
with navigator 
echo triggering
3 to 7 min 
according 
respiratory pace 
and pattern

FOV: 380–400 mm
Matrix = 200 × 200
SL = 5–6 mm, axial and 
coronal

Low TR = 1000–2000
TE = 27–60 ms
FA = 90°–150°

2D TRUFISP 
(SIEMENS)
SSFP (GE)
Balanced FFE 
(PHILIPS)

1.5 T 12–20 s FOV = 400 mm
Matrix = 160 × 160
SL 2.5–5 mm

High TR = 1.08 ms
TE = 0.42 ms
FA = 20°
BW = 1776 Hz/pixel

3D SPACE (SIEMENS)
CUBE (GE)
VISTA (PHILIPS)

1.5 T–3 T End-expiratory 
with navigator 
echo triggering
5 min

FOV = 320 mm
Matrix = 160 × 160
SL = 2 mm

Low TR = 940 ms
TE = 60 ms
FA = 90°
BW = 355 Hz/pixel
Echo train 
length = 120

3D VIBE(SIEMENS)
SPGR (GE)
THRIVE 
(PHILIPS)

1.5 T–3 T Breath-hold 
10–12 s 
(inspiratory and 
expiratory)

FOV = 400 mm
Matrix = 200 × 200
SL = 2 mm

High TR = 1.7 ms
TE = 0.7 ms
FA = 2°
BW = 862 Hz/pixel

3D STARVIBE 
(SIEMENS)
Not available for 
GE and PHILIPS

1.5 T–3 T Free-breathing 
3–5 min

FOV = 400 mm
Matrix = 320 × 320
SL = 4 mm

Low TR = 7.46 ms
TE = 2.46 ms
FA = 9°
BW = 820 Hz/pixel

3D LAVA FLEX (GE) 1.5 T–3 T Breath-hold (10 s) FOV = 260 mm
Matrix = 128 × 128
SL = 3 mm

High TR = 3.7 ms
TE = min full ms
FA = 1°

3D PETRA(SIEMENS)
ZTE(GE)
MULTIVANE-XD 
(PHILIPS)

1.5 T–3 T Free-breathing 
7–10 min

FOV = 360 mm3

Matrix size = 416 mm3

Low TR = 4.1 ms
TE = 0.07 ms

Adapted from Liszewski et al. [11], with permission
GE General Electric, Boston, Massachusetts, USA, Siemens Munich, Germany, Philips Amsterdam, Netherlands
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The canalicular phase begins at week 17 and ends at 
week 28. The portion of the lung involved in oxygen 
exchange develops during this phase, including the respira-
tory bronchioles, alveolar ducts, and alveoli. Type I pneu-
mocytes begin to develop in this phase, and Type II 
pneumocytes contain surfactant proteins but do not secrete 
them. The alveolar capillary bed begins to form at this stage. 
By the end of the canalicular phase, gas exchange is possi-
ble, and survival outside the uterus is feasible, but only with 
intensive medical care, exogenous surfactant therapy, and 
mechanical ventilation (see Fig. 1.1).

The saccular phase begins at week 29 and ends at week 
36. Alveolar sacculi proliferate during this phase, and the 
basal lamina of the distal respiratory epithelium fuses with 
the basal lamina of the alveolar capillary endothelium, allow-
ing for improved gas exchange. Surfactant begins to be 
excreted during this phase, but its production is not yet at the 
levels of a full-term newborn, and children born at this phase 
usually require exogenous surfactant therapy [14] (see 
Fig. 1.1).

The alveolar phase begins at week 36 and continues 
through 18 months of age. Throughout this phase, more alve-
oli form, leading to approximately 50 million alveoli soon 
after birth and 300 million alveoli by the time the lung is 
fully mature. With alveolar development, the pulmonary 
alveolar capillary network also grows, leading to increased 
capacity for gas exchange [15] (see Fig. 1.1).

Fetal Lung Fluid and Surfactant Fetal lung fluid fills the 
airways and alveoli while in utero. Although it mixes with 
amniotic fluid, the composition of fetal lung fluid is differ-

ent than that of amniotic fluid. Fetal lung fluid is produced 
by the respiratory epithelium. At term, approximately 
5 mL/kg/hour. of lung fluid is produced [16]. During labor 
and immediately after birth, fetal lung fluid is cleared by 
pulmonary lymphatics [17].

Surfactant is composed of phospholipids, protein, neu-
tral lipids, and cholesterol and is found within fetal lung 
liquid in the later stages of gestation. Intracellular surfac-
tant is present within Type II pneumocytes in the canalicu-
lar phase at 20–24 weeks gestation and can be found within 
fetal lung fluid starting in the saccular phase [17]. 
Surfactant produced before 35 weeks gestation is present 
in smaller amounts and is more susceptible to inactivation 
than after 35 weeks [17, 18]. Surfactant allows alveoli to 
expand during inspiration by reducing surface tension [19, 
20]. Surfactant is essential to lung function, and a major 
complication of pre-term birth is surfactant deficiency dis-
order (SDD). When a pre-term birth is imminent, pregnant 
mothers can be treated with glucocorticoids to speed up 
endogenous surfactant production by the fetus. After birth, 
exogenous surfactant may be administered via endotra-
cheal tube to treat SDD.

Pleural Development The pleura begins development before 
the lungs at 3 weeks gestation. At this time, the pleura begins 
to form from the mesoderm along with the pericardium and 
peritoneum [21]. At 9 weeks gestation, the pleura separates 
from the pericardium and peritoneum. The pleura is comprised 
of the visceral pleural, which covers the lung, and the parietal 
pleura, which covers the chest wall and diaphragm [21] 
(Fig. 1.2).

0 2 4 6 8 10 12 14 16 17 18 19 20 21 22 23
Branching Generations

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
Gestation Weeks

Embryonic

Pseudoglandular

Cannalicular

Saccular

Alveolar

B
irth

Fig. 1.1 Diagram showing prenatal lung development
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 Normal Development and Anatomy

Lobar Anatomy The right lung is composed of three 
lobes (upper, middle, and lower), and the left lung is com-
posed of two lobes (upper, which includes the lingua, and 
lower) (Fig. 1.3). Each lobe is separated by a pleura-lined 
fissure. Each lobe is further divided into segments, which 
are defined by segmental bronchi and not divided by fis-
sures. Table 1.2 describes the segments in each lobe.

Lung Parenchyma

Secondary Pulmonary Lobule The secondary pulmonary 
lobule is the smallest structural unit of the lung that may be 
visible on MR imaging; smaller structures such as the pulmo-
nary acini and alveoli are too small to be visualized as discrete 
structures. Each secondary pulmonary lobule has a polyhedral 
shape and is bordered by connective tissue septations called 
interlobular septa (Fig.  1.4). At birth, secondary pulmonary 
lobules have a mean diameter of 3 mm and are therefore not 
visible on most conventional MR imaging sequences. 
However, they are visible in older children and adults on MR 
imaging, and they reach a diameter of 13–20 mm in adulthood 

[22]. A lobular bronchiole is in the center of each secondary 
pulmonary lobule and communicates with up to 25 terminal 
bronchioles and their acini [23, 24].

Acini and Alveoli Acini and alveoli are the functional units 
of the lung where gas exchange occurs. These structures are 
too small to be visualized as discrete structures on MR imag-
ing.  Each lobular bronchiole communicates with up to 25 
terminal bronchioles, which communicate with acini and 
alveoli [23, 24] (Fig.  1.5). When filled with air, groups of 
acini and alveoli appear uniformly hypointense, and when 
filled with fluid or other material, they appear uniformly 
intense because the alveolar walls are beyond the spatial 
resolution of MR imaging.

Vascular Anatomy Deoxygenated blood moves through 
the lungs to the alveolar capillaries via the pulmonary 
arteries, which travel along with bronchi and bronchioles 
in bronchovascular bundles. The smallest pulmonary arte-
rial branch that can be visualized on MR imaging is the 
lobular artery which travels in the center of the secondary 
pulmonary lobule along with the lobular bronchiole. 
Lobular arteries branch into intralobular and acinar arter-
ies which are beyond the spatial resolution of MR imag-
ing.  These small pulmonary artery branches supply an 
extensive alveolar capillary bed, where gas exchange 
occurs. Oxygenated blood then enters pulmonary venules, 

Trachea

Lung bud

Pericardioperitoneal
canal

Visceral peritoneum

Visceral pleura

Parietal pleura

Fig. 1.2 Diagram showing pleural development

Upper lobe

Lower lobe

Major fissure

Minor fissure

Upper lobe

Middle lobe

Lower lobe

Major fissure

Fig. 1.3 Diagram of lobar anatomy: sections of normal lung

Table 1.2 Lung lobes and segments

Lobes Segments
Right upper Apical, posterior, and anterior
Right middle Lateral and medial
Right lower Superior, medial basal, anterior basal, lateral 

basal, and posterior basal
Left upper Apicoposterior, anterior, superior lingular, and 

inferior lingular
Left lower Superior, medial basal, anterior basal, lateral 

basal, and posterior basal

Lymph vessels

Interlobular septa

Pulmonary
vein

Pulmonary
artery

Bronchioli

Alveoli

Fig. 1.4 Diagram of lung parenchyma: secondary pulmonary lobule
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which are located within the interlobular septa, separate 
from the bronchovascular bundles. Pulmonary arteries 
and veins therefore travel separately, except in the hila 
where they are adjacent to one another.

A small amount of oxygenated blood is supplied to the 
lung via bronchial arteries to provide oxygen to the meta-
bolically active tissues in the trachea, bronchi, and pulmo-
nary arteries [9]. Venous drainage of these structures is 
primarily via systemic bronchial veins, which continue to the 
right side of the heart via hemiazygous and azygous veins.

Lymphatic Anatomy Pulmonary lymphatics are comprised 
of a deep plexus and superficial plexus [25]. The deep plexus 
is located within the bronchovascular bundles in the center of 
the secondary pulmonary lobule. The superficial plexus trav-
els alongside pulmonary venules within the interlobular 
septa [23, 25].

Pleural Anatomy

Parietal and Visceral Pleura The pleural space is formed by 
two pleural membranes: the parietal pleura and the visceral 
pleura (Fig.  1.6). Each is comprised of a single layer of 
mesothelial cells, a basement membrane, and a layer of con-
nective tissue which contains blood vessels and lymphatics 
[21]. The arterial supply to the parietal pleura is via the inter-
costal arteries, and the visceral pleura is supplied by bron-
chial arteries. Normal pleural fluid is produced from systemic 
pleural arteries in both the visceral and parietal pleura [21].

The visceral and parietal pleura both have extensive 
lymphatic channels. Fluid within the pleural space drains 
via parietal pleural lymphatics, but not visceral pleural 
lymphatics [21].

Pleural Fissures The visceral pleura is tightly adherent to 
the surface of the lung parenchyma and forms the pleural fis-
sures where it invaginates between lobes of the lung (see 
Fig. 1.6). The right lung contains a major fissure which sepa-
rates the right lower lobe from the right upper and middle 
lobes and a minor fissure, which separates the right upper 
lobe and the right middle lobe. The left lung contains only a 
major fissure, which separates the left upper lobe and left 
lower lobe.

 Anatomic Variants

Accessory Pleural Fissures and Lobes Accessory pleu-
ral fissures and lobes are relatively common normal vari-
ants, seen in approximately 30% of the population [26, 
27]. Accessory fissures include (in order of frequency) 
inferior accessory fissure (12–21%), left minor fissure 
(8–9%), superior accessory fissure (1–5%), fissure between 
the medial and lateral segments of the right middle lobe 
(2–5%), fissure between the superior and inferior segments 

Bronchiole

Pulmonary
vein

Alveolar
duct

Alveoli

Pulmonary
artery

Fig. 1.5 Diagram of acini and alveoli: structure of the lung

Visceral pleura

Visceral pleura
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Hilum

Diaphragmatic
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Fig. 1.6 Diagram of pleural anatomy: parietal and visceral pleura
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of the lingula (1–5%), and fissure between the anterobasal 
and laterobasal lower lobe segments (2.5–3%) [26, 27].

The azygous fissure is another type of accessory fissure, 
but it has a different origin than the other accessory fissures. 
An azygous fissure forms when the azygous vein takes an 
anomalous lateral course during development and bisects the 
right upper lobe. Therefore, the azygous fissure is lined by 
parietal and visceral pleura, unlike the other fissures, which 
are composed of only visceral pleura.

Heterotaxy Syndromes Heterotaxy syndromes are a group 
of conditions in which the location and laterality of struc-
tures is altered (Fig.  1.7). The simplest example is situs 
inversus totalis, where all structures are flipped from left to 
right. In the lungs, situs inversus totalis manifests as a three- 
lobed left lung and two-lobed right lung. More complex het-
erotaxy syndromes may occur in which both lungs have three 

lobes (right isomerism) or both lungs have two lobes (left 
isomerism). Right isomerism is associated with asplenia and 
left isomerism is associated with polysplenia.

 Spectrum of Lung and Pleural Disorders

In the following sections, the MR imaging findings in a spec-
trum of congenital and acquired lung and pleural disorders 
affecting children are presented. Pertinent clinical features 
and current treatments are also discussed.

 Congenital and Developmental Lung Disorders

Bronchial Atresia Bronchial atresia is a congenital tho-
racic lesion characterized by developmental interruption, 

a b

c d

Fig. 1.7 Heterotaxy syndrome in a 4-year-old girl. (a) Frontal chest 
radiograph shows a right-sided heart (H) and stomach (S). (b) Coronal 
oblique non-enhanced bright-blood MR image shows right-sided heart 
(H) and left-sided liver (L). (c) Axial non-enhanced bright-blood MR 

image shows right-sided heart (H) and left-sided descending thoracic 
aorta (A). (d) Axial non-enhanced bright-blood MR image shows left- 
sided liver (L), right-sided stomach (S), right-sided spleen (Sp), and 
midline abdominal aorta (A)

1 Lung and Pleura
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or atresia, of a bronchus. There are two main theories 
about the underlying etiology of bronchial atresia. The 
first proposes that an ischemic event after bronchial devel-
opment leads to obliteration of the bronchus. The second 
proposes a primary disruption of proximal bronchial bud 
development affecting only the proximal portion of the 
bronchus but not affecting the distal portion. In either case, 
the lung distal to the atretic bronchus does not communi-
cate with the central airway. Pulmonary secretions are 
unable to pass through the atretic bronchus, and the bron-
chus distal to the atresia eventually fills with fluid, forming 
a bronchocele. The lung distal to the atretic bronchus 
becomes hyperinflated due to a check-valve mechanism or 
air drift via collateral pathways of aeration [28]. The air 
within the hyperinflated lung becomes deoxygenated, 
and  the vascularity decreases due to hypoxia- induced 
vasoconstriction.

Bronchial atresia may be detected on prenatal ultra-
sound, and prenatal MR imaging may be utilized to charac-
terize the lesion. In utero, amniotic fluid rather than air 
becomes trapped within the lung distal to the atretic bron-
chus, and prenatal MR imaging characteristically demon-
strates hyperintense hyperexpanded region of the lung on 
T2-weighted imaging due to trapped fluid [28]. If not 
detected on prenatal imaging, bronchial atresia may be first 
detected on chest radiographs. Chest radiograph demon-
strates a round or oval perihilar opacity representing the 
bronchocele often with adjacent lucent overinflated seg-
ment of the lung.

Whether detected in utero or on chest radiograph, post-
natal cross-sectional imaging is often obtained to further 
evaluate and confirm bronchial atresia, especially when 
surgical resection is being considered. In current practice, 
this is most often achieved with contrast-enhanced CT; 
however, MR imaging has also been described for this indi-
cation. MR imaging depicts the bronchocele as a tubular 
perihilar structure which is hyperintense on T1- and 
T2-weighted images and does not enhance on post contrast 
images [29, 30]. Hyperinflation within the distal lung is not 
as easily depicted on MR imaging as on CT due to the pro-
ton-poor environment within the air-filled hyperexpanded 
lung [31].

When symptomatic, bronchial atresia is treated with sur-
gical resection. Management of small asymptomatic bron-
chial atresia is currently controversial, with some 
recommending resection due to risk of superinfection and 
others favoring a conservative approach [32, 33].

Congenital Lobar Emphysema Congenital lobar emphy-
sema (CLE) or also known as congenital lobar overinfla-

tion is characterized by hyperexpansion of a lobe of the 
lung due to narrowing of a lobar bronchus. CLE occurs in 
certain lobes more frequently, occurring in the left upper 
lobe > right middle lobe > right upper lobe > right or left 
lower lobe [34]. It can also affect more than one lobe. CLE 
often produces symptoms soon after birth due to progres-
sive lobar hyperexpansion, and treatment consists of 
lobectomy.

CLE may be detected on prenatal ultrasound, and prena-
tal MR imaging may be utilized to characterize the lesion. 
In utero, amniotic fluid rather than air becomes trapped 
within the hyperexpanded lobe, and prenatal MR imaging 
characteristically demonstrates hyperintense hyperex-
panded lobe of lung on T2-weighted imaging due to trapped 
fluid. CLE and bronchial atresia have similar findings on 
fetal MR imaging, and differentiating between the two is 
often difficult. If not detected on prenatal imaging, CLE 
may be detected on chest radiographs in the newborn period 
demonstrating progressive hyperexpansion of a lobe of the 
lung.

Whether detected in utero or on chest radiograph, postna-
tal cross-sectional imaging is often obtained to further evalu-
ate, characterize, and confirm CLE, especially when surgical 
resection is being considered. In current practice, this is most 
often achieved with CT. MR imaging has a limited role for 
this indication, because the proton-poor hyperexpanded lung 
is not as well characterized on MR imaging.  With newer 
imaging techniques that improve MR imaging resolution 
(such as UTE and ZTE sequences), MR imaging may play a 
larger role in the future. On MR imaging, CLE appears as a 
hypointense hyperexpanded lobe of the lung, often with 
accompanying mediastinal shift and ground-glass signal 
abnormality within the adjacent lobes due to compressive 
atelectasis.

Currently, asymptomatic children or those with only mild 
symptoms are often managed conservatively with continu-
ous follow-up to assess possible interval resolution or stabil-
ity, whereas lobectomy by open or thoracoscopic approach is 
employed for symptomatic pediatric patients.

Bronchogenic and Other Foregut Duplication Cysts  
Bronchogenic cysts are a type of foregut duplication cyst 
that occurs due to abnormal budding of the ventral lung bud 
or abnormal branching of the tracheobronchial tree during 
lung development. Most bronchogenic cysts develop in 
close proximity to the central tracheobronchial tree, and 
most are located within the mediastinum, but approximately 
15% are located within the lung parenchyma (Fig. 1.8) [35]. 
Esophageal duplication cysts and neurenteric cysts are other 
types of foregut duplication cysts, which are related to 
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 bronchogenic cysts (Fig. 1.9). Esophageal duplication cysts 
arise from the dorsal bud of the primitive foregut, and neur-
enteric cysts occur due to incomplete separation of the 
endoderm and notochord. Although often treated as distinct 
lesions, foregut duplication cysts frequently contain ele-
ments of more than one foregut tissue, and hybrid lesions 
are common.

Bronchogenic and other foregut duplication cysts are 
most often detected as incidental findings in asymptomatic 
infants and children. They may be diagnosed on prenatal 

imaging, and fetal MR imaging typically demonstrates a 
unilocular thin-walled hyperintense cyst within the medi-
astinum on T2-weighted sequences (Fig. 1.10) [36–38]. If 
not detected prenatally, bronchogenic and other foregut 
duplication cysts may be detected on chest radiograph as a 
mediastinal or pulmonary mass. Cross-sectional imaging 
is often performed to evaluate the finding of a mass. 
Although this is most typically achieved with CT, MR 
imaging is an excellent modality to characterize broncho-
genic and other foregut duplication cysts. MR imaging 

a

c d

b

Fig. 1.8 Bronchogenic cyst in a 7-year-old girl. (a) Axial enhanced 
soft tissue window setting CT image shows a thin-walled cyst (C) in the 
right posterior mediastinum containing simple fluid density. (b) Coronal 
enhanced lung window setting CT image shows the thin-walled cyst 

(C). (c) Axial non-enhanced bright-blood short tau inversion recovery 
(STIR) MR image shows hyperintense signal within the cyst (C). (d) 
Axial enhanced T1-weighted fat-suppressed MR image shows the cyst 
(C) with a thin enhancing wall and no central enhancement
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10

typically demonstrates a cyst that is hyperintense on 
T2-weighted images and has variable intensity on 
T1-weighted images and does not enhance on contrast- 
enhanced images, except for a thin rim of wall enhance-
ment [34]. Bronchogenic cysts within the mediastinum 
rarely communicate with the airway, but more peripheral 
cysts may communicate with the airway and contain an 
air-fluid level [39]. Bronchogenic cysts may become 
infected, especially when there is communication with the 
airway. When superinfected, cysts may develop a thick 
enhancing wall with irregular borders [40].

Currently, both asymptomatic and symptomatic broncho-
genic and other foregut duplication cysts are typically treated 
with surgical resection [40].

Congenital Pulmonary Airway Malformation Congenital 
pulmonary airway malformations (CPAMs), previously 
known as cystic adenomatoid malformations (CCAMs), 
are a group congenital lung lesions composed of large 
cysts or microscopic cysts, bronchiolar overgrowth, and 
abnormal connection with the airway [39, 40]. Classically, 
CPAMs have conventional pulmonary vascular anatomy, 

a b

c d

Fig. 1.9 Esophageal duplication cyst in a 12-year-old boy. (a) Axial 
enhanced soft tissue window setting CT image shows a cyst (C) adja-
cent to the esophagus which is greater than simple fluid density due to 
proteinaceous contents. (b) Axial non-enhanced SSFSE T2-weighted 
MR image shows hyperintense signal within the cyst (C). (c) Axial non- 

enhanced black-blood T2-weighted MR image shows hyperintense sig-
nal within the cyst (C). (d) Axial enhanced T1-weighted fat-suppressed 
MR image shows the cyst (C) with internal hyperintensity due to intrin-
sically hyperintense proteinaceous material rather than due to 
enhancement
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receiving blood from the pulmonary artery and draining to 
the pulmonary vein [41]. However, hybrid lesions are 
common, and elements of CPAM are frequently present in 
pulmonary lesions supplied by a systemic artery [42–44]. 
Several classification systems have been developed to 
describe CPAMs, but the most commonly used system in 
current practice is the modified Stocker system [39, 40, 
42, 44–47]. The modified Stocker system is described in 
Table 1.3.

CPAMs may be first diagnosed on prenatal imaging. On 
fetal MR imaging, CPAMs appear as hyperintense lung 
lesions, and depending on the type discrete cysts may or 
may not be visible (Fig.  1.11) [48]. Categorization of 
CPAMs on fetal imaging is slightly different than on post-
natal imaging, largely due to the smaller size of the fetus. 
On fetal imaging, CPAMS are categorized as macrocystic 
when cysts are ≥5  mm or microcystic when cysts are 
<5 mm [49]. Macrocystic (≥5 mm) lesions on fetal imag-
ing correspond to Stocker Type 1 lesions, and microcystic 
(<5  mm) lesions on fetal imaging correspond to Stocker 
Type 2 lesions [40, 48]. If not detected on prenatal imag-
ing, CPAM may be first visualized on chest radiograph as 
an air-filled cystic lesion or a solid mass, depending on the 
type [48].

Postnatal cross-sectional imaging is indicated to fur-
ther assess CPAM especially when surgical resection is 
considered. Currently, CT is the modality most often uti-
lized for this indication, but MR imaging can be utilized 
as an alternative. Because pulmonary sequestration and 
hybrid lesions are often a differential consideration, MR 
angiography is indicated to evaluate the vascular supply. 
MR imaging findings of CPAMs depend on the type. Cysts 
in type 1, 2, and 4 lesions are air-filled or fluid-filled and 
have a thin hyperintense wall that enhances on contrast-
enhanced images (Fig. 1.12) [31]. Type 3 lesions appear 
as solid enhancing masses on contrast-enhanced MR 
images.

If a CPAM is causing symptoms, surgical resection is 
indicated. Management of asymptomatic CPAM is more 
variable. Many advocate surgical resection due to small risks 
of superinfection and associated malignancy, but others rec-
ommend a conservative approach due to the small incidence 
of these complications [50–55].

Pulmonary Sequestration Pulmonary sequestration was 
defined by Pryce in 1946 as “disconnected bronchopulmo-
nary mass or cyst with an anomalous arterial supply” [56]. 
Twenty-five percent of lesions are defined as extralobar, with 
their own pleural covering and venous drainage to a systemic 
vein [39–41]. Seventy-five percent of lesions are defined as 
intralobar, sharing a pleural covering with the normal lung 
and with venous drainage to the left atrium [39–41]. 
Extralobar sequestration may occur in the lower lobes, 
within the diaphragm, in the abdomen, or within the medias-
tinum, and intralobar sequestration most often occurs in the 
lower lobes [39–41].

Sequestration is often diagnosed on prenatal ultrasound. 
Fetal MR imaging may be performed to further characterize 
lesions, which typically demonstrates a lesion that is hyper-

Fig. 1.10 Bronchogenic cyst on prenatal MR imaging. Coronal non-
enhanced T2-weighted image shows a thin-walled cyst (arrow) adja-
cent to the left bronchus

Table 1.3 Congenital pulmonary airway malformation (CPAM) modi-
fied Stocker classification

Type Characteristics
Type 0 Diffuse acinar dysgenesis

Incompatible with life and rarely seen in clinical practice
Type 1 Large cyst or cysts measuring >2 cm
Type 2 Cyst or cysts measuring <2 cm
Type 3 Tiny “microcysts” measuring <5 mm

Appears as a solid mass on imaging and gross inspection
Type 4 Large cysts in the periphery of the lung

Difficult to differentiate from type 1
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intense on T2-weighted images (Figs.  1.13 and 1.14). A 
flow-void might be seen arising from the aorta, indicating the 
systemic arterial supply, but this is often difficult to visual-
ize. Therefore, the MR imaging appearance may be similar 
to other lesions including CPAM, bronchial atresia, and con-
genital lobar emphysema [48, 49, 57].

After birth, cross-sectional imaging is often indicated, 
especially when surgical resection is considered. CTA is 
most often performed for this indication given its excellent 
temporal and spatial resolution and ability to visualize 
anomalous vasculature. MRA may be appropriate in certain 
cases, such as if there is heightened concern about the effects 
of ionizing radiation. The key to imaging pulmonary seques-

tration is defining the arterial supply and the venous drain-
age. On conventional fluid-sensitive MR imaging sequences, 
sequestration typically appears as a cystic or solid lesion 
within the lung [31]. MRA demonstrates the systemic feed-
ing artery (usually from the aorta) and the venous drainage to 
the left atrium (intralobar sequestration) or a systemic vein 
(extralobar sequestration) [31].

If symptomatic, pulmonary sequestration is treated with 
surgical resection. Similar to CPAM, management of 
asymptomatic pulmonary sequestration is somewhat contro-
versial. Treatment may include resection due to concern 
about superinfection and small risk for malignancy or a 
watchful waiting strategy [58, 59].

a b

Fig. 1.12 Congenital pulmonary airway malformation (CPAM) type 
2  in a boy at 7 months old and 9 years old. (a) Axial enhanced lung 
window setting CT image at 7  months of age shows multiple cysts 

(arrow) measuring <2  cm in the left lower lobe. (b) Axial enhanced 
T1-weighted fat-suppressed PROPELLER MR image at 9 years of age 
shows multiple cysts (arrow) measuring <2 cm in the left lower lobe

a b c

Fig. 1.11 Macrocystic congenital pulmonary airway malformation 
(CPAM) on prenatal MR imaging. (a) Coronal non-enhanced 
T2-weighted MR image shows several hyperintense cysts (arrows) in 
the right lung. A left pleural effusion (arrowhead) is also present. (b) 

Sagittal non-enhanced T2-weighted MR image shows several hyperin-
tense cysts (arrows) in the lung. (c) Sagittal ultrasound image shows 
several hypoechoic cysts (arrows) in the lung
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Fig. 1.13 Intralobar 
pulmonary sequestration on 
prenatal imaging. (a) Coronal 
non-enhanced T2-weighted 
MR image shows 
hyperintense lesion (S) 
replacing the right lower lobe 
and crossing the midline.  
(b) Sagittal non-enhanced 
T2-weighted MR image 
shows hyperintense lesion (S) 
replacing the right lower lobe. 
(c) Sagittal ultrasound image 
with color Doppler shows an 
anomalous systemic artery 
(arrow) arising from the 
descending thoracic aorta.  
(d) 3D reconstructed 
ultrasound image shows an 
anomalous systemic artery 
(arrow) arising from the 
descending thoracic aorta
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 Infectious Lung and Pleural Disorders

Infections of the lungs and pleura are among the most  common 
reasons for children to require medical attention [60, 61]. 
Imaging is often performed in these children, most commonly 
beginning with chest radiographs. When complicated infection 
is suspected, cross-sectional imaging tests are often performed, 
frequently CT.  With increased concern about the potentially 
harmful effects of ionizing radiation, and technical advances 
allowing for diagnostic MR imaging imaging of the thorax, 
MR imaging has begun to gain attention as a potential alterna-
tive to CT in this scenario. A large number of different infections 
may affect the lungs and pleura, and there is overlap in the 

imaging features of different infections. In this section, the 
most frequently encountered pediatric infections of the lungs 
and pleura are described, and common MR imaging patterns of 
these infections are illustrated.

Bacterial Infection Bacterial infection of the lung causes 
pneumonia. Pleural effusion may occur in association with bac-
terial pneumonia, and empyema occurs if infection spreads to 
the pleural space. The two most common pathogens to cause 
bacterial pneumonia in the pediatric population are Streptococcus 
Pneumoniae and Staphylococcus Aureus. Less common patho-
gens include Haemophilus Influenzae, Bordetella Pertussis, and 
Klebsiella Pneumoniae. Other pathogens may occur in specific 
scenarios, for example, Group B Streptococcus infection in 
newborn children of colonized mothers, Pseudomonas 
Aeruginosa infection in pediatric patients with cystic fibrosis, 
and anaerobic organisms in aspiration pneumonia.

Three main patterns have been recognized in bacterial 
pneumonia. These include pulmonary consolidation, bron-
chopneumonia, and atypical pneumonia. Pulmonary consoli-
dation occurs when alveoli fill with exudate, inflammatory 
cells, and fibrin (Fig.  1.15) [62]. In children consolidation 
may be lobar or spherical, resulting in “round pneumonia” 
[63, 64]. Bronchopneumonia describes a pulmonary infec-
tion characterized by peribronchial inflammation affecting 
multiple lobes and may result in patchy peribronchial con-
solidation and ground-glass signal (Fig. 1.16). Atypical pneu-
monia is a condition in which imaging may show only mild 
pulmonary findings such as mild reticular or patchy opaci-
ties without a focal region of consolidation, and symptoms 
may include headache and sore throat [65]. In current clini-
cal practice, these three patterns are most often seen on chest 
radiograph or CT, but the findings may also be seen on MR 
imaging.  Detailed descriptions of the  specific MR imaging 

Fig. 1.14 Extralobar infradiaphragmatic pulmonary sequestration on 
prenatal MR imaging. Coronal non-enhanced T2-weighted MR image 
shows hyperintense lesion (arrow) inferior to the left diaphragm

Fig. 1.15 Aspiration pneumonia in a 3-week-old girl who presented 
with fever and respiratory distress. Axial non-enhanced T2-weighted 
fat-suppressed MR image shows left lower lobe consolidation (arrow)
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findings (e.g., consolidation and ground-glass signal) are 
 covered in a subsequent section.

Pleural effusion may occur in association with bacte-
rial pneumonia and is called parapneumonic effusion (see 
Fig. 1.16). Empyema occurs when infection spreads to the pleu-
ral space, resulting in thickening and hyperemia of the pleural 
membranes, complex fluid within the pleural space, and locu-
lated pockets of infected fluid. These findings may be appreci-
ated on MR imaging and include hyperintense non- enhancing 
complex fluid within the pleural space and hyperenhancing 
thickened parietal and visceral pleura. Rarely, a condition 
called empyema necessitans can occur when empyema spreads 
from the pleural space to the chest wall (Fig. 1.17). Empyema 

necessitans is most often caused by Actinomyces israelii or 
Mycobacterium tuberculosis infection.

Viral Infection Viral respiratory infections include bron-
chiolitis and viral pneumonia and occur when airborne 
viruses infect the respiratory mucosa. Infection leads to 
bronchial wall thickening, inflammation, and mucous pro-
duction. Mucous plugging and bronchial wall thickening 
often lead to air trapping and atelectasis. Pleural effusions 
may accompany viral lower respiratory tract infection. 
Although these imaging findings are more often described 
on chest radiograph and CT, the finding may also be appreci-
ated on MR imaging (Fig. 1.18).

Fig. 1.16 Bacterial bronchopneumonia in a 16-year-old girl who presented 
with fever and cough. Coronal non-enhanced TruFISP/FIESTA MR image 
shows peribronchial ground-glass signal abnormality in the left upper and 
left lower lobes (asterisks) and a simple left pleural effusion (arrow)

a b

C C

Fig. 1.17 Empyema necessitans in a 17-year-old boy who presented with 
fever and chest swelling. (a) Axial enhanced soft tissue window setting CT 
image shows consolidation (C) in the lingua, dense pleural fluid and soft 
tissue density (arrow), and left chest wall soft tissue thickening and inflam-

mation (asterisk) with periosteal reaction (arrowhead) in the adjacent rib. 
(b) Axial enhanced T1-weighted fat-suppressed MR image shows consoli-
dation (C) in the lingua, pleural soft tissue thickening (arrow), and left chest 
wall soft tissue thickening and inflammation (asterisk)

Fig. 1.18 Respiratory syncytial virus infection in a 1-week-old girl who 
presented with respiratory distress. Axial non-enhanced T2-weighted 
fat- suppressed MR image shows bilateral peribronchial interstitial thick-
ening (asterisks)
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A large number of different viruses may cause lower 
respiratory tract infection in children. Respiratory syncytial 
virus (RSV) is the most common cause of viral bronchiolitis 
in infants and young children (see Fig. 1.18). Other viruses 
that may result in lower respiratory tract infection include 
human metapneumovirus, parainfluenza virus, rhinovirus, 
influenza, adenovirus, and cytomegalovirus, among others.

Fungal Infection Fungal infection of the lungs is uncom-
mon in immunocompetent children but is relatively frequent 

in immunocompromised children [66]. The most common 
pulmonary fungal infections are aspergillosis, coccidioi-
domycosis, and histoplasmosis in the pediatric population. 
Pulmonary infection most often occurs when airborne 
fungi enter and disseminate through the lung via endobron-
chial spread, resulting in multiple pulmonary nodules dis-
tributed in a tree-in-bud pattern (Figs. 1.19 and 1.20) [65]. 
Hematogenous spread also occurs, leading to a pattern of 
small randomly distributed pulmonary nodules in a “mili-
ary” pattern. Pulmonary nodules in fungal infection often 

ba

Fig. 1.19 Pulmonary coccidioidomycosis infection in a 5-year-old girl 
who presented with fever, cough, and headache. (a) Axial non-enhanced 
T2-weighted fat-suppressed MR image shows numerous bilateral 

hyperintense pulmonary nodules. (b) Coronal enhanced T1-weighted 
fat-suppressed MR image shows numerous bilateral hyperintense pul-
monary nodules

a b

Fig. 1.20 Pulmonary Aspergillus infection in 14-year-old girl with 
cystic fibrosis. (a) Axial enhanced lung window setting CT image 
shows tree-in-bud nodularity (black arrows) in bilateral lower lobes, a 
larger nodule (white arrow) with ground-glass halo in the left upper 

lobe, and left hilar adenopathy (arrowhead). (b) Axial non-enhanced 
SSFP T2/T1-weighted MR image shows left upper lobe nodule (arrow) 
and left hilar adenopathy (arrowhead)
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have a solid center (which may cavitate) surrounded by a 
rim of ground-glass signal intensity, producing a “halo” sign 
[67]. These findings are most often described on chest radio-
graph and CT, but they can also be seen on MR imaging as 
described in a following section.

Mycobacterial Infection (Tuberculosis) In the develop-
ing world, tuberculosis (TB) continues to be a significant 
cause of community-acquired illness and, in the developed 
world, TB primarily affects patients who are immunocom-
promised or patients who emigrate from the developing 
world (Fig. 1.21) [68–70]. Although chest radiograph and 
CT are the most commonly used imaging modalities to 
assess TB infection, MR imaging may be considered in cer-
tain scenarios. For example, MR imaging may be utilized 
in immunocompromised pediatric patients receiving mul-
tiple imaging studies in order to mitigate exposure to ion-
izing radiation.

The most common primary mode of transmission for 
TB infection is through inhalation of infected droplets, and 
the initial infection is termed primary TB. In children, pri-
mary infection most often causes mild symptoms with no 
findings on imaging studies [71]. Less often, primary 
infection may cause more significant symptoms and be 
accompanied by mediastinal and hilar lymphadenopathy 
and pulmonary parenchymal opacity (see Fig.  1.21) [72, 
73]. Lymphadenopathy is most often mild, but in a minor-
ity of cases, lymph nodes can become significantly 
enlarged and cause significant bronchial obstruction [74, 
75]. Pleural effusion occurs in approximately 22% of chil-
dren with primary TB infection (see Fig. 1.21) [76]. In pri-

mary infection, MR imaging may be normal or demonstrate 
pulmonary consolidation, pulmonary nodules, pleural 
effusion, or lymphadenopathy (see Fig. 1.21) [77, 78].

Dormant infection may become active at a time after pri-
mary infection, referred to as reactivation TB.  Symptoms 
typically include fever, night sweats, productive cough, and 
hemoptysis. Imaging findings in reactivation TB typically 
include upper lobe consolidation with cavitation [79]. MR 
imaging may demonstrate upper lobe consolidation as a 
region of increased signal on fluid-sensitive sequences and 
show central necrosis as a region of relatively lower signal 
intensity within the consolidation [78].

Hematogenous spread of TB infection can lead to innu-
merable small nodules scattered throughout the lungs, liver, 
and spleen, termed miliary infection [73]. Young children and 
immunocompromised pediatric patients are at higher risk for 
miliary disease. In miliary infection, MR imaging shows 
innumerable 1–3  mm nodules within the lungs, liver, and 
spleen.

Parasitic Infection (e.g., Hydatid Disease) Pulmonary 
hydatid disease is caused by infection with Echinococcus 
granulosus, a parasite whose definitive host is the dog or 
other canids and intermediate host is sheep, goats, pigs, 
cattle, horses, or camels. Children may become infected 
by ingesting the eggs of the parasite located within feces 
of infected canids. After ingestion, the eggs hatch in the 
child’s gastrointestinal tract and larvae enter the blood-
stream. By hematogenous spread, larvae can then form 
cysts throughout the body; the two most common loca-
tions are the liver and the lung. Although most hydatid 
infections occur during childhood, the hydatid infection is 
often indolent, and affected patients may not present until 
adulthood [80]. Pulmonary hydatid disease is rare in many 
regions of the world, but, in endemic regions, it is a com-
mon differential diagnosis for a cystic lung lesion [81]. 
Hydatid cysts are composed of three layers (pericyst, lam-
inated layer, and germinal layer) with membranes between 
them [82].

Pulmonary hydatid disease may first be detected on 
chest radiograph as a single (81%) or multiple (19%) round 
densities ranging in size from 1 to 20  cm [83–85]. On 
CT, these lesions demonstrate internal fluid density and a 
smooth wall that is higher density than fluid (Fig.  1.22). 
If cyst communicates with the airway an “air-crescent” sign 
may be seen and a “water lilly” sign may be seen when a 
collapsed endocyst floats within a cyst [85, 86]. MR imag-
ing may help differentiate pulmonary hydatid disease from 
other cystic lung lesions by showing characteristic hypoin-

Fig. 1.21 Mycobacterium tuberculosis infection in 13-year-old boy with 
immunosuppression. Axial non-enhanced T2-weighted MR image shows 
multiple hyperintense and ground-glass pulmonary nodules (black 
arrows), bilateral interstitial thickening (white arrows), and small right 
pleural effusion (arrowheads)
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tense folded membrane within the cyst and a hypointense 
rim surrounding the cyst (see Fig. 1.22) [81]. Recent pro-
spective study which compared MR and contrast-enhanced 
MDCT for evaluation of  pediatric pulmonary hydatid dis-
ease showed that fast MR imaging without contrast material 
is comparable to contrast-enhanced MDCT for accurately 
diagnosing lung cysts in pediatric patients with pulmonary 
hydatid disease. However, added diagnostic value demon-
strating internal membranes of cysts, which is specific to 
pulmonary hydatid disease, was provided by MR imaging 
in comparison to MDCT [87].

MR imaging Findings of Infectious Disorders of the Lung 
and Pleura Pulmonary infection may produce a number of 
different findings on MR imaging.  The following section 
illustrates these MR imaging findings.

Lung Consolidation Pulmonary consolidation is common 
in bacterial pneumonia. On CT, pulmonary consolidation 
appears as opacified lung which obscures pulmonary ves-
sels, often with air bronchograms [88]. On MR imaging, 
homogenous signal intensity fills the normally hypoin-
tense lung and obscures pulmonary vessels (Fig. 1.23 and 
see Fig. 1.15) [88]. On T2-weighted sequences, the signal 
within pulmonary consolidation is typically greater than 
the signal in skeletal muscle. On contrast-enhanced 
T1-weigthed images with fat suppression, the region of 
consolidation typically enhances homogenously, unless 
there is necrosis.

Ground-Glass Signal Pulmonary infection may lead to 
ground-glass abnormalities within the lungs. On CT, 
ground- glass opacities are defined as opacities which are 
denser than the air-filled lung, but not dense enough to 
obscure the pulmonary vasculature. On MR imaging, 
ground-glass signal is defined as hyperintense signal 
within the lungs that is more intense than the air-filled lung 

a b

Fig. 1.23 Aspiration-related bilateral lower lobe consolidation in a 
3-year-old boy with esophageal atresia repair. (a) Axial non-enhanced 
T2-weighted fat-suppressed MR image shows bilateral lower lobe con-

solidation (arrows). (b) Axial non-enhanced T2-weighted fat- 
suppressed MR image shows a dilated fluid-filled esophagus (E)

a

b

c

Fig. 1.22 Pulmonary hydatid disease in a 10-year-old boy who presented 
with chest pain and cough. (Courtesy of Kushaljit Singh Sodhi, MD, PhD, 
Department of Radiodiagnosis, Postgraduate Institute of Medical Education 
and Research, Chandigarh, India). (a) Axial enhanced soft tissue window 
setting CT image shows cystic lesion (H) with peripheral enhancement in 
the right upper lobe. (b) Axial non-enhanced T2-HASTE-weighted MR 
image shows internal folded membranes (arrows) within the cystic lesion. 
(c) Axial non-enhanced T2-BLADE- weighted MR image shows internal 
folded membranes (arrows) within the cystic lesion
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but does not obscure the pulmonary vasculature (Fig. 1.24 
and see Fig. 1.16) [88]. Pulmonary infection may lead to 
ground-glass signal within the lungs, or areas of mixed 
consolidation and ground-glass signal. Ground-glass 
 signal can also be seen surrounding a central nodule, 
 producing a “halo” sign seen in fungal and other infections 
[67].

Lung Abscess and Necrosis Pulmonary infection can 
progress from consolidation and ground-glass abnormali-
ties to pulmonary necrosis and abscess if there is interrup-
tion of the blood supply to the lung. Pulmonary necrosis 
describes devitalized lung which loses its normal architec-
ture and often contains irregularly shaped pockets of air 
and coalescing fluid. Pulmonary necrosis evolves into pul-
monary abscess when a wall forms around a region of 
devitalized lung (Fig. 1.25) [65, 89, 90]. On MR imaging, 

pulmonary necrosis is defined as an area of lung consolida-
tion without enhancement on contrast-enhanced images. 
On T2-weighted images, necrosis may be appreciated as a 
region of lower signal centered within a higher-signal 
region of consolidation. Like on chest radiograph and CT, 
irregularly shaped locules of air may be seen within a 
region of pulmonary necrosis, and an air-filled cavity or a 
cavity with an air-fluid level may be seen in pulmonary 
abscess (see Fig. 1.25) [91].

Internal Membrane (e.g., Hydatid Disease) Hydatid cysts 
are composed of three layers: the outermost pericyst, the 
middle laminated layer sometimes called the ectocyst, and 
the innermost germinal layer also known as the endocyst 
[82]. Each of these layers is separated by a membrane, 
and visualization of these membranes may aid in the diag-
nosis of pulmonary hydatid disease (see Fig. 1.22).

Pulmonary hydatid cysts appear as smooth-walled cystic 
masses, which contain fluid that is hyperintense on 
T2-weighted images and does not enhance on contrast- 
enhanced images. MR imaging may be helpful for differenti-
ating hydatid cysts from other cystic masses by demonstrating 
a characteristic hypointense rim surrounding the cyst and a 
folded hypointense membrane within the cyst (see Fig. 1.22) 
[81, 87].

Bronchiectasis Bronchiectasis may occur as a complica-
tion of pulmonary infection and is defined as irreversible 
dilation of a bronchus or bronchiole. Bronchiectasis may 
also occur in the setting of cystic fibrosis or ciliary dyskine-
sia [86, 92–96]. Bronchiectasis can be diagnosed on MR 
imaging when the diameter of a bronchus is greater than the 
diameter of the pulmonary artery adjacent to it [65]. 
Because bronchi are air- filled structures surrounded by a 
thin wall, CT is often better at depicting bronchiectasis than 
MR imaging. However, the bronchial walls are often thick-
ened and inflamed in bronchiectasis, and these bronchial 
walls are often hyperintense and visible on T2-weighted 
MR images (see Fig. 1.25).

Pleural Effusion Simple pleural effusions may occur in 
cases of pulmonary infection. In these cases, infection may 
not spread to the pleural space, but the pleural effusion is 
reactive to the adjacent inflammatory process. In these 
cases, pleural fluid is homogenous and hyperintense on 
T2-weighted images and hypointense on T1-weighted 
images, and pleural membranes are thin without thicken-
ing or hyperenhancement on contrast-enhanced MR 
images (see Figs. 1.16 and 1.24) [97]. Thoracentesis and 
chest tube placement may be performed for symptom relief 

Fig. 1.24 Bronchopneumonia causing ground-glass signal abnormal-
ity in a 13-year-old boy who presented with fever and cough. Axial 
non-enhanced bright-blood T2-weighted MR image shows peribron-
chial ground-glass signal abnormality (arrows) in the left upper and left 
lower lobe and bilateral pleural effusions (arrowheads)

Fig. 1.25 Pulmonary abscess in a 17-year-old girl with cystic fibrosis, 
fever, and cough. Axial non-enhanced bright-blood MR image shows a 
cavity (arrow) containing an air-fluid level within the right upper lobe 
and bilateral bronchiectasis (arrowheads) with bronchial wall 
thickening
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when simple effusions are large or to sample fluid in cases 
of  suspected empyema.

Empyema When infection spreads from the lung into the 
pleural space, an empyema occurs. The appearance of an 
empyema differs from the appearance of a simple pleural 
effusion. In empyema, MR imaging may show heteroge-
neous signal within the pleural space on T2-weighted 
images due to septations or complex material (see Fig. 1.17) 
[91]. On contrast- enhanced images, the pleural membranes 
are typically thickened and hyperenhancing. Empyema 
may be treated with one of two strategies: antibiotics, chest 
tube placement, and infusion of fibrinolytics to the pleural 
space or video- assisted thoracoscopic surgery (VATS)-
assisted drainage [98, 99].

 Neoplastic Lung and Pleural Disorders

Primary neoplasms of the lungs and pleura are rare and 
metastatic disease is much more common in the pediatric 
population [100, 101]. Most neoplasms of the lungs and 
pleura are first detected on chest radiographs and then fur-
ther evaluated with CT.  MR imaging may be utilized in 
select scenarios where radiation exposure is a concern or 
as a part of whole-body MR imaging [102]. The MR imag-
ing appearance of pulmonary and pleural neoplasms is dis-
cussed in the following sections.

Benign Primary Neoplasms of Lung and Pleura Benign 
primary neoplasms of the lung and pleura are rare in chil-
dren. Benign neoplasms that may occur in children include 
pulmonary hamartoma, pulmonary chondroma, respiratory 
papillomatosis, pulmonary sclerosing pneumocytoma, pul-
monary inflammatory myofibroblastic tumor, and pleural 
fibrous pseudotumor [103]. Given the rarity of these entities, 
there is little in the medical literature describing the MR 
imaging appearance of many of these entities, though some 
have been described.

Pulmonary hamartomas are smooth or slightly lobu-
lated solitary pulmonary nodules which may contain fat or 
calcification. On MR imaging, hamartomas demonstrate 
hyperintensity on T2-weighted images and early peripheral 
enhancement that becomes homogenous on delay-phase 
images (Fig.  1.26) [104]. Cleft-like structures separating 
small cystic spaces have been described within pulmonary 
hamartomas on T2-weighted and contrast-enhanced images 
[104, 105], and chemical shift MR imaging can aid in detec-
tion of fat within lesions [106].

Inflammatory myofibroblastic tumors are low-grade 
mesenchymal tumors that may present as solitary circum-

scribed pulmonary nodules or masses or can be infiltrative 
[107]. In the limited literature describing the MR imaging 
appearance, inflammatory myofibroblastic tumors may be 
heterogeneous on T2-weighted images with heterogeneous 
enhancement and necrosis on contrast-enhanced imaging 
(Fig. 1.27) [108].

Malignant Primary Neoplasms of Lung and Pleura  
Malignant primary neoplasms of the lung and pleura 
are rare in children. Entities include pleuropulmonary 
blastoma (PPB), pulmonary carcinoid tumor, broncho-
genic carcinoma, mucoepidermoid tumor, and epithelioid 
hemangioendothelioma. As with the benign tumors, there 
is little in the medical literature describing the MR imag-
ing appearance of many of these entities, although some 
have been described.

PPB is an aggressive embryonal tumor that arises from the 
lung or less often from the pleura. PPB is associated with a 
hereditary tumor predisposition syndrome which includes cys-
tic nephroma, stromal sex-cord ovarian tumors, seminomas or 
dysgerminomas, intestinal polyps, thyroid hyperplasias, hamar-
tomas, and medulloblastoma [109]. PBB and this hereditary 
tumor predisposition syndrome are associated with a mutation 
in the DICER1 gene [110]. There are three types of PPB: type I 
is purely cystic, type II is cystic and solid, and type III is com-
pletely solid. The median age at diagnosis for type I is 8 months, 
type II is 35 months, and type III is 41 months [111]. The MR 
imaging appearance depends on the type. In type III, masses are 
typically large and heterogeneous on T1- and T2-weighted 
images and often contain regions of necrosis which do not 
enhance on contrast- enhanced images (Fig. 1.28) [112].

Fig. 1.26 Pulmonary hamartoma in a 13-year-old girl. Coronal non- 
enhanced T2-weighted fat-suppressed MR image shows a right perihi-
lar hyperintense solitary pulmonary nodule (arrow) with a smooth 
margin
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Fig. 1.27 Pulmonary inflammatory myofibroblastic tumor in a 
5-year- old boy. (a) Frontal chest radiograph shows a large right upper 
lobe mass (M). (b) Axial enhanced soft tissue window setting CT 
image shows the right upper lobe mass (M) demonstrating heteroge-
neous enhancement. (c) Axial non-enhanced SSFSE T2-weighted MR 

image shows the right upper lobe mass (M) demonstrating heteroge-
neous signal intensity. (d) Axial enhanced T1-weighted fat-suppressed 
MR image shows regions of non-enhancement (arrows) within the 
mass, indicating necrosis

a b

Fig. 1.28 Type III pleuropulmonary blastoma in a 5-year-old girl. (a) 
Axial non-enhanced T2-weighted fat-suppressed MR image shows a 
large heterogeneously hyperintense left upper lobe mass which exerts 
mass effect on the mediastinum. Regions of greater hyperintensity 

(asterisks) within the mass correspond to regions of necrosis. (b) Axial 
enhanced T1-weighted fat-suppressed MR image shows heterogenous 
enhancement within the mass with several non-enhancing regions 
(asterisks), indicating necrosis
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Epithelioid hemangioendothelioma is a rare vascular sar-
coma that can occur at any age and any organ in the body 
including the lung and pleura [113–115]. Three patterns on 
imaging are described with thoracic epithelioid hemangioen-
dothelioma: multiple pulmonary nodules, multiple pulmonary 
reticulonodular opacities, or diffuse infiltrative pleural thick-
ening [116]. Although these findings have been described on 
CT, similar findings are seen on MR imaging (Fig. 1.29).

Metastatic Neoplasm of Lung and Pleura Metastatic dis-
ease is much more common than primary malignancy in the 
thorax in the pediatric population. In children, pulmonary 
metastatic disease is 11.6 times more common than  primary 
pulmonary malignancy [101]. In children with a known pri-
mary malignancy, surveillance for thoracic metastases is 
most often achieved with CT given its excellent ability to 
detect pulmonary nodules with little motion artifact. MR 
imaging is able to reliably detect pulmonary metastases 
≥5 mm [117, 118], but early identification of small pulmo-
nary metastasis (<4  mm) has significant implications for 
treatment and survival; therefore, CT is currently the pre-
ferred method for evaluation of pulmonary metastatic dis-
ease. MR imaging may be considered to monitor known 
pulmonary metastases during therapy in select scenarios or 
may be used as a part of whole- body screening in patients 
with hereditary cancer syndromes.

On MR imaging, metastatic pulmonary nodules typically 
appear isointense to skeletal muscle on T1-weighted images, 
slightly hyperintense to skeletal muscle on T2- weighted 
images and demonstrate variable enhancement on contrast- 
enhanced images (Fig.  1.30). Because pulmonary nodules 
contain signal-producing protons, they are typically easily 

detectible on the background of hypointense aerated lung, 
although respiratory motion artifact can obscure small nod-
ules. Pulmonary metastatic disease is most often character-
ized by multiple pulmonary nodules but can also disseminate 
within the lung via the lymphatic system, in a process called 
lymphangitic spread (Fig. 1.31).

Pleural effusions may also occur in metastatic disease. In 
cases of pulmonary metastasis with reactive pleural effusions, 
the pleural effusions typically contain simple fluid that is 
hypointense on T1-weighted images and hyperintense on 
T2-weighted images without associated enhancement. In cases 
of metastatic spread to the pleura, pleural effusions are accom-
panied by pleural nodularity, pleural enhancement, and pleural 
fluid may be complex and contain septations (see Fig. 1.30).

 Other Pulmonary and Pleural Conditions 
Which May Be Evaluated on MR imaging

Pulmonary Edema Pulmonary edema is a condition where 
fluid accumulates with the pulmonary interstitium and alveoli. 
Pulmonary edema may be cardiogenic or non- cardiogenic. 
Cardiogenic pulmonary edema is most commonly due to 
depressed left ventricular function or obstructed pulmonary 
venous return. Non-cardiogenic edema may be due to fluid 
overload, as in cases of excessive intravenous fluid administra-
tion or renal failure, or due to increased pulmonary capillary 
permeability, as in cases of drug toxicity, acute respiratory dis-
tress syndrome (ARDS), and neurogenic edema.

MR imaging findings of pulmonary edema are best appre-
ciated on T2-weighted sequences. The interlobular septa are 
normally not visible on MR imaging, but, in cases of intersti-

ba

Fig. 1.29 Epithelioid hemangioendothelioma in a 16-year-old girl. (a) 
Coronal non-enhanced T2-weighted fat-suppressed MR image shows 
multiple bilateral hyperintense pulmonary nodules. (b) Axial non- 

enhanced T2-weighted fat-suppressed MR image shows multiple bilat-
eral hyperintense pulmonary nodules
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tial  pulmonary edema, the septa become visible and hyperin-
tense on T2-weighted images (Fig. 1.32). When fluid fills the 
alveoli, ground-glass signal and consolidation may be seen 
(Fig. 1.33 and see Fig. 1.32). MR imaging may also show 
pleural effusion and cardiomegaly in cases of cardiogenic 
pulmonary edema.

Pleural Effusion Pleural effusions may form when excess 
production or decreased absorption of pleural fluid leads to 
accumulation within the pleural space. The most common 
causes of pleural effusion are infection, congestive heart failure, 
and malignancy (see Figs.  1.16, 1.17, 1.24, 1.30, 1.31, and 
1.32). Exudative pleural effusions are composed of simple clear 
fluid. On MR imaging, exudative pleural effusions appear as 
homogenous fluid that is hyperintense on T2-weighted images 
and hypointense on T1-weighted images. If causing symptoms, 
exudative pleural effusions can be treated with chest tube place-
ment. Fibrinopurulent pleural effusions occur when infection 
spreads to the pleural space and cause empyema (see Fig. 1.17). 
Empyema is described in detail in an earlier section.

a

b

c

Fig. 1.30 Pulmonary and pleural metastases in a 14-year-old girl 
with synovial cell sarcoma of the left knee. (a) Coronal non-
enhanced T2-weighted fat-suppressed MR image shows metastatic 
nodules in the right lung (white arrow) and pleura (black arrow) and 
pleural effusion (E). (b) Axial non-enhanced T2-weighted fat-sup-
pressed MR image shows metastatic nodules in the right lung (white 
arrows), pleural effusion (E), and septations (black arrowheads) in 
the pleura. (c) Axial enhanced T1-weighted fat-suppressed MR 
image shows central hypoenhancement within metastatic nodules in 
the right lung (white arrows) and pleural effusion (E) with enhance-
ment of the pleura (arrowheads)

Fig. 1.31 Lymphangitic spread of metastatic disease and pleural effu-
sion in a 12-year-old girl with metastatic renal cell carcinoma. Axial 
non-enhanced T2-weighted fat-suppressed MR image shows bilateral 
interlobular septal thickening (white arrowheads) due to lymphangitic 
spread of metastatic disease and bilateral pleural effusions containing 
septations (black arrowheads)

C

E

Fig. 1.32 Pulmonary edema in a 17-year-old girl with congenital heart 
disease. Axial non-enhanced T2-weighted MR image shows interlobu-
lar septal thickening (arrowheads), small region of consolidation (C), 
and small right pleural effusion (E). Cardiomegaly is also seen
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a

b

Fig. 1.34 Cystic fibrosis in a 17-year-old girl. (a) Axial non-enhanced 
T2-weighted fat-suppressed MR image shows bronchiectasis with 
bronchial wall thickening (white arrows) and hyperintense pulmonary 
nodules (white arrowheads). (b) Axial non-enhanced T2-weighted fat- 
suppressed MR image shows hyperintense pulmonary nodules (white 
arrowheads) and consolidation (C)

a

b

c

Fig. 1.33 Pulmonary edema in an 8-day-old girl with coarctation of 
aorta. (a) Frontal chest radiograph shows hazy bilateral pulmonary 
opacities due to pulmonary edema. (b) Axial non-enhanced T1-weighted 
MR image shows ground-glass signal intensity throughout both lungs. 
(c) Posterior projection from 3D reformatted MR image of the medias-
tinal vessels shows focal narrowing (arrow) of the aorta distal to the 
origin of the left subclavian artery

Cystic Fibrosis Cystic fibrosis (CF) is a multisystem 
genetic disease that primarily affects the lungs but also 
affects the gastrointestinal and genitourinary systems. CF 
is caused by mutations in the CF transmembrane regulator 
(CFTR) gene, leading to decreased transmembranous chlo-
ride transport causing secretions to be thick and viscous. In 
the lungs, CF causes mucus impaction, air trapping, bron-
chial wall thickening, and bronchiectasis [119–121].

Imaging is utilized in CF to evaluate superimposed infec-
tion but is also an important tool for monitoring disease pro-
gression. Although CT has historically filled this role, MR 
imaging has gained attention as an attractive alternative 
because repeated used of CT throughout the life of a patient 
with CF can lead to large cumulative radiation doses over 
time [122]. Many of the key imaging findings in CF produce 
increased signal on T2-weighted images, facilitating their 
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detection on MR imaging (Fig. 1.34). For example, bronchi-
ectasis with bronchial wall thickening, mucus plugs, and 
consolidation are detected on MR imaging with sensitivity 
comparable to CT [121, 123–125].

 Conclusion

As MR imaging has become the primary imaging modal-
ity to assess many diseases in pediatric patients, its role in 
the evaluation of the lungs and pleura has lagged due to 
technical challenges unique to the thorax. However, in 
recent years, new advances in scanner, computing, and 
sequence technology have allowed many of these chal-
lenges to be overcome. Diagnostic imaging of the lungs 
and pleura is currently a feasible option for many pediat-
ric patients in many medical centers. As practitioners 
become familiar with these new techniques and appreciate 
its potential role, MR imaging will likely be used more in 
the future when evaluating the spectrum of congenital and 
acquired pediatric pulmonary and pleural disorders.
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Large Airways

Pierluigi Ciet, Mark C. Liszewski, and Edward Y. Lee

 Introduction

Large airway magnetic resonance (MR) imaging is a rela-
tively new technique in thoracic imaging, with chest radiog-
raphy (CXR) and computed tomography (CT) being the 
most used modalities [1]. However, the lack of ionizing 
radiation makes MR imaging an attractive alternative to CT 
particularly in the pediatric population [2]. Disorders of the 
respiratory system are quite common and of great impor-
tance in pediatrics, including both lung and airway disorders 
[3]. While CXR is most often the first step for imaging dis-
orders of the lungs, CT is the technique with the highest 
sensitivity to assess airway pathology [4]. The rapid 
improvement of MR imaging techniques has made it feasi-
ble to obtain similar image quality to CT but with the unpar-
alleled advantage of combined structural and functional 
imaging without radiation exposure [5].

In this chapter, MR imaging techniques for evaluating the 
large airways and normal anatomy in pediatric patients are 
discussed. In addition, various congenital and acquired dis-
orders commonly affecting infants and children are reviewed 
including clinical features, characteristic MR imaging find-
ings, and current treatment approaches.

 Magnetic Resonance Imaging Techniques

 Patient Preparation

Patient age is an essential factor to consider when preparing 
patients for large airway MR imaging. In pediatric patients 
who are unable to follow instructions, including most 
patients younger than 5  years and patients with cognitive 
delay, free- breathing MR imaging techniques with or with-
out anesthesia are mandatory [6]. The risks of anesthesia 
should be discussed with the referring physician and the par-
ents and weighed with the potential benefits of the MR imag-
ing examination. Possible negative sequelae of deep sedation 
on the developing brain have been shown in animal models 
[6]. When sedated, the patient needs to be closely monitored, 
ensuring appropriate heart rate, blood pressure, and oxygen-
ation. A possible alternative to sedation in neonates is the 
“feed and swaddle” technique [7], where the child is fed 
immediately before the examination and then placed in the 
scanner after being swaddled. This technique works well in 
imaging of stationary body parts such as the brain. However, 
for chest imaging, its use is frequently limited due to respira-
tory motion, which is accentuated by the high respiratory 
rates of neonates.

Cardiac and respiratory rate are two crucial factors that 
determine image quality in the neonatal patient age group 
[6]. Even with an optimized MR imaging protocol includ-
ing sequences with low motion sensitivity, such as those 
with radial and of helicoidal k-space acquisitions, unex-
pected patient movement can make a scan non-diagnostic. 
To reduce respiratory motion, the anesthesiologist can hold 
respiration at end-inspiration or end-expiration in a con-
trolled setting where patient’s vital signs are constantly 
monitored [6]. Alternatively, a breath-hold state can be rec-
reated through hyperventilation. The radiologist is respon-
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sible to keep the scan time as short as possible and at the 
same time to ensure diagnostic image quality. A short scan 
time is also important to limit the development of atelectasis, 
which can obscure underlying abnormalities [8]. After the 
MR imaging is  completed, the patient is usually monitored 
in a controlled environment until discharge from the radiol-
ogy department to ensure full recovery from anesthesia.

Older pediatric patients (usually older than 5 years), who 
can follow directions, may attempt to undergo MR imaging 
without sedation. Preparation before the MR imaging exam-
ination greatly improves the success rate in this pediatric 
patient group. This preparation consists of familiarizing the 
patient with the noisy environment of MR scanner and prac-
ticing the breathing maneuvers that will be performed dur-
ing the MR imaging examination [6]. A mock scanner 
(Fig.  2.1) can be used to reproduce similar noises of real 
MR imaging sequences and the movement of the table. 
Moreover, the patient can understand the importance of lay-
ing still and rehearse specific maneuvers in the supine posi-
tion recreating the same conditions as during the MR 
imaging scan [9]. Coaching and scanning with an MR imag-
ing-compatible spirometer helps standardize lung volume 
assessment [9]. This device allows real-time monitoring of 
maximal inspiratory and expiratory volumes that can be 
used as references to trigger MR imaging acquisition during 
the scan [9]. Finally, to reduce possible anxiety related to 
the scan, parents should be allowed to stay in the MR imag-
ing room with the child and distraction methods, such as 
projecting a movie, can be used to help the children feel 
comfortable [6].

 MR Imaging Pulse Sequences and Protocols

Unlike lung imaging, where 1.5 Tesla (T) systems are more 
suitable to achieve high signal-to-noise ratio (SNR) thanks to 
lower T2 star (T2∗) dephasing and susceptibility artifacts, 
large airway MR imaging is more suitable at higher mag-
netic fields, such as 3T or higher [2]. These systems can 
allow faster performance especially for dynamic imaging 
(because of higher SNR and slew rate). Another critical 
factor for better image quality in large airway MR imaging 
is choosing the correct receiver coil. Close-fitting, high-
density, receiver phase-array coils are of key importance 
[2]. Phase-array coils provide higher SNR by virtue of the 
closer proximity to the large airways but also allow for 
shorter acquisition time through the use of parallel imag-
ing [2].

Optimal coil designs differ depending on the patient 
anatomy; for thoracic MR imaging the coils most fre-
quently used are arrays with 8–32 receiver channels. 
Infants and young children can benefit from the use of 
small flexible coils directly in contact with the target area, 
while older patients can be imaged using a torso or head/
neck/spine (HNS) coil. A loose HNS coil design has the 
advantage of a small anterior coil receiver, which pro-
vides a tighter fit when imaging the upper airways com-
pared to a torso coil (Fig. 2.2). This is especially true in 
older girls with fully developed breasts or muscular boys 
with prominent pectoral muscles. Further improvements 
in SNR could be obtained with dedicated cape-like coils 

Fig. 2.1 Mock scanner for pediatric patient training. In the mock scan-
ner, pediatric patients familiarize themselves with the noisy environment 
of the MR imaging scanner and can rehearse breathing maneuvers

P. Ciet et al.
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tailored for large airway MR imaging. MR imaging tech-
niques for large airway imaging are summarized in the 
following sections. A dedicated protocol for large airway 
MR imaging is presented in Table 2.1.

 Static MR Large Airway Imaging
Complete MR airway imaging relies on both end-inspiratory 
and end-expiratory acquisitions. This can only be achieved 
in compliant pediatric patients. Breath-hold time needs to be 
tailored to patient’s age; therefore, younger patients require 
shorter acquisition times in the range of 8–12 seconds. Such 
scan times are achievable with several two dimensional (2D) 
and three-dimensional (3D) sequences. In pediatric patients 
who cannot follow instructions, free-breathing acquisitions 
combined with respiratory triggering or navigation allow 
diagnostic image quality, though at the expense of longer 
acquisition times.

2D Techniques

Fast Spin-Echo Sequences Fast spin-echo (FSE) or turbo 
spin-echo (TSE) sequences have low sensitivity to magnetic 
susceptibility artifacts and can achieve sub-second acquisi-
tion times (e.g., single-shot FSE scans) [2]. A typical 
sequence is the 2D T2-weighted single-shot FSE scan, 
known under different acronyms depending on the MR 
imaging scan manufacturer [2]. Single-shot FSE techniques 
have high sensitivity and high SNR for fluid detection. As all 
T2-weighted sequences, they are suitable to assess bronchial 
wall thickening and mucus plugging (Fig.  2.3). Bronchial 
walls can be further highlighted with blood suppression tech-
niques, such as those using a black blood (BB) preparation. 
BB preparation involves the application of two radio-fre-
quency (RF)-inversion pulses in close succession (non-selec-
tive and selective excitation and a corresponding inversion 

a b

Fig. 2.2 Coil selection and placement for a 7-year-old girl. (a) 
8- channel head/neck/spine (HNS) phase-array coil (GE), consisting of 
an anterior portion that is freely adaptable to variable thoracic sizes 
allowing for closer-fitting than standard torso coils in children. (b) 

6-channel coil prototype for upper airway imaging built in the Erasmus 
Medical Center (Rotterdam, The Netherlands) in collaboration with 
Machnet B.V. and Flick Engineering B.V. (Winterswijk, The 
Netherlands)

2 Large Airways
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time TI) in order to cancel all signal deriving from the blood. 
These sequences have a very high specific absorption ratio 
(SAR). Especially with small children, single-shot FSE 
requires longer wait time between slices to stay within safety 
norms and avoid patient heating.

Fast Spin Echo with Helical K-Space Acquisition PRO-
PELLER (Periodically Rotated Overlapping ParallEL Lines 
with Enhanced Reconstruction) is a particular FSE non-
breath-hold readout that collects imaging data using rotat-
ing k-space bands or blades, which is more resistant to 
respiratory and cardiac motion artifact [2]. The collection 
of blades oversamples the center of k-space, thus produc-
ing better SNR and reducing rotational and translational in-
plane motion occurring between k-space segments collected 
on each blade [2]. This sequence is suitable for non-coop-
erative pediatric patients and can be combined with pro-
spective respiratory-gated techniques (i.e., using pen-beam 
navigators or pneumobelts), to further reduce the effects of 
motion. Full axial chest coverage (approximately 25–30 cm  
craniocaudally) can be achieved in 4–7 minutes with good 
spatial resolution (1  ×  1  ×  5  mm) [2]. To enhance detec-
tion of bronchial wall thickening, bronchiectasis, and bron-
chial wall lesions, long TE settings are preferred in order to 
reduce signal from vascular structure and to increase water 
detection (Fig. 2.4).

Steady-State Free Precession Technique Steady-state 
free precession (SSFP) techniques are a group of gradient- 
recalled echo (GRE) sequences, which generate T2/T1 
weighting with medium to high readout flip angle (FA) set-

tings (>30°) using very short repetition times (TR). On these 
sequences tissues with water-like characteristics are hyper-
intense, such as mucus plugs in the airways [2]. 2D SSFP 
scans allow fast acquisitions of the entire thorax in a single 
breath- hold with good SNR. Moreover vascular structures 
also appear bright on SSFP (bright blood), allowing assess-
ment of mediastinal vessels for possible compression of 
large airways. A limitation of this sequence is its sensitivity 
to magnetic field inhomogeneities, which  can become prob-
lematic at higher magnetic field strengths (i.e., 3T). SSFP 
also has an intensive SAR profile (though much less than 
single-shot FSE), which with high flip angles and at higher 
field strengths can exceed the maximal safety level allowed 
in MR imaging.

3D Techniques

Gradient Recalled Echo Sequences Short and ultra-short 
echo time GRE sequences are typically considered as the 
most robust sequence for chest MR imaging [2]. These 
sequences when used with short or ultra-short echo times can 
minimize the signal loss created by air-tissue interfaces thus 
providing high SNR. GRE are usually collected with mini-
mum TR and TE settings to achieve the best SNR possible 
and the shortest acquisition time. For isotropic voxel sizes 
between 2 and 3.5 mm, a capable MR imaging system can 
provide a TE ranging from 0.4 to 0.7 ms with an acquisition 
time around 10  seconds for full chest coverage (Fig.  2.5). 
Such short acquisition time is critical for children, who are 
unable to accomplish long breath-holds (>10 seconds), espe-
cially if in respiratory distress [2].

a b

Fig. 2.3 Cystic fibrosis and allergic bronchopulmonary aspergillosis in 
a 16-year-old girl. (a) Axial nonenhanced lung window setting CT 
image obtained at end-expiration shows impacted mucus and bronchi-
ectasis (white arrowhead) in the right middle lobe. (b) Axial nonen-

hanced isotropic three-dimensional (3D) CUBE (GE) T2-weighted MR 
image obtained at end-expiration shows impacted mucus and bronchi-
ectasis (black arrowhead) in the right middle lobe
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3D GRE acquisitions are usually preferred over 2D 
scans, because they can provide better SNR and are less 
sensitive to susceptibility artifacts [2]. The 3D dataset 
also enables multiplanar reformats (MPR), which allows 
for easy review of large airway pathology [2] (Fig. 2.6). 
For a fixed TR, GRE sequences provide contrasts ranging 
from proton-density- weighted (PD-weighted, using low 
flip angle readouts <3°) to T1-weighted (T1-weighted at 
higher flip angles). The PD-weighted setting is the most 
appropriate to assess large airways without the use of con-
trast agents, while the latter is used to assess vascular 

structures and lung parenchymal perfusion after contrast 
administration.

New variants of GRE with non-Cartesian k-space acqui-
sition (helical) schemes have been developed to reduce sen-
sitivity to motion artifacts [10, 11]. Cartesian geometry is 
inherently prone to motion-induced phase distortions, even 
if respiratory navigation or triggering techniques are used, 
which results in residual ghosting artifacts. The most prom-
ising alternative is the “radial” sampling scheme, which 
acquires the data along rotated spokes, or “stack of stars” 
(StarVIBE, Siemens, Munich, Germany) [12]. Due to overs-

a b

Fig. 2.4 Differing appearance of lungs and pulmonary nodule on 
black blood MR images in patient with systemic sclerosis. (a) Axial 
nonenhanced BLADE (Siemens) proton density-weighted MR image 
(1  ×  1  ×  5  mm, echo time of 28  ms) shows a nodule (black arrow) 
in the right lower lobe. (b) Axial nonenhanced BLADE (Siemens) 

T2-weighted MR image (1  ×  1  ×  5  mm, echo time of 87  ms) again 
shows the nodule (white arrow) in the right lower lobe which is more 
conspicuous than on the proton density-weighted MR image despite an 
overall lower signal-to-noise ratio on the T2-weighted MR image

a b

Fig. 2.5 Differing resolution of 3D SPGR MR imaging of the large 
airway. (a) Axial nonenhanced 3D SPGR MR image (2 mm isotropic 
voxel, echo time 0.7 ms) has higher noise and less definition of the tra-
chea (white arrowhead) and less conspicuous air trapping (black arrow-

heads). (b) Axial nonenhanced 3D SPGR MR image (3 mm isotropic 
voxel, echo time 0.6  ms) has lower noise and higher signal-to-noise 
ratio, allowing for better definition of the trachea (white arrowhead) 
and more conspicuous air trapping (black arrowheads)
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ampling of the spokes in the center of the k-space, there is a 
reduction of ghosting artifacts because of a  motion- averaging 
effect (similar to PROPELLER and BLADE  scanning with 
FSE).

3D GRE sequences are usually combined with fat sup-
pression techniques for large airway imaging. Fat suppres-
sion is important to cancel signal from mediastinal fat tissue, 
which surrounds the trachea, therefore highlighting the tra-
cheal wall. Unfortunately fat suppression techniques may 
lead to signal loss in the trachea wall as well; therefore GRE 
two- point DIXON-based schemes are preferred to obtain 
homogeneous fat suppression (Fig. 2.7) [13].

Ultra-Short or Zero-TE (UTE/ZTE) Sequences UTE and 
ZTE are two variants of 3D GRE sequences with TE on the 
order of μs (microseconds) instead of ms (milliseconds). The 
shortening of TE allows minimization of the signal loss caused 
by T2∗ effects of air-tissue interfaces. k-space collection with 
UTE and ZTE can be performed both with radial or spiral tra-
jectories achieving an oversampling of the center of the 
k-space [11, 14, 15]. This is desirable in large airway imaging 
because it reduces motion sensitivity. These sequences allow 
high SNR and sub-millimetric spatial resolution [11] (Fig. 2.8). 
UTE and ZTE are usually free-breathing acquisitions, which 
are combined with different respiratory triggering/gating 
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Fig. 2.6 Multiplanar reformatting (MPR) of end-inspiration and end- 
expiration spirometry gated 3D spoiled gradient echo (SPGR) in a 3.0 
Tesla scanner on healthy subject. MR imaging acquired with a 
32- channel cardiac array coil using a parallel imaging factor × 3, 12-sec 
acquisition time, and an isotropic voxel (2 × 2 × 2 mm). (a) Coronal 
nonenhanced 3D SPGR MR image obtained at end-inspiration. (b) 

Sagittal nonenhanced 3D SPGR MR image obtained at end-inspiration. 
(c) Axial nonenhanced 3D SPGR MR image obtained at end- inspiration. 
(d) Coronal nonenhanced 3D SPGR MR image obtained at end- 
expiration. (e) Sagittal nonenhanced 3D SPGR MR image obtained at 
end-expiration. (f) Axial nonenhanced 3D SPGR MR image obtained at 
end-expiration
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a b c

Fig. 2.7 Comparison of fat suppression techniques for large airway 
MR imaging. (a) Axial nonenhanced short tau inversion recovery 
(STIR) technique demonstrates generalized signal decay with reduced 
signal-to-noise ratio (SNR) of tracheal wall (white arrow). (b) Axial 
nonenhanced fat suppression technique (FATSAT) technique shows 

inhomogeneous fat signal cancellation with bright tissue in the anterior 
mediastinum (*) and low signal-to-noise ratio in the posterior tracheal 
wall (arrowhead). (c) Axial nonenhanced water map from two- point 
DIXON technique shows homogeneous SNR and fat cancellation

a b

c

Fig. 2.8 Comparison of ultra-short echo time (UTE), zero echo time (ZTE), 
and CT for large airway MR imaging. (a) Axial nonenhanced lung window 
setting CT image obtained at end-expiration shows right upper lobe bronchi-
ectasis and bronchial wall thickening (black arrow). (b) Axial nonenhanced 
free-breathing navigator-triggered zero echo time (ZTE) MR image obtained 

at end-expiration shows right upper lobe bronchiectasis and bronchial wall 
thickening (black arrow) with resolution approaching that of CT. (c) Axial 
nonenhanced pneumobelt-triggered ultra-short TE (UTE) MR image 
obtained at end-expiration shows right upper lobe bronchiectasis and bron-
chial wall thickening (black arrow) with resolution approaching that of CT
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methods, such as prospective pneumobelt, or prospective and 
retrospective navigator-based echo  scanning. The latter 
method was recently used in a group of infants to assess large 
airway collapse [16]. This method allows for acquisition of the 
images with free breathing and to retrospectively reconstruct 
the images in inspiration and expiration. Unfortunately respi-
ratory gating requires long acquisition times, which can range 
between 6 and 15 minutes depending on the voxel size chosen 
(0.7–1.5 mm). Further refinements of these techniques might 
allow to achieve breath-hold acquisitions with spatial resolu-
tion more comparable to CT.

3D Fast Spin-Echo Sequences These are a family of 3D 
T2-weighted sequences that can provide isotropic resolution 
and allow multiplanar reformatted images with high SNR 
and CNR from the bronchial wall. These sequences have 
different acronyms according to the MR imaging vendors 
(CUBE, General Electric [GE], Boston, MA, USA; VISTA, 
or “Volume ISotropic Turbo spin echo Acquisition,” Philips, 
Amsterdam, The Netherlands; and SPACE, or “Sampling 
Perfection with Application optimized Contrasts using 

 different flip angle Evolution,” Siemens) [2]. k-space acqui-
sition schemes differ between vendors but they have some 
similar contrast and readout characteristics, using long 
echo train lengths, ultra-short echo spacings, and low flip 
readout angles in combination with parallel and partial 
Fourier imaging schemes to reduce acquisition time. These 
sequences can achieve isotropic voxel resolutions as low as 
2  mm with free breathing in a reasonable imaging time 
(5–10 min) (Fig. 2.9).

 Dynamic MR Large Airway Imaging
The high temporal resolution and the lack of radiation have 
made MR imaging suitable for studying airways in true 
dynamic conditions (cine-MR imaging). Cine-MR imaging 
can be performed both with 2D and 3D acquisitions [17]. The 
former includes sequences, such as 2D SSFP or 2D GRE, 
acquiring a single thick slice in a multiphase setting. Temporal 
resolution ranges between 100 and 200 ms per frame with a 
voxel resolution of 1 × 1 × 5 mm. A limitation of 2D imaging 
is that the trachea moves in all directions during the respira-
tory cycle; therefore a single slice could miss relevant airway 

a b
Fig. 2.9 Comparison of 3D 
T2-weighted MR imaging of 
the airway to CT in a 
pediatric patient with cystic 
fibrosis. (a) Coronal 
nonenhanced lung window 
setting CT image shows 
bronchiectasis and bronchial 
wall thickening (arrow) in left 
lower lobe. (b) Coronal 
nonenhanced isotropic 
three-dimensional (3D) 
CUBE (GE) T2-weighted MR 
image shows the 
bronchiectasis and bronchial 
wall thickening (arrow) 
resolution approaching  
that of CT

P. Ciet et al.
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pathology during trachea movement. 3D cine-MR imaging 
includes 3D UTE sequence with retrospective reconstruction, 
previously mentioned, and 3D GRE sequences combined with 
keyhole imaging technique [16]. The latter includes sequences 
such as TRICKS, or “Time- Resolved Imaging of Contrast 
KineticS” (GE); DISCO, or “DIfferential Sub-sampling with 
Cartesian Ordering”) (GE); TWIST, or “Time-resolved angi-
ography With Interleaved Stochastic Trajectories”) (Siemens); 
and D-TRAK, or “4D Time-Resolved Angiography using 
Keyhole” (Philips) [2]. These techniques allow temporal reso-
lution in the order of 500 ms or less with isotropic voxel size 
between 2 and 3  mm (for a volume covering the large air-
ways in a sagittal slab of approx. 9–12 cm). TRICKS cine-MR 
imaging was used to assess tracheobronchomalacia in a group 
of pediatric patients [18], showing that cine-MR imaging is a 
possible alternative to bronchoscopy and cine-CT for tracheo-
bronchomalacia [19] (Fig. 2.10).

 Anatomy

 Embryology

The respiratory diverticulum starts as an outgrowth from the 
ventral part of the foregut around 4 weeks of gestation. The 
respiratory diverticulum originates from the endodermal 
layer, and it forms the epithelium of the larynx, trachea, and 
bronchi, as well as that of the lungs [20, 21]. The cartilagi-

nous, muscular, and connective tissue components of the tra-
chea and lungs are derived from the mesoderm layer of the 
foregut. Initially, the respiratory diverticulum is in open 
communication with the foregut [22]. When the diverticulum 
expands caudally, two longitudinal ridges, the tracheoesoph-
ageal ridges, separate it from the foregut [22]. Afterward, 
these ridges fuse to form the tracheoesophageal septum, 
which divides the foregut into a dorsal portion, the esopha-
gus, and a ventral portion, the trachea and lung.

The lung bud then divides into right and left primary bron-
chial buds. Three main branches form in the right lung bud and 
two in the left. These initial branches correspond to the lobar 
bronchi of the adult lungs. The lung grows caudally and later-
ally, entering the pericardio-peritoneal layers [23]. At 9 weeks’ 
gestation the pleura separates from the pericardium and peri-
toneum developing the visceral pleura, which covers the lung, 
and the parietal pleura, which covers the chest wall and dia-
phragm. The pattern of airway branching is complete by about 
the 16th week of intrauterine life [23]. Any interruption of 
these steps of the embryological formation (Fig. 2.11) results 
in tracheobronchial branching anomalies.

 Normal Development and Anatomy

Although airway size changes after birth, the pattern of 
branching does not. Therefore, a newborn has essentially 
the same airway structure as an adult, but in miniature. 

a b c

Fig. 2.10 Normal dynamic large airway MR imaging in a 12-year-old 
girl. (a) Axial nonenhanced 3D SPGR MR image obtained at end-inspi-
ration shows a patent trachea. (b) Axial nonenhanced 3D SPGR MR 
image obtained at end-expiration shows a patent trachea which is 
slightly smaller than at end-inspiration, a normal finding. (c) Axial non-

enhanced 3D SPGR MR image with time-resolved imaging of contrast 
kinetics (TRICKS) obtained during forced expiration shows a patent 
trachea which is slightly smaller than at end-inspiration, a normal 
finding
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After birth, airways will keep growing until adulthood with 
a final diameter and length double or triple of that at birth 
[21, 24, 25].

In the parlance of the pathologist, the large airways 
include those airways extending from the mouth to the respi-
ratory bronchiole [26]. Conversely, in the parlance of a radi-
ologist, large airways are those airways that are visible on 
CT imaging, which include airways extending down to the 
segmental bronchi [27, 28]. Radiologists further divide large 
airways into upper and lower airways, where the upper air-
way extends from the mouth to the trachea, including the 
pharynx and the larynx [29].

The pharynx is a tubular structure, which connects 
the posterior nasal and oral cavities to the larynx and 
 esophagus. It is divided into nasopharynx, oropharynx, 
and laryngopharynx. The larynx is a moving structure con-
taining cartilage, muscles, and ligaments. The larynx per-
forms various functions, including phonation and airway 
protection.

The trachea begins inferior to the cricoid cartilage of the 
larynx and it extends to the carina at the level of the fifth tho-
racic vertebra [27, 30] (Fig.  2.12). Trachea length varies 
between 10 and 15 cm in adults according to gender and patient 

length, and it contains 16–20 C-shaped cartilaginous rings 
open posteriorly at level of the pars membranacea, that is, the 
posterior wall of the trachea formed by the trachealis muscles 
[30]. The trachea is in the midline of the thorax and it is slightly 
displaced to the right by the aortic arch. The trachea bifurcates 
into the right and left main bronchi at the carina. The right main 
bronchus is more vertically positioned than the left main bron-
chus, resulting in a greater likelihood of foreign body aspira-
tion or endotracheal tube entering the right bronchial lumen. 
Main bronchi are further divided in lobar bronchi (two on the 
left and three on the right), which supply each of the main lobes 
of the lung (upper, middle, and lower lobe on the right and 
upper and lower on the left side). Segmental bronchi supply 
each bronchopulmonary segment of the lungs [27, 30].

 Anatomic Variants

 Branching Anomalies
Branching anomalies depend on the embryological phase at 
which they occurred. A summary of the branching anomalies 
according to a classification based on anatomical, embryo-
logical, and functional criteria is shown in Table 2.2.
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Fig. 2.11 Diagram illustrating normal lung development: airway structure and pulmonary vasculature
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 Tracheal Stenosis
Congenital tracheal stenosis is a rare condition charac-
terized by a reduction of the tracheobronchial luminal 
diameter, usually greater than 50% [31]. The narrowing 
can be focal or generalized and may be associated with 
cartilaginous rings (isolated form) or compression by an 
extrinsic structure such as a vascular anomaly or congeni-
tal cyst [31]. Tracheal stenosis is frequently misdiagnosed 
as refractory asthma, causing delayed diagnosis in many 
cases [32]. When tracheal narrowing is diagnosed, con-

genital tracheal stenosis is a diagnosis of exclusion, when 
other possible etiologies such as inflammatory, traumatic, 
neoplastic, or iatrogenic causes of airway narrowing have 
been excluded.

Although CT is a current imaging modality of choice for 
evaluating congenital tracheal stenosis, MR imaging can be 
used instead and it can also demonstrate associated anoma-
lies such as vascular malformations. On MR imaging, fixed 
tracheal narrowing throughout the respiratory cycle is seen 
in affected pediatric patients. Although axial MR imaging 
may be sufficient for demonstrating the degree of tracheal 
stenosis, the overall length of tracheal stenosis is best seen 
on sagittal MR imaging.

In symptomatic pediatric patients with congenital tra-
cheal stenosis, surgical correction is currently the manage-
ment of choice. While short-segment tracheal stenosis 
(≤5  cm) is treated with end-to-end anastomosis, patch or 
tracheal autograft repair is often used for long-segment tra-
cheal stenosis. Another newer option is slide tracheoplasty, 
which is known to be associated with less risks of developing 
stricture and granulation tissue formation. Treatment result 
can be efficiently evaluated with MR imaging to assess post-
surgical changes and residual or recurrent stenosis (Fig. 2.13).

 Heterotaxy
Heterotaxies are anomalies related to the abnormal position 
of the organs in the thorax or abdominal cavity. Normal posi-
tion of the organs (situs solitus) includes a left-sided heart 
and right-sided liver [33]. A mirror image of the normal 
organ disposition with a right-sided heart (dextrocardia) and 
left-sided liver is known as situs inversus. Situs inversus can 
be associated with congenital heart disease and primary cili-
ary dyskinesia (PCD). The triad of situs inversus, PCD, and 
chronic sinusitis (± nasal polyposis) is known as Kartagener 
syndrome. Situs ambiguus (heterotaxy) is an anomaly in the 
normal left and right distribution of the thoracic and abdomi-
nal organs which does not match the configuration of a situs 
inversus. A typical feature of situs ambiguus is the symmetri-
cal and identical configuration of the bronchial tree and lung, 
from which derives the term isomerism [34].

In right isomerism, both lungs are trilobed with bilateral 
minor fissures, associated asplenia, midline positioning of 
the liver and stomach, intestinal malrotation, and severe car-
diac anomalies. Right isomerism usually presents early due 
to associated congenital cyanotic heart disease and asymp-
tomatic cases discovered in adulthood are rare (<1%) [34, 
35]. In left isomerism, both lungs are bilobed, there is no 
minor fissure, and the main bronchi are elongated. Left isom-
erism is associated with midline positioning of liver and mul-
tiple small splenules, defined as polysplenia in almost half of 
the cases [35]. Left isomerism can be associated with intesti-
nal malrotation and with azygos continuation of the inferior 
vena cava (IVC), which consist of absence of the hepatic 

Hyoid bone

Larynx

Trachea

Right main
bronchus

Left Main
bronchus

Fig. 2.12 Anatomy of the trachea

Table 2.2 Airway branching and developmental anomalies

Developmental or anatomical 
defect

Resulting condition

Interruption of normal 
development

Agenesis-hypoplasia complex

Obstruction or compression Tracheal stenosis
Bronchial atresia
Tracheal dilatation (Mounier- 
Kuhn syndrome)

Bronchopulmonary malformation 
of the foregut

Tracheoesophageal fistula
Esophageal bronchus
Bronchogenic cyst

Ectopic or supernumerary Tracheal bronchus
Accessory cardiac bronchus
Tracheobronchial diverticulum

Malformation associated with 
situs anomalies

Situs inversus
Heterotaxia

2 Large Airways
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segment of the IVC with venous drainage of the lower half of 
the body via a dilated azygos vein. Cardiac abnormalities are 
less common in left isomerism than right isomerism, and left 
isomerism is more frequently asymptomatic.

Although CT is the most often used technique to assess 
airway pathology and associated cardiac anomalies, MR 
imaging can be used as an alternative, offering the benefit of 
cinematic assessment of large airways and cardiac physiol-
ogy and pathology. In patients with situs inversus and PCD, 
lung pathology can be assessed with MR imaging showing 
typical imaging findings of dextrocardia, middle lobe con-
solidation, and bronchiectasis (Fig. 2.14).

In this group of patients, treatment is focused on repairing 
congenital heart defects (when present) and treating lung dis-

ease related to PCD. PCD treatment is mostly medical and 
lobectomy is not routinely suggested as therapy in PCD [36].

 Spectrum of Large Airway Disorders

 Congenital Large Airway Disorders

 Macroglossia
Macroglossia refers to a tongue which protrudes beyond the 
alveolar ridge [37]. It may occur due to a focal mass or diffuse 
enlargement, which is associated with several genetic syn-
dromes. Whether macroglossia is due to a focal mass or dif-
fuse enlargement, both may lead to tongue dysfunction 

a b

Fig. 2.14 Primary ciliary dyskinesia in a 17-year-old girl with situs 
inversus. (a) Axial nonenhanced lung window setting CT image 
obtained at end expiration shows dextrocardia and an area of consolida-
tion with bronchiectasis (arrowhead) in the left-sided middle lobe. (b) 

Axial nonenhanced SSFP MR image shows dextrocardia with a right-
sided left ventricle (arrow) and an area of consolidation with bronchi-
ectasis (arrowhead) in the left-sided middle lobe

a b

Fig. 2.13 Congenital laryngeal stenosis from a laryngeal cyst in a 
1-year-old girl. (a) Axial nonenhanced T2-weighted fast spin-echo 
MR image shows a hyperintense cyst (arrow) in the left side of the 
larynx causing luminal stenosis (arrowhead). (b) Axial nonenhanced 

T2-weighted PROPELLER MR image obtained after resection shows 
thickening and deviation of the left vocal cords (arrow). Post opera-
tive imaging was performed when patient was 14-years-old
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including alterations in chewing and speech and airway 
obstruction. Diffuse enlargement of the tongue may occur in 
Beckwith-Wiedemann syndrome (BWS), congenital hypo-
thyroidism, chromosomal abnormalities, hemi-hyperplasia, 
and mucopolysaccharidoses (i.e., Pompe disease). Relative 
macroglossia is also seen in Down syndrome, micrognathia, 
muscular hypotonia, and angioedema. Macroglossia can also 
occur in cases of tissue infiltration as in case of neoplasms, 
neurofibromatosis, inflammatory and infectious causes, lym-
phatic or venous malformations (i.e., blue rubber bleb nevus 
syndrome), and hemangiomas. Affected pediatric patients 
with vascular anomalies of the tongue may present with vary-
ing symptoms depending on the size and extent of the lesion, 
including obstructive symptoms or recurrent bleeding.

Although CT with and without intravenous contrast is the 
primary imaging modality used for the evaluation of macro-
glossia, it has the disadvantage of requiring ionizing radiation 
[37]. MR imaging is an excellent alternative to CT in these 
cases, since it offers excellent depiction of vascular struc-
tures without the need for ionizing radiation. Angiographic 
MR imaging can depict the course of any abnormal vessels 
and provide for pre-therapeutic planning [38]. MR imaging 
has the added advantage of characterizing lesions in multiple 
sequences, often allowing for better diagnostic accuracy. For 
example, in a pediatric patient with macroglossia due to vas-
cular anomalies, high-flow lesions show signal flow voids 
both in T1-weighted and T2-weighted images, and low-flow 
lesions are characterized by low signal in T1-weighted and 
moderately homogeneous signal in T2-weighted images 
(Fig. 2.15).

Whenever possible, macroglossia is managed with medi-
cal treatment, which consists of conservative measures to 
reduce tongue inflammation and bleeding. In cases of severe 
airway obstruction and/or dysphagia from macroglossia, sur-
gical procedures are performed to reduce tongue size while 
maintaining tongue mobility and function [39].

 Tonsillar Hypertrophy
Tonsillar hypertrophy refers to the enlargement of the lym-
phoid tissue located in the wall of the pharynx including 
the adenoids and palatine and lingual tonsils [40]. These 
structures are part of the immune system of the upper air-
ways, where the first response to infectious agents takes 
place. In cases of repeated infection or chronic coloniza-
tion (mostly by Staphylococcus and Streptococcus family 
organisms), these structures can become hypertrophic, 
limiting airflow both at the level of nasopharynx (adenoid) 
and oropharynx (palatine tonsils). Typical clinical findings 
are nasal congestion, recurrent otitis, and obstructive sleep 
apnea syndrome (OSAS).

Although radiographic evaluation with a lateral neck 
radiograph is frequently performed for assessing tonsillar 
hypertrophy, this technique is not a reliable method for mea-
suring the grade of obstruction [41]. CT can demonstrate lat-
eral or anterior-posterior narrowing of the airway with much 
better anatomical detail. CT is highly useful for identifying 
upper airway obstruction and to develop an appropriate sur-
gical plan. For this indication, CT can be performed in supine 
position and in different phases of respiration to provide 
information about airway cross-sectional area and site of 
obstruction. However, CT is limited by radiation exposure 
risk and imaging is typically performed in a single phase of 
respiration. In contrast, specialized MR imaging allows both 
static and dynamic imaging without exposing children to 
increased radiation [42, 43]. MR imaging measurements of 
tonsillar hypertrophy show good correlation with endoscopic 
assessment. If lingual tonsils are greater than 10  mm in 
diameter and abutting both the posterior border of the tongue 
and the posterior pharyngeal wall, they are considered mark-
edly enlarged (Fig. 2.16). Adenoid enlargement is diagnosed 
if adenoid tissue is thicker than 12 mm and if there is inter-
mittent obstruction of the posterior nasopharynx on sagittal 
cine-MR imaging.

a b c

Fig. 2.15 Macroglossia due to blue rubber bleb nevus syndrome in a 
5-month-old girl who presented with respiratory distress. (a) Axial non-
enhanced T2-weighted MR image with fat suppression shows hyperin-
tense lesion (*) in the left side of the tongue. (b) Sagittal nonenhanced 

T2-weighted MR image with fat suppression shows hyperintense lesion 
(*) within the tongue. (c) Coronal nonenhanced T2-weighted MR 
image with fat suppression shows hyperintense lesion (*) in the left side 
of the tongue
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Tonsillectomy and adenoidectomy are often performed in 
children with chronic symptoms from tonsillar hypertrophy. 
Both procedures aim to improve airflow in the upper airways 
and to reduce recurrent infections.

 Laryngeal Stenosis
Laryngeal stenosis is one of the most common causes of air-
way obstruction in infants and children. Laryngeal stenosis 
can be congenital or acquired. Acquired laryngeal stenosis is 
more common and is most often related to prolonged intuba-
tion. Congenital causes of laryngeal stenosis include glottic 
obstruction due to vocal cord thickening, congenital vocal 
cord paralysis due to nervous system disorders (e.g., Arnold- 
Chiari, hydrocephalus), laryngeal webs, congenital laryngeal 
cyst, and laryngomalacia [44]. Symptoms of congenital and 
acquired laryngeal stenosis are similar and may include stri-
dor, dyspnea, and hypoxia [45].

Although direct visualization with endoscopy is the gold 
standard for diagnosis of laryngeal stenosis, radiologic 
evaluation plays an important role in most patients. Chest 
radiograph often helps to evaluate for secondary findings 
including atelectasis and pneumonia. CT can provide 
detailed anatomic information regarding the location and 
extension of the laryngeal stenosis; however, it often can-
not differentiate between the true lumen and overlying 
secretions. In contrast, MR imaging can often make this 
differentiation due to better soft tissue characterization 
capability. MR imaging also has the benefit of producing 
cross-sectional anatomic information without the use of 
ionizing radiation [45].

Treatment of laryngeal stenosis usually requires surgical 
intervention such as laryngotracheal reconstruction with cri-
coid split using cartilage graft (Fig. 2.17) [45].

 Congenital High Airway Obstruction Sequence
Congenital high airway obstruction sequence (CHAOS) is a 
rare congenital anomaly, characterized by obstruction of the 
fetal upper airway, including laryngeal atresia, stenosis or 
laryngeal cysts, and tracheal atresia or stenosis [46, 47]. The 
obstructed airway results in decreased clearance of the fetal 
lung fluid with increased intra-tracheal and lung pressure. 
Consequently, the lungs expand to abnormally large volumes 
leading to compression of mediastinal structures including 
the heart causing decreased venous return and hydrops [47]. 
CHAOS is commonly associated with genetic disorders such 
as Fraser’s syndrome, a rare congenital syndromic anomaly 
characterized by tracheal/laryngeal atresia and facial and 
skeletal abnormalities [46].

Diagnosis is usually made prenatally by ultrasound with 
detection of CHAOS abnormalities around the 20th week of 
gestation or earlier. On prenatal ultrasound, typical signs of 
CHAOS are enlarged symmetrical hyper-echogenic lungs 
with flattening or inversion of the diaphragm [47]. The air-
way is dilated up to the level of the obstruction. The heart 
and mediastinum appear small and anteriorly displaced by 
the enlarged lungs. On prenatal MR imaging, the lungs are 
enlarged and hyperintense with flattening or inversion of the 
diaphragm and mediastinal displacement [48]. Compared to 
ultrasound, MR imaging can often better identify the level of 
airway obstruction due to a higher soft tissue characteriza-

a b

Fig. 2.16 Tonsil and adenoid hypertrophy in a 9-year-old girl who pre-
sented with breathing difficulty. (a) Sagittal enhanced T1-weighted MR 
image with fat suppression shows marked enlargement of adenoid 

(arrow), palatine tonsils (white arrowhead), and lingual tonsil (black 
arrowhead). (b) Axial enhanced T1-weighted MR image with fat sup-
pression shows upper airway obstruction (*)
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tion and 3D capabilities [48]. Differential diagnosis of 
CHAOS includes causes of extrinsic compression of the air-
ways, such as lymphatic malformation, cervical teratoma, 
and vascular abnormalities (Fig. 2.18).

Large series show that CHAOS is highly lethal, with 
occasional reports of survivors after direct postnatal surgical 
intervention to the upper airways [46].

 Tracheoesophageal Fistula
Tracheoesophageal fistula (TEF) consists of a fistulous 
connection between the esophagus and trachea, often with 
associated esophageal atresia [49]. Congenital TEF has an 
incidence of 1  in 3500 births. It may be associated with 
other congenital abnormalities, including cardiac anoma-
lies, VACTERL (Vertebral defects, Anal atresia, Cardiac 
defects, Tracheo-Esophageal fistula, Renal anomalies, 
and Limb abnormalities) syndrome, and gastrointestinal 
anomalies (e.g., malrotation, intestinal atresia) [49]. TEF 
and esophageal atresia are classified in five types: (1) iso-
lated esophageal atresia without TEF (type A), (2) proxi-
mal tracheoesophageal fistula with distal esophageal 
atresia (type B), (3) proximal esophageal atresia with dis-
tal fistula (type C, the most frequent type), (4) double fis-
tula with intervening esophageal atresia (type D), and (5) 
isolated fistula (type H) [49, 50]. Typical symptoms of 
TEF are coughing, choking or cyanosis during feeding, 
vomiting, and dyspnea.

Axial Plane

Anterior

Posterior

a

b c

Fig. 2.17 Laryngeal stenosis treated with laryngotracheal reconstruc-
tion with cricoid split using cartilage graft in a 12-year-old boy. (a) 
Illustration of surgical procedure of anterior and posterior cricoid split 
with costal cartilage graft, where cricoid is opened anteriorly and pos-

teriorly and two cartilage grafts are positioned to enlarge cricoid lumen. 
(b) Axial nonenhanced T2-weighted PROPELLER MR image shows 
the anterior graft (arrowhead). (c) Axial nonenhanced T2-weighted 
PROPELLER MR image shows the posterior graft (arrowhead)

Fig. 2.18 Congenital high airway obstruction sequence (CHAOS) in a 
male fetus at 27 weeks’ gestation. Coronal nonenhanced T2-weighted 
HASTE MR image shows enlarged hyperintense lungs (*), dilated cen-
tral airways (black arrowhead), inversion of the diaphragm (white 
arrowhead), and ascites (arrow)
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TEF is usually first suspected based on prenatal ultra-
sound findings, which may include polyhydramnios, non- 
visualized stomach, and distended upper esophagus. Prenatal 
MR imaging may be subsequently performed and has been 
shown to have high sensitivity and specificity for the prenatal 
diagnosis of TEF [51, 52]. MR imaging is also an excellent 
tool to assess for tracheomalacia, a common complication 
of TEF which is described in the following sections [53] 
(Fig. 2.19).

TEF is treated surgically with fistula ligation and creation 
of a primary esophageal anastomosis. When primary anasto-
mosis is not possible due to a long-gap esophageal atresia, a 
staged repair may be performed after esophageal elongation, 
colonic interposition graft may be utilized, or gastric pull-up 
may be performed [53].

 Ectopic Bronchus: Tracheal Bronchus
A tracheal bronchus (TB) is an anomalous bronchus that 
originates directly from the trachea or the main bronchus, 
usually located from 6  cm above the carina up to 2  cm 
below [23, 54, 55]. These bronchi can be considered as nor-
mal “displaced” bronchi or supernumerary bronchi [55]. 
They are considered supernumerary when they coexist with 
a normal segmentation of the bronchial tree. In contrast, 
they are considered displaced when a segmental bronchus 
is missing from its usual normal division for a lobe. Other 
two possible variants are the rudimentary and anomalous 
TB, where the former is a blind outpouching on the right 
lower side of the trachea and the latter arises above the tra-
cheal bifurcation and contains three normal bronchial seg-
ments (Fig. 2.20). TB is more frequently seen on the right 
side and in the upper lobes. The most common variant is the 
displaced TB extending to the right upper lobe [55], which 
is also the most frequent congenital anomaly of the tra-

cheobronchial tree overall [56]. TB is usually asymptom-
atic, although symptoms are more frequently present in 
left-sided TB and in the supernumerary form. Cough and 
recurrent infection are two most commonly encountered 
symptoms in patients with TB [55, 56].

Although the most used technique to diagnose TB remains 
CT, MR imaging can provide similar diagnostic capability 
without the need for potentially harmful ionizing radiation. 
On MR imaging, a TB is seen as a small tubular structure 

Fig. 2.19 Male fetus at 28 weeks’ gestation with esophageal atresia 
with tracheoesophageal fistula. Sagittal T2-weighted SSFSE/HASTE 
MR image shows dilatation of proximal esophagus (arrow) with con-
nection to the bronchial tree (arrowhead)

Fig. 2.20 Variation of tracheal bronchus
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originating directly from the trachea [17]. Breath-hold acqui-
sition at end-inspiration acquired in the coronal view 
enhances detection of this aberrant bronchus  (Fig. 2.21).

Treatment of TB is based on the severity of the symptoms. 
Pediatric patients with TB and recurrent respiratory infec-
tions are treated with TB resection and lobectomy of the 
anomalous lobe. If the patient is asymptomatic, expectant 
management with bronchodilators is preferred [57].

 Bronchial Atresia
Bronchial atresia is characterized by focal occlusion of a proxi-
mal segmental bronchus, with normal anatomy of the distal 
bronchial tree [20, 23]. The cause of bronchial atresia is still 
unclear, although some authors speculate that a vascular inter-
ruption during gestation may be the cause [58]. The lung paren-
chyma distal to the obstruction becomes isolated from the 
bronchial tree, but it receives collateral ventilation through the 
pores of Kohn, which are microscopic connections through the 
walls of adjacent alveoli. The atretic bronchus tends to accumu-
late mucus, appearing as a closed tubular structure filled with 
fluid and known as bronchocele [55]. Bronchial atresia is more 
frequently seen in the upper lobes, most often the apical-poste-
rior segment of the left upper lobe [59]. Bronchial atresia is usu-
ally asymptomatic, although mild dyspnea, cough, and repeated 
infection may occur in approximately 30% of the cases [60].

On CT, bronchial atresia appears as centrally located 
tubular-shaped structure radiating from the airways associ-
ated with mucus impaction and hyperlucent lung paren-
chyma. On MR imaging, bronchial atresia is well depicted 

with T2-weighted sequences, showing hyperintense signal 
intensity (SI) in the impacted mucus (Fig.2.22) surrounded 
by low SI lung parenchyma due to the chronic hyperinflation 
and oligemia. In order to increase detection of  hyperinflation, 
imaging in the expiratory phase helps provide better contrast 
against the adjacent normal relatively hyperintense lung tis-
sue [17]. The differential diagnosis of bronchial atresia 
includes all pathologies that can fill airways with mucus, 
such as bronchiectasis, allergic bronchopulmonary aspergil-
losis (ABPA), and tumor obstruction.

When asymptomatic, bronchial atresia is typically treated 
conservatively. When associated with symptoms, including 
recurrent infection, surgical resection is typically performed.

 Bronchogenic Cyst
Bronchogenic cysts are remnants of the foregut (pulmonary 
bud), which result from anomalous ramifications arising during 
the development of the tracheobronchial tree [55, 61]. They have 
thin walls covered by columnar epithelium producing serous or 
mucinous material. The position of bronchogenic cysts depends 
on the embryological period when the defect occurs. If they 
develop in the early phase, they are typically located in the peri-
carinal region, and if they develop in a later phase, they are 
located within the lung parenchyma. Bronchogenic cysts are 
most frequently located in the subcarinal space, followed by the 
paratracheal regions and intra- pulmonary locations, especially 
the lower lobes. Rarely, bronchogenic cysts can be found in the 
posterior mediastinum or in an infra-diaphragmatic location 
[61]. Bronchogenic cysts can be asymptomatic and discovered 

a b

Fig. 2.21 Tracheal bronchus in a 16-year-old boy. (a) Coronal 
enhanced lung window setting CT image shows the right upper lobe 
bronchus (arrow) arising directly from the trachea. (b) Coronal 

enhanced T2-weighted HASTE MR image shows the right upper lobe 
bronchus (arrow) arising directly from the trachea

2 Large Airways



48

as incidental findings, although they can cause symptoms if 
superinfection occurs or if they compress surrounding structures, 
such as the trachea, bronchi, or esophagus.

On CXR, bronchogenic cysts appear as solitary rounded or 
oval opacities with well-defined contours and uniform den-
sity, which can contain an air-fluid level. On CT, they appear 
as solitary ovoid or rounded lesions with well-defined con-
tours. In 50% of cases, bronchogenic cysts have a density 
similar to that of water, but they can be denser depending on 
the contents of the cyst. In cases of superinfection and com-
munication with the airways, they can also contain blood, air, 
or gas [61]. Atypical features of bronchogenic cysts include 
thick wall, solid content, calcifications, or septa. MR imaging 
is an efficient alternative to CT to diagnose bronchogenic 
cysts. They typically demonstrate hypo- or isointense signal 
on T1-weighted sequences and hyperintense homogeneous 
signal on T2-weighted sequences, reflecting presence of water 
(Fig. 2.23) [17]. On post-contrast MR imaging, bronchogenic 
cysts show rim enhancement, typical of cystic lesions. 
Differential diagnosis includes esophageal duplication cyst (in 
the middle mediastinum) and neurogenic cyst (in the posterior 
mediastinum). Final diagnosis is confirmed by the presence of 
respiratory epithelium in the pathology specimen.

a b

Fig. 2.22 Bronchial atresia in a 17-year-old boy. (a) Axial nonen-
hanced lung window setting CT image shows a tubular fluid-filled 
structure (arrow) in the left upper lobe compatible with bronchial atre-
sia and air trapping (*) within the left upper lobe. (b) Axial nonen-

hanced T2-weighted CUBE (GE) MR image shows hyperintense signal 
intensity material (arrowhead) filling bronchial atresia. Air trapping 
seen on CT is not as easily seen on MR image

Fig. 2.23 Congenital bronchogenic cyst in a 13-year-old girl with 
common variable immunodeficiency (CVID). Axial nonenhanced 
T2-weighted PROPELLER MR image shows a hyperintense cyst 
(arrowhead) in the subcarinal region and multiple subpleural nodules 
(arrows) representing granulomas due to CVID
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Typical treatment of bronchogenic cysts is surgical resec-
tion, especially when symptomatic. Some authors suggest 
early surgery in the post-natal period because it provides bet-
ter conservation of pulmonary parenchyma, a lower incidence 
of inflammatory lesions, and a reduced rate of complications 
[62]. However, in asymptomatic patients, surgery is debated 
because it is associated with 20% morbidity [63, 64]. When 
conservative management is employed, affected patients 
should be informed of the 45% of risk of developing symp-
toms, of a 0.7% risk of developing a malignancy, and that a 
close long-term follow-up strategy is warranted [63, 64].

 Congenital Dynamic Large Airway Disorders

 Obstructive Sleep Apnea Syndrome
Obstructive sleep apnea syndrome (OSAS) is a relatively com-
mon sleep disorder, in which there is complete or partial upper 
airway collapse and obstruction during sleep. Typical symp-
toms include loud snoring or choking, frequent awakenings, 
disrupted sleep, excessive daytime sleepiness, fatigue, and 
impaired cognition [65]. Diagnosis is made by measuring the 
apnea-hypopnea index (AHI). AHI is considered positive for 
OSAS when there are five or more episodes of apnea and 
hypopnea per hour of sleep and associated symptoms or when 
there are 15 or more obstructive apnea- hypopnea events per 
hour of sleep regardless of symptoms.

OSAS is far more common in adult patients than children 
where relevant risk factors are obesity, male gender, and 
increasing age. In contrast, in pediatric OSAS, common risk 
factors are adeno-tonsillar hypertrophy, obesity, hypotonic 
neuromuscular diseases, and craniofacial anomalies, with a 
prevalence of up to 3% in children [66]. Snoring is the most 
common complaint in children with OSAS. Young children 
may present with agitated sleep and abnormal sleep positions 
(i.e., neck hyperextension) due to a disordered breathing. 
Older children often exhibit excessive daytime sleepiness with 
hyperactivity or inattention. When untreated, OSAS might 
result in cognitive deficits, attention deficit/hyperactivity dis-
order, poor academic achievement, and emotional instability.

Although diagnosis of pediatric OSAS is largely based on 
clinical history and polysomnography, imaging evaluation 
can be crucial to determine the cause of upper airway obstruc-
tion. Paranasal sinus radiograph and lateral neck radiograph 
(cephalometric analysis) are simple and highly useful meth-
ods for the detection craniofacial deformities, sinusitis, and 
adenoid hypertrophy [67]. With cephalometric analysis, sev-
eral measurements can be performed in anatomical sites 
which can predispose patients to OSAS [67]. Although radio-
graphic cephalometric analysis is often performed, both MR 
imaging and CT provide the advantage of multiplanar visual-
ization [67]. MR imaging allows a better anatomical resolu-
tion of soft tissue and it does not use ionizing radiation; 

therefore, it has become the major imaging method for this 
type of investigation [68]. MR imaging protocols for upper 
airways should include axial and sagittal images of the oro-
pharyngeal and hypopharyngeal regions to assess the airway 
contour, the maxillomandibular relationship (e.g., retrogna-
thia and micrognathia), the soft palate, the palate shape, the 
position of the hyoid bone, and the position and volume of the 
dorsum of the tongue. Axial reconstructions are important to 
assess the nasopharynx, hypopharynx, palate, dorsum of the 
tongue, and vocal cords [68]. Cine-MR imaging of the upper 
airway is particularly helpful in evaluating children with mul-
tiple sites of obstruction and to assess both static and dynamic 
sites of obstruction. MR images are obtained with mild seda-
tion administered by an anesthesiologist. In these examina-
tions, children without OSAS have minimal motion in the 
airway (less than 5  mm of movement), at the level of the 
nasopharynx, the posterior oropharynx, and the hypophar-
ynx. However, in children with OSAS, there is typically 
movement greater than 5 mm at these three levels [69].

Several surgical and non-surgical treatment options for 
childhood OSAS are currently available, although adenoton-
sillectomy remains the first line therapy  [70–72]. The most 
used nonsurgical treatment of OSAS is continuous positive 
airway pressure (CPAP), which is often very effective and 
well tolerated by many children [74, 75].

 Tracheobronchomalacia
Tracheobronchomalacia (TBM) is due to a weakness of the 
tracheobronchial wall and/or supporting cartilage with con-
sequent excessive collapse of the trachea and bronchi [73]. It 
may be congenital or secondary to trauma, infection, chronic 
external compression, or chronic inflammation. TBM is clas-
sified based on the etiology [74]. Type 1 lacks external com-
pression and corresponds to “primary tracheomalacia.” Type 
2 is characterized by extrinsic tracheal and/or bronchial com-
pression, which originates mainly from cardiovascular 
anomalies, tumors, cysts, or deformities of the chest wall 
(either congenital or acquired). Type 3 is an acquired malacia 
arising from prolonged increased ventilatory airway pres-
sure, tracheostomy, or inflammation.

Although bronchoscopy is considered the gold standard 
to reach diagnosis, imaging shows similar or higher sensi-
tivity compared to bronchoscopy [75]. End-inspiratory and 
end/forced -expiratory CT imaging is the most used tech-
nique to diagnose TBM, and a 50% expiratory reduction in 
the cross-sectional luminal area is the most often cited cri-
teria for diagnosis of TBM in children [4]. However, this 
threshold might be too low, as studies in healthy adult sub-
jects have shown that a higher threshold of 70% may be 
more appropriate to make the diagnosis of TBM [76]. Both 
bronchoscopy and CT have disadvantages when used in the 
pediatric population. Bronchoscopy is an invasive proce-
dure that requires anesthesia and CT exposes children to 
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ionizing radiation. In contrast, MR imaging can be per-
formed in free- breathing conditions in infants with no need 
for anesthesia, or in older children during forced expiration 
to elicit better the point of airway collapse [18]. Static and 
dynamic MR imaging are able to demonstrate airway col-
lapse with the same accuracy of CT without the need for 
ionizing radiation [19] (Fig. 2.24).

TBM is often self-limited and tends to resolve or become 
asymptomatic as children grow older [77, 78]. Treatment of 
symptomatic children with TBM includes bronchodilators, 
nebulized hypertonic saline to improve mucus clearance, and 
low-dose inhaled steroids to reduce mucosal swelling and 
inflammation. CPAP is also often an effective non-surgical 
treatment for TBM. Surgical treatment in TBM includes aor-
topexy, slide tracheoplasty, and stent or external splint place-
ment [77, 78].

 Infectious and Inflammatory Large Airway 
Disorders

 Tuberculosis
Tuberculosis (TB) remains an important health issue, especially 
in undeveloped countries. According to the WHO, there were 
234,000 deaths due to TB in children <15  years in 2018. In 
developed countries, TB is rare with an incidence of approxi-
mately 4% both in the United States [79] and Europe [80]. 
Although the primary site of infection is the lung, extrapulmo-
nary TB can occur in children in other organs, mostly lymph 
nodes and the central nervous system. Typical symptoms of pul-
monary TB include cough, fever, night sweats, and weight loss.

Initial screening for TB infection is usually obtained 
with tuberculin skin test (TST), followed by imaging. 
Imaging evaluation is particularly important in infants and 
young children, who may be asymptomatic but with a posi-

tive TST. CXR is the most frequently used screening study 
for TB infection because of its low cost and high avail-
ability. A common finding on CXR in a child with TB is 
a primary complex, which consists of a focal parenchy-
mal opacity with hilar or subcarinal lymphadenopathy 
[81–83]. When disease progresses, the compression of 
large airways due to adenopathy often leads to develop-
ment of pulmonary consolidation or atelectasis. In older 
pediatric patients, imaging findings of TB that are more 
typically seen in adults are often present on CXR, such as 
upper lobe airspace disease, cavitation, and pleural effu-
sions. CT allows for better assessment of endobronchial 
involvement, bronchiectasis, and cavitation from TB 
infection [83].

The routine use of CT in TB patients is debated espe-
cially due to concern about ionizing radiation [83]. For this 
reason, MR imaging has been proposed as possible alterna-
tive for follow-up imaging [84]. Compared with CT, MR 
imaging shows similar accuracy for identifying lung lesions 
in non- AIDS patients with non-miliary pulmonary tubercu-
losis and has been shown to have a higher diagnostic per-
formance for detecting pulmonary tissue abnormalities, 
mediastinal nodes, pleural abnormalities, and presence of 
caseation resolution [84, 85]. A combination of diffusion-
weighted imaging (DWI) and subtracted contrast-enhanced 
(CE) MR imaging is helpful to assess disease activity in 
cases of mediastinal nodes/fibrosis (Fig.  2.25) [17]. 
Presence of diffusion restriction in the lymph nodes and 
peripheral enhancement suggest active TB.

Different multi-antibiotic therapy regimens are used to 
treat TB, such as 6–9 months of daily isoniazid, shorter two- 
drug regime of once-weekly isoniazid and rifapentine, or 
4  months of daily rifampin [86]. Selection of the regimen 
depends on patient’s antibiotic tolerance and treatment’s 
adherence.

a b

Fig. 2.24 Tracheomalacia in a 17-year-old boy with history of tra-
cheoesophageal fistula. (a) Axial nonenhanced proton density-weighted 
3D SPGR MR image obtained at end inspiration shows a normal caliber 

trachea. (b) Axial nonenhanced proton density-weighted 3D SPGR MR 
image obtained at end expiration shows 75% collapse of the trachea 
(arrow) and air trapping (asterisk) in the left lower lobe
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 Histoplasmosis
Histoplasmosis is a fungal infection caused by Histoplasma 
capsulatum frequently found worldwide but especially in 
North and Central America. In the United States, it is most 
commonly seen in the state of Ohio and the region of the 
Mississippi River valley [87]. Typical symptoms of pulmo-
nary histoplasmosis include chest pain, chills, cough, fever, 
muscle aches and stiffness, and rash (usually small sores on 
the lower legs).

On CXR, pulmonary histoplasmosis can present as 
pneumonia with pulmonary nodules containing calcifica-
tion or cavitation and mediastinal or hilar lymphadenopa-
thy (Fig. 2.26). Because the imaging findings of pulmonary 
histoplasmosis are similar to TB and sarcoidosis, serology 
is crucial to narrow the differential diagnosis. Associated 
findings in histoplasmosis infection include formation of 

histoplasmoma (bull’s-eye calcification in center of nod-
ule), broncholithiasis, fibrosing mediastinitis, and multiple 
punctate splenic calcifications. Although CXR and chest CT 
remain the most used techniques to assess pulmonary his-
toplasmosis, MR imaging has been described as alternative 
imaging modality to assess mediastinal lymphadenopathy 
and response to treatment [88].

A rare complication of histoplasmosis infection is fibrosing 
mediastinitis (FM) [89]. FM is the deposition of collagen and 
fibrous tissue within the mediastinum caused by an abnormal 
immunologic response to histoplasmosis infection. FM is 
more frequently seen in young patients and it can cause com-
pression of the superior vena cava, pulmonary veins/arteries, 
large airways, or esophagus. FM can be focal or diffuse.

The focal type typically appears on CT and MR imaging 
as localized, calcified mass in the paratracheal/subcarinal 

a b

Fig. 2.25 Tuberculosis in a 16-year-old boy who presented with 
cough, low-grade fever, and weight loss. (Case courtesy of Vincenzo 
Schininà, Department of Radiology, “L. Spallanzani” National Institute 
for Infectious Diseases (INMI), IRCCS, Rome, Italy). (a) Axial nonen-

hanced T1-weighted SPGR MR image shows right upper lobe consoli-
dation (arrow). (b) Axial nonenhanced diffusion weighted MR image 
(b  =  600  s/mm2) shows restricted diffusion (arrowhead) within the 
region of consolidation

a b

Fig. 2.26 Histoplasmosis infection in a 9-year-old boy. (a) Axial non-
enhanced proton density-weighted LAVA MR image with fat 
 suppression shows left upper lobe nodule (arrowhead) containing 
 propeller-shaped linear regions of central hypointensity. (b) Axial non-

enhanced lung window setting CT image shows the left upper lobe nod-
ule (arrow), and propeller- shaped linear region is hyperdense 
compatible with calcification

2 Large Airways



52

regions of the mediastinum or in the pulmonary hila. The 
diffuse type typically appears as an infiltrating mass in mul-
tiple mediastinal compartments. Contrast-enhanced imag-
ing is useful to assess the extent, level, and length of stenosis 
of the mediastinal vessels and large airways. On MR imag-
ing, FM typically appears as a heterogeneous, infiltrative 
mass of intermediate signal intensity on T1-weighted 
images and mixed areas of hypo- and hyperintensity on 
T2-weighted images due to areas of calcification and fibrous 
tissue (low SI) and areas of active inflammation (high SI) 
[89] (Fig. 2.27). Heterogeneous enhancement of the mass is 
typically seen after administration of contrast.

Treatment of pulmonary histoplasmosis includes ampho-
tericin B for 2 weeks followed by itraconazole for a total of 
10 weeks. Corticosteroids are given along with the antifun-
gal therapy in those with severe respiratory symptoms [90]. 
Antifungal therapy is not typically utilized in FM. In severe 
cases, stents may be placed within the airways and vessels to 
prevent compression, and surgery may be utilized in cases of 
refractory disease [90].

 Neoplastic Large Airway Disorders

 Benign Primary Large Airway Neoplasms

Subglottic Hemangioma Infantile hemangioma is the most 
common pediatric tumor of head and neck [91]. It consists of a 
proliferation of capillaries and usually presents within the first 
month of life. When located in the subglottic region, infantile 

hemangioma can be associated with upper airway obstruction. 
Affected pediatric patients typically have biphasic stridor due 
to upper airway narrowing. Infantile hemangioma has an initial 
proliferative phase with rapid growth in the first year. They tend 
to then grow at a slower rate until age of 5 years followed by an 
involution phase that occurs at 5–7 years.

Because hemangiomas have a typical appearance on 
visual inspection, imaging may not be necessary, although it 
is often employed when complications are suspected or to 
determine the relationship with adjacent airways and medi-
astinal vessels. Initial screening is typically performed with 
ultrasound, typically showing a lobulated echogenic mass 
containing high-flow arteries and veins. On contrast- 
enhanced CT, infantile hemangiomas show characteristic 
homogeneous enhancement and rapid wash-out. On MR 
imaging, the appearance is usually slightly hypointense to 
muscle on T1-weighted images and iso- to hyperintense on 
T2-weighted images with flow voids and avid contrast 
enhancement (Fig. 2.28). In the involution phase, hemangio-
mas are characterized by accumulation of fibro-fatty tissue, 
replacing the vascular tissue [92].

Because nearly all infantile hemangiomas eventually 
involute, a conservative wait-and-see approach is used for 
those minimally symptomatic or asymptomatic pediatric 
patients [93]. Symptomatic patients are often initially treated 
with medications that accelerate involution of the infantile 
hemangioma, such as propanolol. Second-line pharmaco-
therapy includes corticosteroids, which are used in refractory 
cases. Surgical options may include intralesional injection 
with corticosteroids, ablation, or surgical excision [93].

a b

Fig. 2.27 Fibrosing mediastinitis in a 4-year-old boy who presented 
with progressively worsening shortness of breath and chest pain. (a) 
Axial enhanced soft tissue window setting CT image shows excessive 
soft tissue in the mediastinum and around the large airways with com-

pression of the left main bronchus (arrow). (b) Axial nonenhanced 
T2-weighted PROPELLER MR image also shows the excessive soft 
tissue in the mediastinum and around the large airways with compres-
sion of the left main bronchus (arrow)
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Respiratory Papillomatosis Respiratory papillomatosis 
(RP) is a condition characterized by multiple papillomas in 
the respiratory epithelium [94]. This occurs more com-
monly in the upper airways at the level of the larynx (laryn-
geal papillomatosis) than in the central airways 
(tracheobronchial papillomatosis). RP is the most common 
benign tumor of the trachea in children (60% of all benign 
tumors) [94]. RP is caused by human papilloma virus 
(HPV) infection, especially types 6 and 11. Human papil-
loma virus also causes skin and genital warts. Airway infec-
tion in children is thought to occur due to transmission to 
the newborn during vaginal delivery. Symptoms of chronic 
cough, wheezing, stridor, and hemoptysis can be present 
around age 2–3 years in affected patients.

The current gold standard for diagnosis is bronchos-
copy, which allows direct visualization and therapeutic 
intervention with direct removal of the lesions. On CXR, 
papillomas are usually not visible, although when involv-
ing the lung parenchyma, they may appear as multiple 
pulmonary nodules, sometimes with cavitation. CT is the 
preferred method to assess the extent of disease [94]. 
Typical CT findings include tracheal nodules, solid or 
cavitated nodules in the lung parenchyma, air trapping, 
masses, and consolidation [94]. MR imaging can be also 
used as alternative to CT to visualize both airways and 
parenchymal changes due to RP while at the same time 
limiting radiation exposure. On MR imaging, papillomas 
typically appear as endobronchial lesions protruding into 
the airway lumen or as multiple lung nodules.

To date, no curative treatment for RP exists, and surgical 
excision of the papillomas remains the mainstay of therapy 
[95]. Unfortunately, lesion recurrence after surgery is com-
mon and in those patients who undergo multiple procedures, 
surgical complications such as larynx and glottis stenosis 
may occur. Coadjuvant medical treatment with agents includ-
ing interferon, antiviral agents (acyclovir, ribavirin, cidofo-
vir), retinoids, and inhibitors of the oxygenase- 2 cycle may be 
utilized to limit HPV replication and proliferation [95].

Neurofibroma Neurofibromas are associated with neurofi-
bromatosis type 1 (NF1) and can occur throughout the body, 
including the neck, thorax, and airways. NF1 is an autosomal 
dominant disorder and is the most common phakomatosis 
with an incidence 1/2000 live births [96]. In up to 50% of 
cases, NF1 occurs with no family history due to a sporadic 
spontaneous mutation.

Neurofibromas can present as a single large lesion (plexi-
form neurofibroma) or multiple small neurofibromas. 
Plexiform neurofibromas represent diffuse neural enlarge-
ment or multiple neurofibromas along the course of periph-
eral nerves. In the thorax, neurofibromas may involve the 
ribs, chest wall, lungs, and mediastinum. Mediastinal neuro-
fibromas can cause compression of the central airway and 
mediastinal vessels. Furthermore, neurofibromas can directly 
arise from the trachea and esophagus [97]. Although diagno-
sis is based on clinical and genetic testing, imaging is impor-
tant to assess the extension of the lesions, effect on 
surrounding structures and treatment planning.

a b

Fig. 2.28 Large airway hemangioma in a 3-month-old girl who pre-
sented with respiratory distress and subcutaneous hemangiomas. (a) Axial 
T1-weighted GRE MR image shows hyperintense lesion (asterisk) of the 

mediastinum with encasement and compression of the trachea (arrow). 
(b) Endoscopy image shows typical appearance of this hypervascular 
lesion (arrowhead), extending into the trachea lumen with narrowing
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On CT, neurofibromas typically have a central region of 
low attenuation, seen in two-thirds of the cases [96]. 
Sometimes, the central region of hypoattenuation tends to 
enhance giving a typical “target” sign appearance. On MR 
imaging, neurofibromas often demonstrate peripheral hyper-
intensity surrounding a region of central hypointensity on 
T2-weighted images, and enhancement may be heteroge-
neous if large [98] (Fig. 2.29). Plexiform neurofibromas are 
a more extensive form of neurofibroma that are infiltrative 
and have rope-like extensions along the course of the nerve 
with variable enhancement [98].

Asymptomatic neurofibromas are typically managed con-
servatively. Symptomatic mediastinal neurofibromas are 
usually surgically resected to decompress affected mediasti-
nal structures [99].

 Malignant Primary Large Airway Neoplasms

Tumors of the Tongue In the pediatric population, tumors 
of the oral cavity are more frequently benign with malig-
nant tumors representing only 10% of oral cavity tumors. 
Malignant tumors include (in order of frequency) rhabdo-
myosarcoma, fibrosarcoma, carcinoma of the parotid, osteo-
sarcoma, and metastatic disease [100, 101]. Among malignant 
tumors, rhabdomyosarcomas (RMS) are the most common. 
RMS is a malignant soft tissue tumor that originates from 
immature striated skeletal muscle cells. RMS of the head 
and neck region have a low tendency to cause lymph node 

involvement [100], but distant metastasis to other organs may 
occur.

Both CT and MR imaging can be used to assess the pri-
mary site of the tumor and the relationship with the surround-
ing structures [37]. However, MR imaging is increasingly 
preferred as the primary imaging method, especially for head 
and neck localization, because of its multiplanar capacity, 
ability to attenuate bone artifact, and superior soft tissue con-
trast. Findings on CT and MR imaging typically show an inho-
mogeneous solid mass with avid enhancement and variable 
obstruction of the oral airway (Fig. 2.30). Intratumoral necro-
sis, hemorrhage and adjacent bone destruction are often pres-
ent. Disease staging for metastasis uses CT and/or radionuclide 
scans such as PET [37].

Treatment of RMS is based on a multimodal approach 
including surgery, chemotherapy, and/or radiation [102]. 
Treatment-associated sequelae may be impaired growth and 
function of the maxilla associated with local radiation ther-
apy and scarring.

Nasopharyngeal Tumor Nasopharyngeal tumors are rare 
in children representing only 1% of malignancies in child-
hood [103–105]. These tumors are more frequent in Asian 
and Northern African children and are strongly associ-
ated with Epstein-Barr-virus infection. Peak incidence is 
between ages 10 and 19 years. Typical symptoms include 
nasal obstruction and discharge, epistaxis, hearing impair-
ment, and neck swelling due to lymphadenopathy. Cranial 

a b

Fig. 2.29 Airway neurofibroma in a 6-year-old girl who presented 
with stridor. (a) Sagittal nonenhanced T1-weighted GRE MR image 
shows a nodular lesion (arrow) in the hypopharynx. (b) Axial nonen-

hanced T2-weighted HASTE MR image with fat suppression shows 
compression of airway (arrowhead) at the level of the larynx
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nerve palsy may be seen in advanced cases due to skull base 
infiltration.

On CT and MR imaging, nasopharyngeal tumors 
appear as large inhomogeneous masses expanding into the 

nasopharyngeal airway, with bone erosion and intracra-
nial extension [105] (Fig. 2.31). The tumor usually arises 
in the posterolateral wall of the nasopharynx in the fossa 
of Rosenmüller.

a b

Fig. 2.30 Rhabdomyosarcoma of the tongue in a 4-year-old boy who 
presented with swallowing difficulty and respiratory distress. (a) 
Sagittal nonenhanced T2-weighted FSE MR image shows a hyperin-

tense mass (arrowhead) arising from the right base of the tongue. (b) 
Axial enhanced T1-weighted GRE MR image with fat suppression 
shows avid enhancement of the mass (arrow)

a b

Fig. 2.31 Nasopharyngeal tumor in a 9-year-old girl who presented 
with respiratory distress and headaches. (a) Sagittal nonenhanced 
T2-weighted spin-echo MR image shows a mass (arrowheads) within 

the nasal cavity and nasopharynx downwardly displacing the soft pal-
ate. (b) Axial T1-weighted GRE MR image with fat suppression shows 
airway obstruction by the mass (arrow)
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The current treatment of nasopharyngeal tumor includes 
surgery and/or radiation therapy and chemotherapy.

Carcinoid Tumor Although airway carcinoid tumor is rare 
in children, pulmonary carcinoid is the most common pri-
mary lung neoplasm in the pediatric population, typically 
presenting in late adolescence [106, 107]. Airway carcinoid 
tumors are frequently located in a main bronchus or in the 
proximal portion of a lobar bronchus. According to the size 
and location of the lesion, affected pediatric patients may 
present with chronic cough, hemoptysis, dyspnea, and per-
sistent partial or total lung atelectasis. Unresolved atelectasis 
and pneumonia despite antibiotic treatment should suggest a 
possible airway carcinoid tumor. Other symptoms are related 
to the production of hormones such as serotonin and other 
bioactive amines giving cutaneous flushing, diarrhea, and 
bronchospasm or adrenocorticotropic hormone (ACTH) giv-
ing Cushing syndrome [108].

On CXR, carcinoid tumor typically appears as round nod-
ule or mass in a hilar or perihilar location. When causing air-
way obstruction, atelectasis and mucoid impaction may be 
visible. Alternatively, airway carcinoid tumors may lead to 
hyperinflation of the affected lobe by causing a check-valve 
effect. If airway carcinoid tumor is small and there is no air-
way obstruction, CXR may be normal. CT is more sensitive 
than CXR for detection of airway lesions and is able to better 
visualize extension within and outside the large airways. On 
CT, carcinoid tumors typically have a lobulated contour with 
punctate or eccentric calcification [109]. Contrast-enhanced 
CT frequently shows marked enhancement due to the vascu-
lar nature of the tumors. Diagnosis is usually confirmed either 
by bronchoscopic biopsy (for central lesions) or by transtho-
racic needle biopsy (for peripheral lesions).

The use of MR imaging to assess carcinoid has been 
proposed, because of MR imaging’s superior ability to 
characterize different soft tissues [109]. Using in- and out-
of-phase techniques, MR imaging can provide information 
about the tumor fat content, which is often seen in carci-
noid [110]. Moreover, MR imaging can be used as a 
problem- solving tool to clarify equivocal or indeterminate 
findings on CT. Airway carcinoid tumors show high signal 
intensity on T2-weighted and short-inversion-time inver-
sion-recovery MR images, which help to distinguish them 
from adjacent pulmonary vessels, especially in the perihilar 
regions [110].

The most effective treatment for airway carcinoid tumor 
is complete surgical excision of the primary tumor. Surgery 
aims to remove the primary tumor and the involved lymph 
nodes [107].

Mucoepidermoid Tumor Mucoepidermoid carcinoma (MEC) 
is the most common malignancy of the salivary gland, account-
ing for about 3–15% of all salivary gland tumors [103]. Small 
amounts of  salivary gland tissue are present in the submucosa of 
the trachea. Therefore, MEC can present as airway tumor [107]. 
Typical symptoms of airway MEC include chronic cough, dys-
pnea, and hemoptysis. MEC occurs more frequently in segmen-
tal bronchi than in the trachea or main bronchi and appear as 
sharply marginated ovoid or lobulated intraluminal nodules that 
adapt to the branching features of the airways [107]. MECs tend 
to have an indolent course characterized by local tumor invasion 
without metastatic disease.

Although CT is the preferred method to assess local inva-
sion, MR imaging can be considered as alternative to limit 
radiation exposure in young patients. MECs are typically 
hypervascular tumors, which may calcify, but do not typi-
cally spread to adjacent lymph nodes. Imaging is crucial for 
surgical and radiation planning to achieve complete surgical 
resection and avoid local recurrence [111].

Long-term survival rates are excellent when complete 
surgical resection of MEC is achieved.

Inflammatory Myofibroblastic Tumor Inflammatory myo-
fibroblastic tumors (IMTs) are rare entities and occur pre-
dominantly in the lung. Airway IMT is even more rare with a 
frequency of 0.04–0.07% of all respiratory tract tumors [112]. 
Initially considered as benign lesion, IMTs tend to show high 
recurrence rate after resection and occasionally metastasize. 
Cytogenetic studies have shown that approximately half of 
IMTs are positive for anaplastic lymphoma kinase gene rear-
rangements, giving them characteristics of malignant tumors 
[113]. IMTs consist of myofibroblastic cells and an inflam-
matory infiltrate of plasma cells, lymphocytes, and eosino-
phils. When arising in the airway, affected pediatric patients 
typically present with symptoms of airway obstruction and 
chronic cough frequently misdiagnosed as asthma or foreign 
body aspiration in younger children.

Imaging is important to define location and extension of the 
lesion. Airway IMTs may occur in the trachea or bronchi and 
when occurring in the trachea often demonstrate full thickness 
involvement of the membranous wall and the cartilaginous 
rings. Pulmonary IMTs present as lobulated masses with sharp 
distinct margins and heterogeneous contrast enhancement 
(Fig.  2.32). These tumors have a propensity to invade local 
structures, including vertebrae and thoracic vessels.

Open surgery with complete resection of IMTs is the 
method of choice to avoid local recurrence. When complete 
resection is not possible, surgery is combined with radiation 
therapy and/or chemotherapy.
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 Metastatic Large Airway Neoplasms

Large airway metastases can occur from hematogenous tumor 
seeding in the airways (Type I), from large airway invasion 
by a nearby parenchymal lesion (Type II), from large airway 
invasion by mediastinal or hilar lymph node metastasis (Type 
III), and as peripheral lesions extended along the proximal 
large airway (Type IV) [114–116] (Fig. 2.33). Hematogenous 
spread from distant neoplasms directly to large airways (Type 
I) is extremely rare in pediatric patients. Airway involvement 
is more frequently due to invasion from an adjacent primary 

tumor such as mediastinal lymphoma or metastatic lymphade-
nopathy (Type II) [116]. Lymphoma tends to cause extrinsic 
compression of the large airways and eventually obstruction. 
Metastatic mediastinal lymphadenopathy can occur with sev-
eral other tumors as well, including Wilms tumor, neuroblas-
toma, testicular neoplasms, and sarcomas.

Both CT and MR imaging can be used to assess the loca-
tion of an endobronchial lesion, localizing it to the trachea 
and main, lobar, segmental, or subsegmental bronchi. CT 
and MR imaging can define the shape of a lesion within the 
airway as polypoid, finger-in-glove, or bronchial wall thick-

a b

Fig. 2.32 Inflammatory myofibroblastic tumor of the airway in a 9-year-
old boy who presented with respiratory distress and right-sided chest pain. 
(a) Coronal enhanced soft tissue window setting CT image shows endo-

bronchial mass (arrowhead) within the bronchus intermedius. (b) Coronal 
nonenhanced T2/T1-weighted TrueFISP MR image shows the hyperin-
tense endobronchial mass (arrow) within the bronchus intermedius

Type I: direct metastasis
to the bronchus.

Type II: bronchial invasion
by a parenchymal lesion.

Type III: bronchial invasion by
mediastinal or hilar lymph node

metastasis.

Type IV: peripheral lesions
extended along the proximal

bronchus.

Fig. 2.33 Four modes of endobronchial metastases. (Adapted from 
Kiryu et  al. [116], with permission). Type I: direct metastasis to the 
bronchus, Type II: bronchial invasion by a parenchymal lesion, Type 

III: bronchial invasion by mediastinal or hilar lymph node metastasis, 
Type IV: peripheral lesions extended along the proximal bronchus
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ening. They are also excellent modalities for quantifying 
the number of lesions [115]. On both CT and MR imaging, 
metastatic lymph nodes typically appear as nodular con-
glomerates of enhancing soft tissue, which may develop a 
hypoenhancing-necrotic center. Large and aggressive tumors 
may cause extrinsic compression or airway invasion.

According to the type of tumor, location, and extension, a 
variable combination of chemotherapy and/or radiation ther-
apy and surgery is currently used for treatment of the meta-
static neoplasms of the large airways.

 Acquired Large Airway Disorders

 Acquired Tracheal Stenosis
Acquired tracheal stenosis in children is caused by prolonged 
endotracheal intubation, tracheostomy tube, or surgery. 
Injury of the upper airways (larynx and proximal trachea) is 
most often due to endotracheal intubation in newborns [117]. 
Infants requiring prolonged positive pressure ventilation via 
an endotracheal tube for a week or longer and infants requir-
ing repeated intubations are at greatest risk for developing 
tracheal stenosis. Epithelial damage frequently occurs after 
endotracheal intubation and is accentuated when tube size 
does not fit patient’s airway size [117]. Post-extubation stri-
dor is the most common sign of moderate to severe subglot-
tic stenosis or laryngeal injury.

 Post-traumatic Tracheobronchial Injury
Post-traumatic tracheobronchial injuries are associated with 
high-energy trauma and have high associated mortality rates. 
Airway injury is associated with rapid symptoms of dyspnea, 
subcutaneous emphysema, and stridor [118]. Signs of airway 

injury on CXR include subcutaneous emphysema and pneu-
mothorax [118]. CT and MR imaging are helpful for con-
firming the site of airway injury and identifying associated 
injuries (Fig. 2.34). Treatment of tracheobronchial injuries is 
surgical, consisting of large airway reconstruction and anas-
tomosis or resection depending on the site of injury and 
extent of injury.

 Postsurgical Bronchial Stenosis
Surgical treatment can also cause airway stenosis, mostly 
due to postsurgical complications leading to chronic inflam-
mation and fibrosis [115]. On CT or MR imaging, bron-
chial stenosis appears as a focal narrowing of the airway 
lumen with eccentric or concentric soft tissue thickening. 
Causes include pressure necrosis, ischemia, and fibrosis 
due to the instrumentation during surgery or perianasto-
motic stenosis in cases of lung transplantation (Fig. 2.35). 
Most cases can be managed with endoscopic balloon dila-
tion or laser treatment. However, in the most severe cases, 
open surgery is required.

 Foreign Body Aspiration
Foreign body aspiration (FBA) is a common cause of mortal-
ity and morbidity in young children [119]. FBA occurs more 
frequently in the first years of life, when children tend to 
explore the world by putting objects into their mouths. The 
majority of aspirated FBs in children are found within the 
bronchi, especially on the right side, because of the more 
vertical angulation of the right main bronchus. The typical 
triad of symptoms in FBA is an episode of choking with 
severe respiratory distress and cyanosis.

On CXR, characteristic findings in FBA are unilateral 
hyperinflation and mediastinal shift [120]. Although affected 

a b

Fig. 2.34 Post-traumatic left main bronchial rupture in a 13-year-old 
boy who presented with respiratory distress, desaturation, and chest 
pain. (a) Axial reformat of sagittal-acquired nonenhanced proton 
density- weighted SPGR MR image obtained at end-expiration with 

nonvisualization of the left main bronchus (white arrowhead). (b) Axial 
nonenhanced lung window setting CT image obtained at end-expiration 
shows compression of the left main bronchus (arrow) and pneumome-
diastinum (black arrowhead)
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patients can be further investigated with bronchoscopy after 
CXR, cross-sectional imaging may be considered in stable 
pediatric patients with signs and symptoms suspicious for 
FBA. Findings of FBA on CT and MR imaging may include 
direct visualization of the foreign body, hyperinflation of a 
lung or lobe of the lung, and atelectasis of a lung or lobe of 
the lung [120] (Fig. 2.36).

Bronchoscopy is the gold-standard test for the assess-
ment of FBA, because it allows direct visualization and 
removal of the FB.

 Miscellaneous Large Airway Disorders

Various congenital, inflammatory, or neoplastic masses 
around the large airways can result in extrinsic compression 
of the large airway in the pediatric population. Several exam-
ples are discussed in the following section.

 Lymphatic Malformation
Lymphatic malformations (LMs) are a type of vascular mal-
formation. In general, vascular malformations are classified 
into low-flow lesions (lymphatic, venous, capillary, or com-
bined) and high-flow lesions (arteriovenous malformations 
and arteriovenous fistulas) [91, 92, 121].

LMs are the most common low-flow vascular malforma-
tions. LMs frequently present as a cystic mass in newborns, 
although they may also be diagnosed later in life [91, 92, 
121]. More than half of LMs are associated with genetic dis-
orders, such as Turner syndrome, Noonan syndrome, and 
trisomies. LMs are most frequently located in the head and 

neck region and are the result of an embryological disorder 
in the development of the cervical lymphatic system. The 
majority of cervical LMs are diagnosed in newborns and 
children up to 2 years, with equal distribution between boys 
and girls. Lesions frequently occur posterior to the sterno-
cleidomastoid muscle, but they can extend around the entire 
neck and into the mediastinum. On clinical examination, 
LMs appear as painless slow-growing masses with a spongy 

a b

Fig. 2.35 Postsurgical bronchial stenosis in a 3-year-old boy with tra-
cheoesophageal fistula repair. (a) Coronal nonenhanced T2-weighted 
BLADE MR image shows stenosis (arrow) of right main bronchus. (b) 

Axial nonenhanced T2-weighted BLADE MR image shows stenosis 
(arrow) of right main bronchus

Fig. 2.36 Tracheal changes in a 16-year-old girl with prior history of 
battery ingestion and erosion into the trachea. Coronal nonenhanced 
T2-weighted FSE MR image with fat suppression shows long segment 
irregularity and stenosis of the trachea (arrow)
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consistency. Infection or hemorrhage can lead to sudden 
enlargement with increased local compression, including on 
the airways. LMs are classified as macrocystic (>1  cm), 
microcystic (<1 cm), and mixed cystic forms [92]. The mac-
rocystic is the most common type.

LMs are typically first assessed with ultrasound, which 
shows a uni- or multilocular cystic mass, containing fluid. 
Debris is often seen within the fluid, due to superimposed 
hemorrhage or infection. Septations of variable thickness are 
usually seen and may demonstrate color Doppler flow. 
Microcystic LMs tend to appear predominantly hyperechoic 
and can be confused with solid soft tissue masses. Cross- 
sectional imaging with CT and MR imaging are crucial for 
treatment planning. MR imaging is preferred over CT in 
order to avoid ionizing radiation exposure and because it 
 better highlights the relationship of the lesion with the sur-
rounding structures.

On MR imaging, LMs typically demonstrate hyperin-
tense signal intensity on T2-weighted images (Fig. 2.37). On 
T1-weighted images, LMs usually demonstrate low or inter-
mediate signal intensity. Post- contrast imaging shows septal 
contrast enhancement. In cases of superimposed infection or 
hemorrhage, the content of the cyst may be hyperintense on 
T1-weighted images due to the presence of proteinaceous con-
tents and post-contrast imaging may demonstrate increased 
surrounding enhancement.

Treatment with surgery or intralesional sclerotherapy 
depends on the extent and relationship with the neighboring 
structures and to the type of LM.  Suprahyoid microcystic 
LMs are more difficult to treat than macrocystic LMs in the 
infrahyoid and posterior cervical regions.

 Castleman Disease
Castleman disease is a lymphoproliferative disorder that 
causes lymphadenopathy in different parts of the body [122]. 
Castleman disease can be unicentric, when lymphadenopathy 
is located in a single anatomical region (i.e., mediastinum), or 
multicentric, when it involves multiple regions. The latter is 
also associated with signs of inflammatory disease, including 
hepatosplenomegaly, cytopenias, and organ dysfunction due 
to excessive pro-inflammatory hypercytokinemia. Castleman 
disease can be idiopathic but is associated with infection of 
human herpes virus 8 (HHV-8) in immunodeficient patients 
(i.e., HIV-positive children). Castleman disease is also associ-
ated with malignancies such as lymphoma. Castleman dis-
ease can occur at any age, although it is more common in 
young adults [122]. Castleman disease is usually asymptom-
atic, especially in the unicentric form. If symptoms occur, 
they are typically related to mass effect from enlarged lymph 
nodes, which can cause extrinsic compression on adjacent 
structures including large airways. Common sites of lymph-
adenopathy are the chest (24%), neck (20%), abdomen (18%), 
and retroperitoneum (14%) [122].

On CXR, Castleman disease typically presents as a medi-
astinal or hilar mass [123]. On CT, Castleman disease typi-
cally appears as a soft tissue mass with homogeneous 
contrast enhancement which may cause vessel or airway 
compression [123]. MR imaging typically demonstrates a 
solid mass which is isointense to skeletal muscle on 
T1-weighted images, hyperintense to skeletal muscle on 
T2-weighted images, and avidly enhancing on post-contrast 
images (Fig. 2.38) [123]. PET-CT/MR imaging is also used 
to detect positive lymph nodes in other anatomical regions. 
Although the described imaging features are suggestive of 
Castleman disease, biopsy is necessary to confirm the diag-
nosis [123].

When possible, surgical resection is the method of choice 
to treat lymphadenopathy from Castleman disease [122]. 
When an enlarged lymph node from Castleman disease is 
close to a major structure such as large airways or major 
blood vessels, radiation therapy or chemotherapy is more 
often used for treatment.

Fig. 2.37 Lymphatic malformation in a 2-day-old girl who presented 
with respiratory distress and palpable neck mass. Sagittal nonenhanced 
T2-weighted 3D CUBE (GE) MR image shows multiple hyperintense 
cystic lesions (arrowheads) in the neck, one in the anterior part of the 
trachea and descending in the anterior mediastinum (arrow)
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 Neuroblastoma
Neuroblastomas are tumors arising from cells in the adrenal 
medulla and sympathetic nervous system [124]. Neuroblas-
tomas have variable behavior ranging from benign tumors that 
show spontaneous regression to aggressive malignant tumors 
with metastatic disease [124]. Neuroblastoma is the third most 
common childhood cancer, after leukemia and brain tumors, 

and is the most common solid extracranial tumor in children 
[125, 126]. It is usually diagnosed in the first 2 years of life. 
Symptoms in children with neuroblastoma vary based on the 
number and location of tumors and can include both local and 
systemic symptoms. Approximately half of affected patients 
present with localized disease, with the remainder having dis-
tant metastases, especially to the bones and liver.

The most common primary site is the adrenal gland, where 
neuroblastomas present as asymptomatic abdominal masses 
or with symptoms related to local compression (abdominal 
pain, distension, constipation) or hypertension due to cate-
cholamine production [125, 126]. Neuroblastoma can extend 
to the spinal canal and can lead to spinal cord compression and 
paraplegia [126, 127]. A common location in infants is the 
cervical and thoracic region, where they can cause compres-
sion of the symphatic trunk leading to Horner syndrome (uni-
lateral ptosis, anhidrosis, and miosis) or compress the airways 
resulting in respiratory symptoms (Fig. 2.39).

Cross-sectional imaging studies such as CT and MR 
imaging are used to detect neuroblastoma as well as assess 
local extension of the tumor, lymph node involvement, and 
distant metastasis [125, 126]. When located in the neck and 
mediastinum, neuroblastoma tends to encase vascular struc-
tures and compresses large airways. On CT, neuroblastoma 
appears as a heterogeneous mass with contrast enhancement 

Fig. 2.38 Castleman disease in a 13-year-old girl who presented with 
respiratory distress. Axial nonenhanced T2-weighted HASTE MR 
image with fat suppression shows large hyperintense mediastinal lymph 
node compressing the left main bronchus (arrow)

a c

b

Fig. 2.39 Thoracic neuroblastoma in a 5-year-old boy who presented 
with respiratory distress. (a) Axial nonenhanced soft tissue window set-
ting CT image shows large mass containing calcifications in the right 
upper thorax compressing the trachea (arrowhead). (b) Axial nonen-
hanced T2-weighted HASTE MR image with fat suppression shows 

heterogeneous hyperintense signal within the mass compressing the 
trachea (arrow). (c) Coronal nonenhanced T2-weighted HASTE MR 
image with fat suppression shows mass compressing the trachea and 
right main bronchus (arrow)
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and often shows calcifications. On MR imaging, neuroblas-
toma appears as a heterogeneous mass that is hyperintense 
on T2-weighted images and restricts diffusion on diffusion- 
weighted images. Gadolinium contrast often improves the 
visualization of tumor infiltration into adjacent tissues and 
tumor vascularity.

The current treatment of neuroblastoma includes a combi-
nation of radiation therapy, chemotherapy, and surgical resec-
tion [125]. Prognosis depends on the location, extension, and 
genetics of the tumor and the age at presentation. In general, 
the younger the age at diagnosis, the better the survival rate.

 Conclusion

The use of MR imaging for large airway evaluation in the 
pediatric population has three unparalleled advantages over 
CT.  These include the absence of ionizing radiation, the 
ability to perform dynamic imaging, and excellent tissue 
characterization. Currently, various congenital and acquired 
pediatric large airway disorders can be evaluated using MR 
imaging. New sequences provide image quality compara-
ble to CT with practical protocols that can be applied in 
daily clinical setting. Careful attention to patient prepara-
tion, protocol optimization, and appropriate use of sedation 
are the keys to obtaining diagnostic pediatric large airway 
MR imaging. Future developments in MR imaging and 
post- processing techniques (i.e., automatic MR imaging 
airways segmentation tools) have a great promise to further 
increase the use of MR imaging in pediatric patients and 
expand its clinical applications in various pediatric large 
airway disorders.
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Great Vessels

Teresa Liang, Rekha Krishnasarma, and Edward Y. Lee

 Introduction

Congenital and acquired disorders of the thoracic great ves-
sels include a broad spectrum of vascular anomalies and 
abnormalities. They are important causes of morbidity in the 
pediatric population and are associated with underlying vas-
cular rings with respiratory and swallowing difficulties, 
chromosomal abnormalities, and congenital heart disease 
[1]. Therefore, it is essential for the radiologist to accurately 
recognize these thoracic vascular disorders because timely 
and accurate diagnosis can have important implications for 
prognosis and management.

Although a variety of imaging modalities have tradition-
ally been used to evaluate thoracic great vessel disorders 
including chest radiograph, fluoroscopy-guided gastrointes-
tinal studies, echocardiography, and conventional angiogra-
phy, recent advances in noninvasive cross-sectional imaging 
studies such as multidetector computed tomography (CT) 
and magnetic resonance (MR) imaging have substantially 
enhanced evaluation of thoracic great vessel disorders in the 
pediatric population by taking advantage of faster acquisi-
tion times, higher spatial resolutions, and enhanced high- 
quality two-dimensional (2D) and three-dimensional (3D) 
reconstructions [2]. Due to the potentially harmful effects of 
ionizing radiation exposure associated with CT, MR imaging 
with magnetic resonance angiography (MRA) technique has 
become a noninvasive imaging modality of choice for a com-

plete assessment of thoracic great vessels in the pediatric 
population [3].

This chapter focuses on the evaluation of the congenital 
and acquired disorders of the thoracic great vessels in infants 
and children by reviewing normal anatomy including embry-
ology and variants, up-to-date MR imaging techniques, char-
acteristic MR imaging findings, and current management 
approaches.

 Magnetic Resonance Imaging Techniques

MR imaging can provide anatomic detail of the thoracic great 
vessels in a noninvasive manner and demonstrate vessel ori-
entation in relation to the adjacent airway and esophagus. 
Optimized imaging techniques are essential for achieving 
high-quality MR imaging studies, which are required for 
accurate diagnosis.

 Patient Preparation

Meticulous pediatric patient preparation prior to MR imag-
ing is crucial for the acquisition of a high-quality study. First, 
intravenous access for contrast administration is important to 
obtain first-pass MR angiography to evaluate extracardiac 
great vessels. For neonates, intravenous access in the arm or 
leg with a 22-gauge or 24-gauge needle is preferable to an 
umbilical venous catheter which may be associated with 
complications [5]. In older children, larger bore intravenous 
catheters such as 20-gauge or 18-gauge are typically used.

Adequate patient sedation to reduce motion artifact is 
imperative. Breath-holding is essential to reduce respiratory 
motion. However, it can require the assistance of general 
anesthesia if the pediatric patient is not cooperative with 
breath- holding instructions [6–8]. Developing a plan for 
sedation typically depends on patient age. For neonates, a 
“feed-and- wrap” technique (feeding and swaddling the child 
prior to being placed in the scanner) could be considered. 
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However, respiratory motion remains a problem when imag-
ing the chest. Therefore, children younger than age 5 and 
those with cognitive delay are typically intubated and given 
deep sedation prior to MR imaging [9].

 MR Imaging Pulse Sequences and Protocols

The main MR imaging techniques in the evaluation of thoracic 
great vessels include electrocardiographically (ECG)-gated 
black-blood imaging, bright-blood imaging, and angiographic 
MR imaging [5]. Table 3.1 demonstrates a suggested protocol 
for MR imaging of the thoracic great vessels.

Black-blood and bright-blood MR imaging sequences are 
both non-contrast sequences which can be employed to evalu-
ate thoracic great vessels. Double inversion recovery imaging 
suppresses signal from flowing blood to create the black-blood 
images. By suppressing the signal from flowing blood, mural 
abnormalities are better defined [6]. Bright- blood imaging is 
performed by using a gradient refocused echo (GRE) or a bal-
anced steady-state free precession (SSFP) sequence, both of 
which require relatively short acquisition times. However, 
they can be sensitive to field inhomogeneities that occur within 
the lungs and with metallic implants [5].

MRA can be obtained with or without contrast. Contrast- 
enhanced MRA provides excellent detail and is less prone to 
flow-related image artifacts than unenhanced MRA [6]. In 
situations that preclude the use of gadolinium, non-contrast 
MRA can be obtained. Due to the recent concerns regarding 
gadolinium deposition and with concerns of nephrogenic 
systemic fibrosis in patients with renal failure, non-contrast-
enhanced MRA is increasingly incorporated into protocols, 
particularly for follow-up studies [10]. The advantage of 
non-contrast MR angiography is the ability to perform mul-
tiple acquisitions if the initial images prove nondiagnostic 
[6]. Time-of-flight MR angiography relies on the use of 
either 2D or 3D GRE sequences in which the constant inflow 
of blood into the imaging slab results in a higher signal inten-
sity within the vessel than the surrounding soft tissues satu-
rated by repeated radiofrequency pulses [11].

 Anatomy

 Embryology

Congenital aortic arch malformations represent a diverse 
spectrum of variations and anomalies arising from disor-
dered embryogenesis of branchial arches, which result from 
abnormal persistence or regression of vascular segments 
[10]. Development of the aorta begins in utero during the 3rd 
week of gestation as paired dorsal and paired ventral aortic 
segments [12]. During the 4th and 5th gestational weeks, six 
paired branchial arches form, which connect the dorsal and 
ventral aorta as originally described by Rathke as repre-
sented in Rathke’s diagram (Fig. 3.1) [10, 13, 14].

The primitive arches regress or persist in a craniocaudal 
fashion, to eventually form the mature aortic arch. The first 
and second arches regress early, with the remnant of the first 
arch forming maxillary arteries which contribute to the exter-

Table 3.1 Suggested pediatric thoracic great vessel MR imaging 
protocol

Series Orientation Weighting Comments
1 Multiplanar T2, no FS Rapid localizer
2 Axial T1 FSE DIR
3 Coronal T1 FSE DIR
4 Axial T1 HASTE
5 Coronal T2 HASTE
6 Coronal 3D MRA MIP and volume-rendering 

postprocessing

FS fat suppression, FSE fast spin echo, DIR double inversion recovery, 
HASTE half-fourier acquisition single-shot turbo spin echo, MRA mag-
netic resonance angiography, MIP maximum intensity projection

Ventral
aorta

7th intersegmental
arteries

7th intersegmental
arteries

Ventral
aorta

Dorsal
aorta

Dorsal
aorta

1st arch

2nd arch

3rd arch

4th arch

5th arch

6th arch

5th arch

6th arch

Fig. 3.1 Embryology. Rathke’s diagram, a schematic representation of 
the development of the aortic arch and branches. The definitive aortic 
arch is formed from the fourth arch, while the pulmonary artery is 
formed from the anterior bud of the sixth arch. Parts of the third arch 
and anterior segments of the branchial arches contribute to the forma-
tion of left common, external, and internal carotid arteries. Areas that 
are shown in dark red persist, whereas those shown in pink eventually 
disappear
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nal carotid arteries and remnants of the second arches form-
ing the hyoid and stapedial arteries. The third arches, or the 
carotid arches, form the common and proximal internal 
carotid arteries. The fourth branchial arches contribute to the 
definitive mature aortic arches. The left fourth arch forms the 
portion of the left aortic arch between the left common carotid 
and left subclavian branches. The proximal right subclavian 
artery is formed by most of the right fourth arch. The fifth 
arches form rudimentary vessels that regress early. The ven-
tral portions of the right and left sixth arches develop into the 
proximal right and left pulmonary arteries. The dorsal part of 
the right sixth arch involutes, but the dorsal part of the left 
sixth arch persists to form the ductus arteriosus, which con-
nects the left pulmonary artery to the aortic arch during fetal 
life. After birth, the ductus arteriosus normally constricts, 
forming the remnant ligamentum arteriosum. On the left, the 
dorsal aorta persists for its entire length. On the right, the dor-
sal aorta involutes, except for a portion that forms the distal 
segment of the right subclavian artery [1, 13–17].

Most malformations of the aortic arch can be explained 
by Edwards’ hypothetical double arch model which depicts 
theoretical aortic arches and ductus arteriosus on each side 
encircling the trachea and esophagus (Fig. 3.2). Carotid and 
subclavian arteries arise from their respective aortic arches. 
Many abnormalities of the aortic arch can be postulated by 
regression or persistence of segments of this hypothetical 
double arch system [18].

 Normal Development and Anatomy

The thoracic aorta is composed of the aortic root, ascending 
aorta, transverse aortic arch, isthmus, and descending aorta. 
The normal pattern of the aorta and great vessels is a left aor-
tic arch with a descending thoracic aorta. The three main 
great vessels include the brachiocephalic artery, the left com-
mon carotid artery, and the left subclavian artery (Fig. 3.3). 
Regression of the right dorsal aortic root (between the right 
subclavian artery and the descending aorta) and the right duc-
tus arteriosus leaves the normal left aortic arch [16]. A classi-
cally configured left aortic arch and descending thoracic aorta 
are seen in approximately 65% of patients, and the remaining 
35% of patients have anatomic variants [19–21].

 Anatomic Variants

Normal variants in the anatomy of the thoracic great vessels 
are relatively common, asymptomatic, and typically detected 
incidentally by radiological examinations. When evaluating a 
patient for a possible congenital aortic arch or great vessel 
abnormality, a normal anatomic variant should be reported in 
order to prevent further unnecessary workup or procedures. A 

common normal variant typically encountered on routine 
radiologic studies is the common origin of the brachioce-
phalic artery and left common carotid artery (Fig.  3.4). 
Another common variant which should be recognized 
includes origin of the left vertebral artery from the aortic arch. 
Both of these variants should be recognized prior to interven-
tional and endovascular procedures such as carotid stenting or 
surgeries particularly in the head and neck region [20].

One of the notable exceptions of an anatomic variant that 
could potentially be symptomatic is the left aortic arch with 
aberrant right subclavian artery which can theoretically 
result in “dysphagia lusoria” from compression of the poste-
rior esophagus, described later in the chapter [20]. A recent 
study shows that the normal three-vessel aortic arch was less 
common in patients with congenital heart disease [22].

RC2 LC

LS

RS

LPA

AA
PA

E

DA

T

RPA

1 4

5 3

Fig. 3.2 Embryology. Edwards’ hypothetical double arch model with 
bilateral ductus encircling the trachea and the esophagus. Breaks at 1 
and 2 lead to left arch; breaks at 3 and 5 lead to right arch. A break at 1 
with resorption of the right ductus results in normal anatomy. A break 
at 2 results in left arch with anomalous subclavian artery; typically, the 
right ductus resorbs and does not result in a vascular ring. A break at 4 
results in right arch with mirror-image branching; the ductus courses 
from the innominate artery to the left pulmonary artery (not a complete 
ring). A break at 3 leads to right arch with aberrant subclavian artery; 
typically, the left ductus persists, coursing from the left subclavian to 
the left pulmonary artery and forming a vascular ring. A break at 5 dif-
fers in that the anomalous vessel is the innominate artery. AA ascending 
aorta, DA descending aorta, E esophagus, LC left carotid artery, LPA 
left pulmonary artery, LS left subclavian artery, PA main pulmonary 
artery, RC right carotid artery, RPA right pulmonary artery, RS right 
subclavian artery
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a b

c d

Fig. 3.3 Normal thoracic great vessel anatomy in a 16-year-old girl 
with recurrent hemoptysis who underwent MR imaging of the chest to 
evaluate for possible pulmonary arteriovenous malformations. (a) 
Coronal three-dimensional enhanced maximum intensity projection 
(MIP) MR image with subtraction demonstrates a normal left-sided 
aorta with three-vessel branching of the great vessels. AA ascending 
aorta, DA descending aorta, BA brachiocephalic artery, LCA left com-
mon carotid artery, LSA left subclavian artery. (b) Axial enhanced 
T1-weighted volumetric interpolated breath-hold examination (VIBE) 
image at the level of the great vessels demonstrates normal anatomy of 
the great vessels. The brachiocephalic artery (BA) is the first branch off 

of a left-sided aorta, the left common carotid artery (LCA) is the second 
branch, and the left subclavian artery (LSA) is the third branch. The 
brachiocephalic vein crosses anteriorly and drains into a right-sided 
superior vena cava (SVC). (c) Axial enhanced T1-weighted VIBE 
image at the level of the main pulmonary artery (MPA) shows normal 
branching of the pulmonary arteries. SVC superior vena cava, AA 
ascending aorta, DA descending aorta. (d) Axial enhanced T1-weighted 
VIBE image at the level of the inferior vena cava (IVC) shows that the 
IVC is a right-sided structure and the descending aorta (DA) is left 
sided
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 Spectrum of Great Vessel Disorders

 Congenital and Developmental Great Vessel 
Disorders

 Aortic Obstructive Lesions

Interrupted Aortic Arch Interrupted aortic arch (IAA) is a 
congenital great vessel anomaly in which there is total 
absence of a segment of the aortic arch, resulting in an inter-
ruption of luminal continuity between the ascending and 
descending thoracic aorta [2, 15]. Flow to the distal segment 
is generally supplied by a dilated patent ductus arteriosus 
(PDA) and is vital to maintaining survival after birth.

Among congenital cardiovascular diseases, IAA is relatively 
rare, comprising 1.5% of congenital mediastinal vascular anom-
alies [2, 23, 24]. Clinically, infants with IAA present with respi-
ratory distress, cyanosis, or congestive heart failure during the 
first month of life [2, 23, 24]. A common association includes 
ventricular septal defect (VSD) [25]. Approximately 50% of 
patients with IAA exhibit chromosomal anomalies [24].

The exact embryologic etiology of IAA remains unknown. 
One proposed mechanism is abnormal flow during embryo-
genesis leading to aberrant patterns of vessel involution. 
Regression of the fourth arches occurs, but the site of regres-
sion varies and results in different types [14]. Three types of 
IAA are described based on the site of arch discontinuity 
(Fig.  3.5): Type A, constituting 13–42% of cases, occurs 

B LC

AA

Fig. 3.4 Common origin of the brachiocephalic artery and left com-
mon carotid artery in a 2-year-old girl with anterior chest wall and 
mediastinal infantile hemangioma status post treatment. Coronal 
enhanced T1-weighted VIBE MR image at the level of the ascending 
aorta (AA) demonstrates common origin of the brachiocephalic artery 
(B) and left common carotid (LC), a normal anatomic variant

RS
LS

Type A

RC
LC

RS

Type B

Type B

RC
RS

B

Ao

PA

B

Ao
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B

Ao

PA

Type C

RCLC
Fig. 3.5 Interrupted aortic 
arch types. Type A 
interruption is distal to the left 
subclavian artery. Type B 
interruption is between the 
left common carotid artery 
and the left subclavian artery. 
Type C interruption is 
between the brachiocephalic 
trunk and the left common 
carotid artery. Ao aorta, PA 
pulmonary artery, B 
brachiocephalic trunk, RS 
right subclavian artery, RC 
right common carotid artery, 
LS left subclavian artery, LC 
left common carotid artery
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when there is interruption at the level of the distal left subcla-
vian artery; Type B, constituting 53–84% of cases, occurs 
when the interruption is between the left common carotid 
artery and left subclavian artery and is often associated with 
DiGeorge syndrome (Fig. 3.6); Type C, constituting less than 
5%, occurs when the interruption is between the innominate 
and left common carotid artery.

Cross-sectional imaging such as MRA is a valuable non-
invasive imaging modality for presurgical evaluation when 
compared to more invasive catheter angiography. MRA has 
the added benefit of producing images without the need for 
ionizing radiation. On MRA, nonvisualization of a portion of 
the aortic arch can be confirmed in multiple planes, and the 
location, length of interruption, caliber of the thoracic aorta 
proximal and distal to the interruption, branching pattern, 
great vessel origins, patency of PDA, and presence of other 
cardiac abnormalities can be identified [15].

The mortality rate of patients with IAA can be as high as 
90% at 1  year of age if left untreated with complications 
including development of a left-to-right shunt, ventricular 
failure, and PDA closure resulting in hypoperfusion [15]. 
The treatment is initially intravenous prostaglandin therapy 
to preserve patency of the ductus arteriosus, and this entity is 
definitively treated with surgical intervention in the neonatal 
period [14, 23, 24]. A recent study shows that as many as 
40% of surviving patients eventually require reintervention 
on the left ventricular outflow tract by 15 years of follow-up, 
and echocardiography can be helpful in following these 
patients and identifying patients who require intervention in 
the future [25–27].

Aortic Stenosis Aortic stenosis is usually a congenital 
defect causing a fixed hemodynamically significant left ven-
tricular outflow tract obstruction in the pediatric population 
[28]. Aortic stenosis encompasses multiple different pathol-
ogies depending on the location of stenosis. Valvular aortic 
stenosis (VAS) occurs when there is obstruction at the level 
of the aortic valve, often seen in the setting of a bicuspid 
aortic valve. Congenital stenosis of the proximal descending 
thoracic aorta is typical of congenital coarctation. Stenosis 
at the level of the thoracoabdominal aortic junction occurs 
in dysplastic midaortic syndrome, and stenosis of the 
 abdominal aorta is often secondary to atherosclerosis, while 
iatrogenic or vasculitic processes can affect any segment of 
the aorta [29].

Supravalvular aortic stenosis (SVAS) is characterized by 
focal or diffuse narrowing at the level of the sinotubular 
junction (Fig.  3.7) [30]. SVAS is an elastin arteriopathy 
[31]. Three distinct forms of SVAS have been described, 
and the most common type is the “hourglass” configuration, 
which results in a constricting annular ridge at the superior 
margin of the sinuses of Valsalva [30]. Supravalvular aortic 
stenosis is commonly associated with Williams-Beuren syn-
drome, mitral valve prolapse, and pulmonary artery stenosis 
[32]. Affected patients typically present with angina, dys-
pnea, or syncope. The risk of severe endocarditis is increased 
in the setting of supraaortic stenosis due to altered flow 
mechanics [33, 34].

Cross-sectional imaging such as MR imaging is the 
modality of choice to demonstrate the extent of aortic steno-
sis prior to intervention. MR imaging can also measure the 
gradient across the narrowed segment. Depending on the eti-
ology of stenosis, endovascular or surgical correction of the 
narrowing is often indicated. Recent studies have reported 
that patients with supravalvular aortic stenosis and Williams 
syndrome show regression of stenosis without intervention 
and have an overall excellent rate of survival after treatment 
[34, 35].

Coarctation of Aorta Aortic coarctation is a congenital 
condition characterized by focal constriction of the aorta 
near or at the level of the ductus arteriosus. The coarcta-
tion may be located proximal (preductal), at (juxtaductal), 
or immediately distal (postductal) to the ductus [36]. 
Aortic coarctations encompass 5–8% of all congenital car-
diac defects [2, 37]. During development, it is proposed 
that this condition potentially results from abnormal 
migration patterns, abnormal blood flow, and/or excessive 
distribution of tissue around the aortic isthmus during 
development [36].

Aortic coarctation can be characterized based on age of 
presentation, which may be in infancy or adulthood. The 
infantile type is typically preductal, occurring at the isth-
mus between the left subclavian artery and the ductus. 
Affected infants typically present in the first 6 months of 
life as the ductus closes at 2 weeks. The clinical presenta-
tion can include hypoperfusion to the lower body, renal 
dysfunction, and acidosis. Bicuspid aortic valve is the 
most commonly associated congenital anomaly. Other 
associated anomalies include hypoplasia of the aortic arch 
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Fig. 3.6 Interrupted aortic arch in a 2-day-old full-term girl with pre-
natal diagnosis of a Type B interrupted aortic arch and intrauterine 
growth restriction (IUGR). (a) Axial enhanced soft tissue window set-
ting computed tomography (CT) image shows a descending aorta (DA) 
with left subclavian artery (LSCA) origin (arrow) and a patent ductus 
arteriosus (PDA) between the pulmonary artery (PA) and DA. SV supe-
rior vena cava. (b) Coronal enhanced maximum intensity projection 
(MIP) soft tissue window setting CT image shows the ascending aorta 
(AA) giving off the innominate artery from which the right common 
carotid (RC) and left (LC) common carotid arteries originate. (c) 
Sagittal enhanced maximum intensity projection (MIP) soft tissue win-

dow setting CT image shows the descending aorta (DA) which gives off 
the left subclavian artery (LSCA). This projection also highlights the 
absence of the thymus, in keeping with known DiGeorge syndrome, 
which is commonly associated with a Type B interrupted aortic arch. 
PA pulmonary artery, PDA patent ductus arteriosus. (d) Three- 
dimensional CT reconstruction of the thoracic vasculature shows the 
right common carotid artery (RCCA) and left common carotid artery 
(LCCA) arising from the ascending aorta (AA). There is no communi-
cation between the AA and the descending aorta (DA). The patent duc-
tus arteriosus (PDA) is seen in continuity with the descending aorta 
(DA). The left subclavian artery (LSCA) arises from the DA
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(Fig.  3.8), hypoplasia of the descending aorta, and con-
genital heart disease such as a patent ductus arteriosus, 
ventricular septal defect, hypoplastic left heart, or ostial 
stenosis of the aortic branches. Other associated congeni-

tal or acquired diseases include Williams syndrome, 
Turner syndrome, giant cell arteritis, neurofibromatosis, 
and fibromuscular dysplasia [36]. Aortic coarctation in 
adults is typically juxtaductal or postductal, and affected 

a b

MPA

Fig. 3.8 Hypoplasia of the aortic arch in a 4-day-old girl who pre-
sented with heart failure. (a) Sagittal non-enhanced steady-state free 
precession (SSFP) and (b) Axial non-enhanced SSFP MR images dem-

onstrate moderate hypoplasia of the distal transverse aortic arch 
(arrows). MPA main pulmonary artery

a b

Fig. 3.7 Aortic stenosis in a 7-year-old boy with Williams syndrome 
and supravalvular aortic stenosis. Sagittal non-enhanced oblique bal-
anced turbo field echo (BTFE) and coronal oblique BTFE MR images 

of the left ventricular outflow tract (a, b) show moderate supravalvular 
aortic stenosis with thickening of the aortic wall (arrows), superior to 
the aortic valve (arrowhead)
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patients typically present later in life with arterial hyper-
tension in the upper extremities relative to the lower 
extremities [2, 36].

Chest radiographs may be normal in cases of mild aortic 
coarctation. In more severe long-standing aortic coarctation, 
characteristic “figure 3” sign may be seen on chest radio-
graph due to enlargement of the left subclavian artery as well 
as pre- and post-stenotic dilatation of the descending aorta. 
Also seen in more prolonged courses is notching of the ribs 
secondary to collateral formation through the intercostal 
arteries, usually involving the posterior fourth to eighth ribs. 
Echocardiography can measure the gradient across the 
coarctation and demonstrate concurrent congenital heart dis-
ease. However, it is suboptimal for identifying collateral cir-
culation, and interrupted aortic arch can mimic coarctation 
on echocardiogram. In current practice, catheter angiogra-
phy is reserved for treatment rather than diagnosis given its 
invasive nature, although it can identify the pressure gradient 
across the coarctation and assess collateral vessels [15, 38].

Cross-sectional imaging study such as MR imaging with 
MRA technique with 2D and 3D volume-rendered recon-
structions is a valuable noninvasive imaging modality in the 
diagnosis and evaluation of an aortic coarctation prior to 
intervention. MRA can identify the narrowed segment of the 
aorta (Fig. 3.9). Postoperative complications such as recur-
rent stenosis and aortic injury after surgical resection can 
also be evaluated with MRA [38].

Surgical repair with resection of the aortic coarctation 
with end-to-end anastomosis and subclavian flap angioplasty 
is the definitive management. Endovascular treatment with 
balloon dilation and stenting is an alternative [36, 37]. The 

recoarctation rate is approximately 11.5%, and a recent study 
shows that age of less than 15 days at repair was associated 
with a risk of reintervention [39].

 Aortic Arch Positional Anomaly

Cervical Aortic Arch Cervical aortic arch describes an aor-
tic arch which is unusually located high, at, or above the tho-
racic inlet. This vascular anomaly occurs most frequently in 
association with a right aortic arch, and the branching pattern 
is highly variable. The exact embryologic etiology is unclear, 
although this type of aortic arch anomaly is thought to result 
from persistence of the third aortic arch, rather than normal 
persistence of the fourth aortic arch [1, 16].

Affected patients with a cervical aortic arch are often 
asymptomatic [40], although symptoms can include stridor, 
frequent respiratory tract symptoms, and dyspnea [41]. 
Aneurysm formation is reported in 20% of cervical aortic 
arch cases due to the hemodynamic alterations resulting from 
kinking of the aortic arch [41, 42]. When cervical aortic arch 
is complicated by aneurysm formation, affected patients pres-
ent with a pulsatile mass in the neck and dyspnea [41, 42].

Chest radiograph may demonstrate a superior mediastinal 
mass and slight deviation of the trachea to the opposite side 
of the aortic arch on the frontal projection. Anterior deviation 
of the trachea may be seen on the lateral projection [41]. 
Posterior indentation on the contrast-filled esophagus on the 
lateral projection of an esophagram may be evident [40]. MR 
imaging is excellent at demonstrating the high positioning of 
the aortic arch and other associated vascular abnormalities 
(Fig. 3.10).

a b c

Fig. 3.9 Coarctation of the aorta in a 16-year-old boy who presented 
with poor exercise tolerance. (a) Frontal chest radiograph demonstrates 
an inward indentation at the level of the descending thoracic aorta, con-
sistent with a “Figure 3” appearance (arrow). (b) Sagittal MR angio-
gram balanced turbo field echo image without contrast shows focal 

constriction (arrow) of the aortic arch at the level of the ductus arterio-
sus. (c) Sagittal follow-up enhanced MR angiogram maximum intensity 
projection (MIP) image shows improved caliber of the aorta (arrow) 
following balloon dilation and stent placement. Multiple dilated inter-
costal collaterals are also noted (arrowheads)
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Patients with a cervical aortic arch tend to have a benign 
course as the abnormality does not result in compressive 
symptoms, and the majority of patients do not require sur-
gery [10, 40]. If a cervical aortic arch is complicated by 
aneurysm formation, endovascular repair is the primary 
treatment of choice [41].

 Aortic Branching Anomalies

Double Aortic Arch Double aortic arch is the most com-
mon cause of vascular tracheoesophageal narrowing in 
symptomatic pediatric patients [2]. This type of vascular 
ring occurs when there is lack of regression of the ventral 
and dorsal aortic arches resulting in both right and left 
aortic arches. These right and left aortic arches arise from 
a single ascending aorta and encircle the trachea and 
esophagus. Usually one of the sixth arches persists as a 
ductus arteriosus or ligamentum arteriosum, most com-
monly on the left [1]. The double aortic arch is the most 
common vascular ring, and the right arch is typically 
dominant and more superior to the smaller left arch. 
Pediatric patients with a double aortic arch typically pres-
ent with respiratory and gastrointestinal symptoms such 
as stridor, cough, wheezing, and dysphagia in the first 
year of life [2, 43, 44].

Imaging evaluation of clinically suspected double aortic 
arch initially begins with a chest radiograph, which may 
show a right-sided aortic arch. Fluoroscopic esophagram 
characteristically demonstrates lateral impression with cali-
ber change of the esophagus at the level of the aortic arch on 
the frontal projection and posterior impression on the lateral 
projection. MRA and CTA have become the primary imag-
ing modalities for diagnosis and presurgical planning for a 
double aortic arch, largely replacing catheter angiography 

mainly due to the noninvasive acquisition of multiplanar 
reformats and three-dimensional vessel imaging. MRA is 
often preferred over CTA due to the lack of ionizing radia-
tion exposure.

Distinguishing an incomplete double aortic arch with 
distal left arch atresia from a right aortic arch with mirror-
image branching can be challenging to reliably visualize on 
cross- sectional imaging, although the distinction is impor-
tant, as a double aortic arch forms a complete vascular ring 
[45]. A double aortic arch demonstrates a characteristic 
configuration of the great vessel takeoff on cross-sectional 
imaging with the common carotid and subclavian arteries 
arising from the respective ipsilateral aortic arch, termed 
the “four- vessel” sign (Fig. 3.11) [46]. Multiplanar and 3D 
reformats also aid in deciding the surgical approach by 
identifying the laterality of the atretic aortic arch, which is 
ultimately resected to relieve compression on the trachea 
and esophagus. A recent study demonstrates the prevalence 
of tracheomalacia in patients with a double aortic arch to be 
1 in 5 (20%), and, given the chronic tracheal compression 
and high prevalence of tracheomalacia, dynamic airway CT 
has been found to be useful in determining the presence and 
severity of tracheomalacia preoperatively or postopera-
tively [47, 48]. With advances in spirometer-guided MR 
imaging in children, tracheomalacia in pediatric patients 
with mediastinal vascular anomalies can also be accurately 
diagnosed with MR imaging [37, 49].

Definitive management for a double aortic arch includes 
surgical repair with video-assisted thoracoscopic surgery 
(VATS) division and ligation of the more atretic aortic 
arch to relieve the vascular ring’s compression upon the 
trachea and esophagus, leaving the dominant aortic arch 
in place. VATS has been shown to be safe and effective, 
with a recent study demonstrating all patients following 

a b

Fig. 3.10 Cervical aortic arch in a 4-day-old boy with DiGeorge syn-
drome, cervical right aortic arch, and Tetralogy of Fallot. (a) Axial non- 
enhanced proton density MR image and (b) coronal non-enhanced 

proton density MR image demonstrate a cervical right aortic arch 
(arrows) which is characterized by an elongated high-lying aortic arch 
which is at the level of the clavicles
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double aortic arch repair improved clinically at follow-up, 
although further studies with a larger sample of patients 
are required [50].

Circumflex Aortic Arch Circumflex aortic arch occurs 
when a portion of the arch crosses midline in a retroesopha-
geal course above the level of the carina to the contralateral 
side [13, 15, 51, 52]. A circumflex aortic arch can be right or 
left sided. Embryologically, the circumflex aortic arch devel-
ops as the result of preservation of the proximal fourth arch 
[52]. In addition, it occurs when there is persistence of a seg-
ment of the contralateral sixth arch to form the ductus arte-
riosus and the distal portion of the right fourth arch to form 
the dorsal arch [52].

The ductus arteriosus extends from the descending aorta 
to the ipsilateral pulmonary artery, forming a complete vas-
cular ring in patients with circumflex aortic arch [13, 53–56]. 
The aortic branching can be either mirror image or an aber-
rant right subclavian [54]. Affected pediatric patients typi-
cally present with respiratory or gastrointestinal symptoms 
similar to other types of vascular rings secondary to the ret-
roesophageal compression from the transverse aortic arch. 
This type of vascular ring has been found to be associated 
with various other cardiac anomalies such as absent left pul-
monary artery, ventricular septal defect, tetralogy of Fallot, 
and transposition of the great vessels [53, 57].

Chest radiographs may demonstrate a right aortic arch on 
the frontal projection and a superior mediastinal density dis-
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Fig. 3.11 Double aortic arch in a 37-day-old girl who presented with 
respiratory distress and feeding difficulty. (a) Axial non-enhanced pro-
ton density black-blood MR image at the level of the great vessels 
shows the “four-vessel” sign (RCCA right common carotid artery, 
RSCA right subclavian artery, LCCA left common carotid artery, 
LSCA left subclavian artery). (b) Axial non-enhanced proton density 

black-blood MR image at the level of the aortic arch shows a right aor-
tic arch (RAA) and a left aortic arch (LAA) which encircle the trachea 
and the collapsed esophagus. (c) Three-dimensional reconstruction of 
the vascular structures from MRA in a posterior projection view dem-
onstrates the double aortic arch with symmetric take-off of the great 
vessels
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placing the trachea anteriorly on the lateral projection [55, 
56]. Barium esophagram can demonstrate a posterior impres-
sion on the contrast-filled esophagus. Cross-sectional imag-
ing is the best modality to evaluate a circumflex aortic arch 
in order to depict a transverse aortic arch crossing the mid-
line posteriorly to descend on the contralateral side, the 
abnormal branching pattern, and tracheal compression 
(Fig. 3.12) [54].

Surgery is the definitive treatment for circumflex aortic 
arch. The circumflex aorta is treated with the aortic uncross-
ing operation, where the retroesophageal arch is mobilized 
anterior to the airway and anastomosed with the lateral por-
tion of the descending aorta to relieve the posterior compres-
sion [13, 48, 58].

Right Aortic Arch—Right Aortic Arch with Aberrant Left 
Subclavian Artery Right aortic arch with an aberrant left 
subclavian artery consists of an aberrant origin of the left 

subclavian artery with a retroesophageal course. This is 
the second most common type of symptomatic vascular 
ring after the double aortic arch in the pediatric popula-
tion. Embryologically, the right aortic arch results from 
abnormal development of the fourth brachial arch, while 
the right dorsal aortic arch persists and the distal left aorta 
regresses [2]. The aberrant left subclavian artery arises 
from a Kommerell diverticulum, which is the embryonic 
origin of the left aberrant subclavian artery off the patent 
ductus arteriosus. A diverticulum of Kommerell is impor-
tant to recognize on imaging because it is typically associ-
ated with the presence of an ipsilateral ligamentum 
arteriosum which is not visible with imaging techniques. 
Such ligamentum arteriosum connects the pulmonary 
artery to the aortic diverticulum, constituting a vascular 
ring [15, 44]. Affected pediatric patients present similarly 
to double aortic arch with respiratory distress and feeding 
difficulties [58].

a b
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Fig. 3.12 Circumflex aortic arch in a 7-day-old girl with dextrocardia 
and right aortic arch found to have a circumflex right aortic arch. (a–c) 
Axial non-enhanced proton density black-blood MR images demon-
strate a right-sided aortic arch (RAA) coursing horizontally from right to 
left, with the descending aorta (DA) compressing the esophagus (E) as it 

passes posteriorly. The DA courses to the left of midline, the typical 
position of the descending thoracic aorta. (d) Three-dimensional recon-
struction of the vascular structures from MRA in an oblique projection 
view demonstrates a right-sided aortic arch (RAA) coursing horizontally 
and the descending thoracic aorta (DA) coursing to the left of midline
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On chest radiographs, a right-sided aortic arch with ante-
rior tracheal bowing due to the posteriorly located aberrant 
retroesophageal vessel is observed. At fluoroscopy, a poste-
rior indentation on the esophagus is identified and is indistin-
guishable from a double aortic arch. Definitive diagnosis is 
made by MRA which depicts a right-sided aortic arch with 
retroesophageal aberrant left subclavian artery arising from a 
diverticulum of Kommerell (Fig.  3.13). Dynamic airway 
imaging is helpful to evaluate for concomitant tracheomala-
cia at the level of the vascular ring [47].

Management involves surgical ligation of the vascular 
ring. The prognosis is generally excellent after division of 
the vascular ring, although symptoms may persist from tra-
cheomalacia after repair [48].

Right Aortic Arch—Right Aortic Arch with Mirror-Image 
Branching Right aortic arch with mirror-image branching 
occurs if the left fourth arch regresses distal to the right 
subclavian artery in utero [1]. The first major vessel aris-
ing from the aortic arch is the left brachiocephalic trunk, 
followed by a right common carotid artery and then the 
right subclavian artery. This condition is not a vascular 
ring, since there is no connection to the ductus. Therefore, 
affected pediatric patients do not suffer from tracheo-
esophageal compression. However, it is still important for 
the radiologist to recognize a right aortic arch with mir-
ror-image branching in the pediatric population because it 
is highly associated with congenital heart disease, which 
occurs in greater than 90% of cases. Tetralogy of Fallot 
and truncus arteriosus are the two most commonly asso-
ciated congenital heart diseases. Right aortic arch with 
mirror-image branching is diagnosed in neonates or chil-
dren as associated congenital heart disease presents in the 
prenatal or early postnatal period [2, 13, 17, 59]. Recent 
studies have also shown an association with 22q11.2 dele-
tion and suggest that prenatal testing for karyotypes and 
22q11.2 should be considered in the setting of prenatally 
diagnosed right aortic arch [60].

Frontal chest radiograph can demonstrate a rounded opac-
ity in the right upper paratracheal region,  potentially with 
leftward deviation of the trachea [17, 59].  Cross-sectional 
imaging studies such as contrast-enhanced MDCT and 
MR imaging with MRA are the best modalities to evalu-
ate this condition, as a right aortic arch can be identified, 
the branching pattern can be determined, and associated 
 congenital heart defects can be characterized (Fig.  3.14) 
[17, 59].

AA T

E

LSCA

Fig. 3.13 Right aortic arch with aberrant left subclavian artery in a 
16-month-old girl with velocardiofacial syndrome. Axial non-enhanced 
proton density black-blood turbo spin-echo MR image shows a right- 
sided aortic arch (AA) with a retroesophageal course of the left subcla-
vian artery (LSCA). T trachea, E esophagus
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Fig. 3.14 Right aortic arch with mirror-image branching in a 12-month-
old girl with tetralogy of Fallot. (a) Axial non-enhanced balanced turbo 
field echo MR image shows a right-sided aortic arch with mirror-image 
branching, with the left brachiocephalic artery (BA) as the first major 
branch, right common carotid artery (RC) as the second major branch, 
and right subclavian artery as the third major branch (RS). A brachioce-

phalic vein (BV) is seen draining in to a left-sided superior vena cava 
(SVC). (b) Posterior projection of three-dimensional reconstruction of 
the vascular structures from MRA shows the right-sided aortic arch 
(RA) and its branches: left brachiocephalic artery (BA), right common 
carotid artery (RC), and right subclavian artery (RS). SVC superior vena 
cava
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As mirror branching does not result in compressive symp-
toms, management of a right aortic arch with mirror-image 
branching focuses on identification and treatment of the 
associated cardiac disease.

Left Aortic Arch with Aberrant Right Subclavian Artery  
A left aortic arch with aberrant right subclavian artery is gen-
erally an incidental finding and is the most common congeni-
tal aortic arch anomaly [2, 6, 13, 61, 62]. This condition 
arises from involution of a segment of the embryonic right 
fourth aortic arch between the right subclavian and right 
common carotid arteries [2]. The right ductus arteriosus typi-
cally regresses, and a true vascular ring does not form [61, 
62]. If a right ligamentum arteriosum persists, the true vascu-
lar ring leads to subtle airway compression, and affected 
patients may have symptoms which are generally mild [2, 
62]. The retroesophageal right subclavian can result in symp-
toms related to extrinsic compression on the esophagus, even 
in the absence of vascular ring, referred to as “dysphagia 
lusoria” [6, 13, 62, 63].

Barium esophagram may show oblique indentation on 
the posterior esophagus. MR imaging with MRA technique 
and 2D/3D reconstructed images can confirm the finding 
and can better delineate the anatomy. The branching order 
of the great vessels is the right common carotid artery, left 
common carotid artery, left subclavian artery, and aberrant 
right subclavian artery (Fig. 3.15) [2, 13].

A left aortic arch with aberrant right subclavian artery 
typically does not result in symptomatic airway or esopha-
geal compression [61–63]. Therefore, no further manage-
ment is needed once the diagnosis is made in asymptomatic 
pediatric patients.

 Systemic Venous Anomalies

Persistent Left and Duplicated Superior Vena Cava During 
fetal development, the paired cardinal veins initially drain 
the body of the embryo, but as the fetus develops, the right 
cardinal vein persists to become the future right-sided supe-
rior vena cava (SVC), whereas the left cardinal vein mostly 
regresses with small portions forming left superior intercos-
tal and brachiocephalic veins [15, 64]. Persistence of the left 
anterior cardinal vein can result in a persistent left superior 
vena cava (PLSVC), which is the most common congenital 
thoracic venous anomaly. PLSVC has an estimated preva-
lence of 0.3–0.5% in the general population but has an appre-
ciably greater prevalence, estimated up to 10%, in congenital 
cardiac anomaly patients [15, 64–66].

The PLSVC classically drains into a dilated coronary sinus 
of the right atrium. However, in up to 8% of patients, the 
PLSVC can abnormally communicate with the left atrium, cre-
ating a small right-to-left shunt [15, 64, 67, 68]. In the setting 
of PLSVC, 70–90% of affected individuals have a right supe-
rior vena cava (RSVC) and a variable presence of a bridging 
vein communicating between the two SVCs [15, 64–66]. When 
both a right and left SVC are present, the anomaly is termed 
“mirror image” or “duplicated SVC” [15]. The RSVC may be 
normal, slightly smaller than the left, or absent [15, 59, 69].

Pediatric patients with PLSVC and duplicated SVC are 
usually asymptomatic and thus are often identified inciden-
tally during catheter insertion or chest imaging performed 
for other reasons (Fig. 3.16) [15, 64]. Rarely, systemic embo-
lization may occur, and affected pediatric patients may pres-
ent with symptoms of stroke or brain abscesses [64]. 
Although no treatment is required, identification and descrip-
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Fig. 3.15 Left aortic arch with aberrant right subclavian artery in a 
16-year-old girl with VACTERL syndrome, incidentally found to have 
a left-sided aortic arch and aberrant right subclavian artery. (a, b) Axial 
enhanced T1-weighted fat-suppressed cardiac-gated MR images show a 

left-sided aortic arch (AA) giving rise to an aberrant right subclavian 
artery (aRS) that courses to the right, posterior to the esophagus (E) and 
trachea (T)
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tion of its course can be valuable prior to placement of 
venous catheters, defibrillators, and pacemakers and for pre-
operative planning [15, 69].

On frontal chest radiographs in duplicated SVC patients, 
there is non-specific mediastinal widening, with the presence of 
normal right paratracheal soft tissue opacity from the right SVC, 
and the PLSVC is often identified as the straight soft tissue 
interface in the left paratracheal region, lateral to the aortic arch 
(see Fig. 3.16). CT and MR imaging can confirm the presence 
of a PLSVC as a tubular structure originating from the junction 
of the left internal jugular and subclavian veins, coursing verti-
cally to the left of the mediastinum and classically draining into 
the right atrium via a dilated coronary sinus (Fig. 3.17) [15, 64, 
69]. While right-sided cardiac problems may result in the pres-
ence of a dilated coronary sinus, when identified, a dilated coro-
nary sinus should raise suspicion for a PLSVC [64]. CT and MR 
imaging can confirm a duplicated SVC and also identify any 
causes of an abnormally dilated SVC [15, 59].

Single Left Superior Vena Cava Draining to Coronary 
Sinus An isolated PLSVC with the absence of a right 
SVC can rarely occur, with estimated incidences of 0.07–
0.13% in patients with cardiovascular anomalies [70–73]. 
The incidence of cardiac anomalies is evidently increased, 
with estimates of up to half of patients, and the most com-

mon cardiac pathologies including atrial and ventricular 
septal defects (ASD and VSD), Tetralogy of Fallot, 
Eisenmenger syndrome, cor triatriatum, aortic coarcta-
tion, mitral atresia, and dextrocardia [15, 64, 70, 74]. 
Although PLSVC with absent right SVC has been fre-
quently reported to occur in situs inversus patients 
(Fig. 3.18), recent studies have demonstrated many cases 
of the isolated PLSVC to occur in the absence of dextro-
cardia or heterotaxy syndrome [70, 75].

Similar to the above described pediatric patients with 
PLSVC/duplicated SVC, in the absence of congenital heart 
disease, the variation of systemic venous drainage is usually 
asymptomatic and often discovered incidentally [76].

Imaging findings are similar to the duplicated SVC patients; 
however, only a single PLSVC and no right SVC is identified. 
Given the increased incidence with cardiovascular anomalies, 
CT and MR imaging can be highly useful to identify any asso-
ciated anomalies and variant anatomy (see Fig. 3.18).

 Pulmonary Arterial Anomalies

Pulmonary Artery Agenesis, Aplasia, and Hypoplasia  
Abnormal blood flow in the dorsal aortic arch during fetal 
development has been postulated as the underlying patho-
physiology yielding the spectrum of pulmonary agenesis, 
aplasia, and hypoplasia [15, 77]. The most commonly used 
classification proposed by Schneider and Schwalbe in 1912 
[78] groups the spectrum into three categories: pulmonary 
agenesis corresponding to the complete absence of lung, 
bronchus, and vascular supply; pulmonary aplasia with 
absent lung and pulmonary artery but a rudimentary bron-
chus; and pulmonary hypoplasia with hypoplastic lung and a 
rudimentary bronchial tree [15, 78–80].

The clinical presentations of these pediatric patients vary, 
ranging from infants with respiratory distress and feeding 
difficulties to children with recurrent infections to asymp-
tomatic adults [15, 77]. Morbidity and mortality are usually 
related to the severity of the associated cardiac, respiratory, 
skeletal, gastrointestinal, and genitourinary anomalies, esti-
mated to coexist in 50–70% [79–83]. Treatment is typically 
symptom management, with potential surgical management 
for the associated anomalies [83].

Pulmonary agenesis, the most severe form, can be unilat-
eral or bilateral, which is fatal [79, 80]. Although more com-
mon on the left [81], when it occurs on the right, there is a 
poorer associated prognosis with the increased mediastinal 
shift and distortion of the great vessels and airway [80, 81].

On radiographs, pediatric patients with pulmonary agen-
esis demonstrate a diffusely opacified affected hemithorax 
with ipsilateral mediastinal shift and compensatory hyperin-

Fig. 3.16 Persistent superior vena cava in a 47-day old girl with aortic 
coarctation status post left arm peripherally inserted central venous 
catheter (PICC) placement. Frontal supine chest radiograph demon-
strates the left upper extremity PICC tip (arrow) projecting over the 
upper persistent left-sided superior vena cava. Additional findings 
include an endotracheal tube in the mid thoracic trachea, bilateral low 
lung volumes with mild elevation of the right hemidiaphragm, and mild 
pulmonary vascular congestion
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flation of the contralateral lung (Fig.  3.19a) [77, 82, 83]. 
Cross-sectional imaging with CT or MR imaging is recom-
mended to confirm diagnosis and identify the associated 
abnormalities of the involved pulmonary artery, bronchus, 
and lung parenchyma (Fig. 3.19b).

Depending on when the insult occurred during fetal 
lung development and the presence of the associated 
anomalies, the severity of pulmonary aplasia can vary [15, 
82, 83]. On chest radiographs, the findings of pulmonary 
aplasia are nearly identical to the findings in pulmonary 
agenesis, with the involved hemithorax opacification, 
ipsilateral mediastinal shift, and hyperinflation of the con-
tralateral lung [77, 82, 83]. CT or MR imaging can con-
firm the absence of the involved pulmonary artery and 
lung tissue and confirm the presence of a rudimentary 
bronchus arising from the carina and terminating in a 
blind pouch [15, 82, 83].

Congenital lung hypoplasia can occur from a primary 
abnormality of embryologic development or, more com-
monly, secondarily from compression on the developing 
lung and hemithorax [15]. Lung compression may result 
from a variety of causes including intrathoracic space- 
occupying lesions (such as congenital pulmonary airway 
malformation (CPAM), pulmonary sequestration, or congen-
ital diaphragmatic hernias), external compression second-
arily from oligohydramnios, chest wall malformations, 
neuromuscular or chromosomal disorders with restricted or 
decreased fetal breathing movements, and decreased pulmo-
nary vascular perfusion from associated congenital cardio-
vascular disease [15].

Similar to its more severe counterparts, pulmonary hypo-
plasia shows opacification or diminished volume of the 
involved lung, ipsilateral mediastinal shift, and compensa-
tory hyperinflation of the contralateral lung [77, 82, 83], and 

a

b

Fig. 3.17 Duplicated superior vena cava (SVC) in a 13-year-old girl who 
presented for further evaluation with MR imaging. (a) Coronal enhanced 
MR angiogram image demonstrates the duplicated SVC (arrows) with no 

bridging vein identified. (b) Axial double inversion recovery MR images 
demonstrate a persistent left SVC (arrows) draining into a dilated coro-
nary sinus (arrowhead) with no bridging vein identified
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Fig. 3.18 Persistent left superior vena cava (SVC) in a 3-month-old boy 
with heterotaxy syndrome, right dominant atrioventricular canal, single 
right ventricle, pulmonary atresia, and status post right Blalock- Taussig 
shunt. (a) Coronal double inversion recovery MR image demonstrates a 

persistent left superior vena cava (SVC) (arrowhead) draining into the 
left common atrium. (b) Coronal enhanced MR angiogram image shows 
a persistent left SVC (arrowhead) draining into the left common atrium, 
with extravasation (asterisk) of contrast in the right axilla

a b

Fig. 3.19 Right pulmonary agenesis in a 58-day-old girl who pre-
sented with shortness of breath. (a) Frontal supine chest radiograph 
shows a tracheostomy in situ, with tip in proximal thoracic trachea, and 
diffuse opacification of the right hemithorax with ipsilateral mediasti-

nal shift (arrow). (b) Coronal enhanced lung window setting CT image 
shows absence of the right pulmonary artery, right main bronchus, and 
right lung in keeping with right pulmonary agenesis (arrow)

an underlying cause such as a mass, hernia, pleural or chest 
wall, or diaphragmatic abnormalities may be identified 
(Fig. 3.20a). Although MR imaging/MRA can readily iden-
tify the pulmonary arterial and associated anomalies 
(Fig. 3.20b), MDCT remains superior for assessment of the 
bronchial tree and lung parenchyma [83].

Interruption of Proximal Pulmonary Artery / Pulmonary 
Artery Agenesis Proximal interruption or absence of the 
pulmonary artery is a rare entity estimated to occur in 1 out 
of 200,000 individuals, characterized by the abnormal termi-
nation of the pulmonary artery at the level of the lung hilum 
[15, 84–86]. This entity is thought to occur due to the failure 
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of formation of the sixth aortic arch and more commonly 
affects the right pulmonary artery [15, 84–86]. When it 
involves the left pulmonary artery, there is an association 
with a right-sided aortic arch and other cardiovascular anom-
alies including tetralogy of Fallot (Fig. 3.21) [86]. Since the 
embryologic origins of the hilar and distal pulmonary arter-
ies are separate, they continue to form normally in these 
pediatric patients [84–86]. The affected lung receives dimin-
ished flow supplied by collaterals through the bronchial and 
intercostal arteries and enlargement of the contralateral pul-

monary vessels, resulting in ipsilateral pulmonary hypopla-
sia [84–86].

Although affected pediatric patients may remain asymp-
tomatic, common presentations include recurrent infections, 
dyspnea, and pulmonary hypertension [85], and approxi-
mately 10% of affected patients present with pulmonary 
hemorrhage from rupture of hypertrophied collateral arteries 
[86]. Early treatment with surgical anastomosis or grafting 
of the involved pulmonary artery may improve lung and pul-
monary arterial growth, whereas later presentation with 

a b

Fig. 3.20 Left pulmonary hypoplasia and left congenital diaphrag-
matic hernia in a 2-month-old boy who presented with shortness of 
breath. (a) Frontal supine chest radiograph shows loops of bowel 
(arrow) in the left lower hemithorax in keeping with a left-sided con-
genital diaphragmatic hernia and left pulmonary hypoplasia. The left 

upper extremity peripherally inserted central venous catheter tip proj-
ects over the mid superior vena cava, and enteric tube tip is external to 
the field of view. (b) Axial non-enhanced T2-weighted fat-suppressed 
MR image demonstrates bool loops (arrow) herniating into the left 
hemithorax and left pulmonary hypoplasia

a b

Fig. 3.21 Absent left pulmonary artery in a 54-day-old girl with tetral-
ogy of Fallot and a right-sided aortic arch. (a) Axial non-enhanced 
T2-weighted MR image demonstrates the right-sided aortic arch and an 

absent left pulmonary artery (arrowhead). (b) Axial enhanced soft tis-
sue window setting CT image shows the right-sided aortic arch and 
absent left pulmonary artery (arrowhead)
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hemoptysis or pulmonary hypertension may require emboli-
zation of collaterals [84].

On chest radiographs, affected pediatric patients have 
varying appearances of pulmonary hypoplasia, depending 
on its severity, with ipsilateral mediastinal shift and com-
pensatory hyperinflation of the contralateral lung, a small 
or absent hilum, and no identifiable pulmonary artery 
(Fig. 3.22a) [84–86]. Findings of dilated collaterals such as 
rib notching and subpleural reticular opacities may also be 
present [15, 86]. On CT or MR imaging/MRA, the absent or 
interrupted pulmonary artery within 1 cm of its origin, the 

presence of ipsilateral pulmonary hypoplasia and multiple 
collateral vessels can be identified (Fig. 3.22b, c) [86]. MR 
imaging/MRA has the additional benefit of avoiding ioniz-
ing radiation exposure and assessing for any cardiovascular 
anomalies [15, 86].

Pulmonary Artery Sling The anomalous origin of the left 
pulmonary artery from the proximal posterior right pulmo-
nary artery rather than from the main pulmonary artery, 
known as “pulmonary artery sling,” is a rare mediastinal 
vascular anomaly resulting from complete obliteration of 

a b

c

Fig. 3.22 Absent right pulmonary artery in a 59-day-old girl with 
complex congenital heart disease including atrial septal defect, muscu-
lar ventricular septal defect, and mildly hypoplastic tricuspid valve who 
presented for MR imaging for further evaluation. (a) Frontal supine 
chest radiograph shows diffuse opacification in the right hemithorax 
with ipsilateral midline shift (arrow). (b) Axial non-enhanced double 

inversion recovery MR image demonstrates an absent right pulmonary 
artery, hypoplastic right lung with multiple bilateral collaterals (arrow-
head). (c) Axial enhanced MR angiogram image shows an absent right 
pulmonary artery (arrowhead), with multiple bilateral collaterals and 
hypoplastic right lung
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the primitive left sixth aortic arch during fetal development 
[6, 13, 84, 87]. The term sling is derived from the looping 
appearance of the left pulmonary artery as it passes over the 
right main bronchus, posterior to the trachea, and anterior 
to the esophagus toward the left hilum [6, 13, 84]. If the 
lower trachea or right main bronchus is compressed by the 
anomalous vessel, it can result in obstructive hyperinflation 
or atelectasis of the right lung, and affected pediatric 
patients can present during the neonatal or infancy period 
with stridor, respiratory distress, or hypoxia [6, 13, 15, 87].

Pulmonary artery sling is currently classified into two 
main types depending on the associated airway anomalies: 
Type I is characterized by normal airway branching with the 
carina at the T4 to T5 level, with compression of the trachea 
and right main bronchus by the anomalous pulmonary artery 
[13, 51, 88]. Type 1A has no associated airway abnormality, 
whereas Type 1B is associated with a tracheal bronchus, tra-
cheobronchomalacia, and unilateral pulmonary hyperinfla-
tion [13, 51, 88]. In Type 2, the carina is more caudally 
located at the T6 level and associated with a long-segment 
tracheobronchial stenosis. Type 2 pulmonary slings are asso-
ciated with higher morbidity and mortality during infancy, 
primarily related to the airway narrowing and associated 
anomalies including a low inverted T-shaped carina, com-
plete tracheal rings, pulmonary hyperinflation, and congeni-
tal heart disease [51].

On chest radiographs, a variety of airway-related find-
ings may be identified including tracheal narrowing and air 
trapping, and on lateral views, soft tissue between the distal 
esophagus and trachea with anterior deviation of the lower 
trachea can be seen [15, 51]. On fluoroscopic esophagram, 
a smooth rounded anterior esophageal indentation is typi-
cally identified [15, 51]. CT and MR imaging/MRA can 
readily identify the origin, course, and caliber of the anom-
alous left pulmonary artery (Fig. 3.23), evaluate for airway 
anomalies, and identify lung or cardiac anomalies [15, 51].

If patients are symptomatic, then they may undergo 
surgical management with ligation, division and reimplan-
tation of the anomalous left pulmonary artery with simulta-
neous tracheoplasty, and repair of airway anomalies [6, 13, 
15, 87].

 Pulmonary Venous Anomalies

Variable Pulmonary Vein Branching During early embry-
ological development, the lungs initially drain into the sys-
temic veins, and the common primitive pulmonary vein 
forms a pouch into the primitive left atrium [69, 89]. As the 
lungs develop and fuse to the common pulmonary vein, the 
pulmonary venous connections to the cardinal and umbilico-
vitelline veins involute, and the common pulmonary vein 
incorporates into the left atrium, resulting in complete sepa-
ration between the pulmonary and systemic venous systems 
[69, 89, 90]. The common pulmonary vein typically gives 

rise to four well-differentiated pulmonary veins, two drain-
ing each lung into the left atrium. Any disruption during the 
resorption pathway can result in variation in the diameter or 
number of pulmonary veins or abnormal drainage of the sys-
temic veins or right atrium [69, 89, 90].

Various pulmonary vein patterns and variations have been 
described. However, the most common pattern, in 60–70% 
of the population, consists of four pulmonary veins and four 
well-differentiated ostia arising from the left atrium, two on 
the either side [89]. Variant patterns on the left typically con-
sist of a common trunk or ostia of left superior and inferior 
pulmonary veins draining into the left atrium (Fig.  3.24), 
reported in 10–20% of people. More complex patterns usu-
ally involve one to two accessory pulmonary veins [89, 91], 
with the most common supernumerary pattern reported to 
occur in 9.0–26.6%, as a right middle lobe vein between the 
right superior and inferior pulmonary veins typically drain-
ing the right middle lobe [91, 92].

Contrast-enhanced ECG-gated CT and multiplanar MR 
imaging/MRA can be used to delineate the detailed pul-
monary vein anatomy. MR imaging has the additional 
benefit of the lack of ionizing radiation and ability to 
obtain multiple sequential phases with one bolus of intra-
venous contrast and quantification of pulmonary venous 
flow volume [4, 90, 91].

Variable Pulmonary Vein Connection—Total Anomalous 
Pulmonary Venous Connection Total anomalous pulmonary 
venous connection (TAPVC) occurs when the pulmonary veins 
do not drain into the left atrium and form an aberrant connec-

Fig. 3.23 Pulmonary artery sling in a 2-day-old girl who presented for 
workup of complex congenital heart disease. Axial non-enhanced dou-
ble inversion recovery MR image demonstrates the pulmonary artery 
sling (arrowhead)
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tion with another cardiovascular structure. This occurs when 
the common pulmonary vein fails to develop appropriately and 
the cardinal or umbilicovitelline vein persists during fetal 
development [90]. TAPVC is estimated to occur in approxi-
mately 1–5% of congenital cardiovascular anomalies [90, 93, 
94]. An increased frequency of TAPVC is identified in patients 
with heterotaxy syndromes (Fig. 3.25) and cardiac anomalies 
[90, 93, 94].

Neonates with TAPVC are cyanotic with congestive heart 
failure, and the condition is incompatible with life if no 
right-to-left blood shunting is present. Shunting is typically 
through an atrial septal defect (ASD)/patent foramen ovale 
(PFO) or less commonly a patent ductus arteriosus (PDA) 
[90]. Advances in surgical techniques, including the use of a 
sutureless technique, have resulted in markedly improved 
5-year survival rates, with estimates up to 97% and decreased 
postoperative complications of pulmonary venous obstruc-
tion [90, 94, 95].

There are four types of TAPVC characterized by pulmo-
nary venous drainage location: supracardiac, cardiac, infra-
cardiac, and mixed form. Supracardiac drainage or Type I is 

Fig. 3.24 Common left pulmonary vein in a 13-year-old girl who pre-
sented for cardiac MR imaging for evaluation of desaturation. Axial 
T2-weighted MR image demonstrates a common left pulmonary vein 
(arrowhead) with stenosis as it enters the left atrium. Two normal right 
upper and lower pulmonary veins are present

a b

Fig. 3.25 Supracardiac total anomalous pulmonary venous connection 
(TAPVC) in a 4-month-old boy with heterotaxy who presented with 
cyanosis. (a) Frontal supine chest radiograph shows dextrocardia and 
vascular congestion. (b) Coronal enhanced MR angiogram image con-

firms the unobstructed supracardiac total anomalous pulmonary venous 
connection draining to a right vertical vein (arrowhead). Dextrocardia 
and complete atrioventricular canal defect are also demonstrated
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the most common, estimated to occur in 44–55% of TAPVC 
[94, 96]. In this type, the most common drainage of the 
pulmonary veins is typically through a vertical vein to the 
left brachiocephalic vein and SVC, which can produce the 
classic “snowman” or “figure-of-eight” sign on chest 
radiographs (Fig. 3.26) [94, 96]. Uncommonly, these pedi-
atric patients can have venous obstruction if the vertical 
vein is compressed between the pulmonary artery and left 
main bronchus [96]. Rarely, supracardiac TAPVC may 
drain directly into a right or left SVC or the azygous sys-
tem [90, 94].

Cardiac TAPVC (Type II TAPVC) accounts for approx-
imately 21–30% of TAPVC cases and is characterized by 
the pulmonary veins draining either into the coronary 
sinus (Fig. 3.27) or the right atrium [90, 94].

Type III TAPVC, accounts for approximately 13–26% 
of TAPVC cases, and occurs when there is an infracardiac 
or infradiaphragmatic connection [90, 94]. The pulmonary 
veins drain into a systemic infracardiac vein, such as the 
IVC, a hepatic or azygous vein, or the portal venous sys-
tem (Fig. 3.28) [90, 94]. Because the pulmonary veins typi-
cally course below and can be compressed by the 
diaphragm, it is common to see obstruction in up to 78% of 

a b

Fig. 3.26 Supracardiac total anomalous pulmonary venous connection 
(TAPVC) in a 0-day-old boy with heterotaxy, asplenia, bilateral mor-
phological right bronchi, levocardia and abdominal situs, and complex 
cardiac disease. (a) Frontal supine chest radiograph demonstrates het-
erotaxy and the “snowman” sign compatible with supracardiac total 

anomalous pulmonary venous connection (TAPVC). (b) Coronal 
enhanced MR angiogram image shows TAPVC draining into the left 
innominate vein joining a vertical ascending confluence (arrowhead) 
joined by the right upper pulmonary vein. No left-sided superior vena 
cava is identified

Fig. 3.27 Cardiac total anomalous pulmonary venous connection 
(TAPVC) in a 4-day-old boy with a hypoplastic ascending aorta who 
presented for evaluation of pulmonary venous drainage. Axial enhanced 
CT image shows three left and two right pulmonary veins draining into 
a large coronary sinus (arrowhead)
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c

b

Fig. 3.28 Infracardiac TAPVC in a 2-day-old boy with heterotaxy 
syndrome, asplenia, and bilateral superior vena cava entering a com-
mon atrium. MR imaging was performed to further evaluate pulmonary 
drainage. (a) Coronal double inversion recovery. (b, c) Coronal 
enhanced MR angiogram images show an infradiaphragmatic total 

anomalous pulmonary venous connection (arrowhead) with small left 
and right upper pulmonary veins joining a small vertical confluence, 
joined inferiorly by normal-sized left and right pulmonary veins before 
crossing the diaphragm. The intra-hepatic portion of the confluence 
(arrow) becomes further dilated and tortuous as it joins the portal vein
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these pediatric patients, which manifests as pulmonary 
interstitial edema with a normal- sized heart on chest radio-
graphs [90, 94, 96].

Mixed TAPVC (Type IV TAPVC), the rarest subtype, is 
estimated to occur in 9% of TAPVC. It is characterized by 
anomalous venous connections at two or more locations 
(Fig.  3.29) [90, 96], with common locations including the 
brachiocephalic vein, SVC, azygous vein, coronary sinus, 
right atrium, or below the diaphragm [90, 96].

CTA and MRA are essential for preoperative planning, 
allowing visualization of the anomalous pulmonary veins. 
This is particularly valuable in the mixed forms of TAPVC 
as echocardiography is limited in evaluation in these cases 
[90]. MR imaging has the additional ability to provide 
hemodynamic information while measuring blood vol-
ume and flow velocities, as well as characterize effects on 
pulmonary arterial flow and ventricular size and function 
[4].

Variable Pulmonary Vein Connection—Partial Anomalous 
Pulmonary Venous Connection and Scimitar Syndrome  
Partial anomalous pulmonary venous connection (PAPVC) is 
a condition in which at least one but not all the pulmonary 
veins drain into a location other than the left atrium, produc-

ing a left-to-right shunt [15, 89, 90]. Similar to TAPVC, this 
is thought to occur from abnormal persistent connections to a 
cardinal or umbilicovitelline vein [15, 90]. PAPVC occurs 
less frequently than TAPVC, with estimated rates of 0.4–
0.7% [89, 90].

Depending on the number of anomalous pulmonary veins, 
affected pediatric patients may remain asymptomatic, and 
the PAPVC is discovered incidentally on imaging. However, 
if there is noticeably increased pulmonary flow from multi-
ple PAPVC, affected pediatric patients may present with 
exercise intolerance and poor weight gain [15, 97]. Greater 
than 50% anomalous pulmonary blood flow has been sug-
gested to be clinically significant [89, 90].

Although a wide variety of PAPVC patterns have been 
reported, the most common subtype is the drainage of the 
right superior pulmonary vein into the right atrium or SVC 
(Fig. 3.30), which can be associated with a clinically silent 
sinus venosus ASD [15, 89, 90]. On the left, PAPVC typi-
cally involves the left upper lobe, draining into a vertical vein 
joining the left brachiocephalic vein or into the coronary 
sinus [89, 90].

Similar to the imaging of TAPVC, contrast-enhanced ECG-
gated CTA and MR imaging/MRA allow confirmation and 
characterization of the anomalous pulmonary venous  drainage. 

a b

Fig. 3.29 Mixed total anomalous pulmonary venous connection 
(TAPVC) in a 3-day-old boy with concern for TAPVC on echocardio-
gram. (a) Coronal enhanced MR angiogram image shows a mixed-
type TAPVC with bilateral upper and lower pulmonary veins draining 
into a vertical confluence which continues below the diaphragm into 

the portal vein with mild obstruction (arrowhead). (b) Oblique coro-
nal enhanced MR angiogram image shows an accessory pulmonary 
vein from both the right and left lung entering into a vertical vein 
(arrowhead) draining into the left innominate vein and into the right-
sided superior vena cava
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a b

Fig. 3.30 Partial anomalous pulmonary venous return in a 4-year-old 
girl referred for MR imaging to evaluate pulmonary venous drainage. 
(a) Axial double inversion non-contrast MR image shows the right 
upper and middle pulmonary veins draining into the superior vena cava 

(SVC), just above the SVC-RA (right atrium) junction (arrowhead). 
(b) Coronal enhanced MR angiogram image demonstrates the right 
upper and middle pulmonary veins (arrowhead) draining into the SVC

In addition to the lack of ionizing radiation, velocity- encoded 
phase-contrast MR imaging allows the quantification of the 
left-to-right shunt from the PAPVC [4, 91].

Scimitar syndrome, also known as hypogenetic lung or 
pulmonary venolobar syndrome, is a rare form of PAPVC 
which almost exclusively involves the right lung, where 
some or all of the right pulmonary veins drain into the infe-
rior vena cava above or below the diaphragm, azygous sys-
tem, right atrium, portal venous system, or a hepatic vein 
[15, 89, 90, 97]. Associated anomalies include congenital 
heart anomalies, such as ASD in up to 25%, as well as pul-
monary artery hypoplasia or aplasia, anomalous pulmonary 
systemic circulation, horseshoe lung, and pulmonary seques-
tration [15, 69, 89, 90]. Although affected pediatric patients 
may remain asymptomatic, in the setting of associated 
anomalies, they may present with dyspnea, recurrent infec-
tions, or congestive heart failure [15, 96].

Imaging findings of patients with scimitar syndrome 
include visualization of the anomalous crescent-shaped intra-
pulmonary vein adjacent to the right cardiac border, resem-
bling the curved Turkish sword or “scimitar” (Figs.  3.31a 
and 3.32a). Additional imaging findings include a small 
ipsilateral hemithorax, ipsilateral pulmonary hypoplasia or 
aplasia, cardiac dextroposition, and ipsilateral systemic arte-
rial collaterals arising from the aorta and its branch vessels 
(Fig. 3.31b) [89–91, 96–98]. MR imaging is fundamental for 
the evaluation of scimitar syndrome as it provides anatomic 
and hemodynamic details of the anomalous pulmonary 

venous drainage, lung hypoplasia, systemic arterial supply, 
and pulmonary blood flow distribution [4].

Although scimitar patients can be managed medically or 
surgically, patients presenting in infancy or with significant 
cardiac anomalies have suboptimal outcomes with either 
approach [99]. Operative repair to divert pulmonary venous 
blood flow away from the systemic drainage can be per-
formed with either an intra-atrial baffle or direct reimplanta-
tion; however, post-repair stenosis or obstruction (Fig. 3.32b) 
or recurrent heart failure can occur [99].

Pulmonary Vein Stenosis Pulmonary vein stenosis (PVS) 
which can be primary (congenital) or secondary (acquired) is 
a rare condition characterized by luminal narrowing of the 
pulmonary veins and associated with high morbidity and 
mortality [89, 91, 100, 101]. Primary or congenital PVS is 
extremely rare and thought to result from abnormal embryo-
logic incorporation of the pulmonary veins into the left 
atrium, with histologic features of connective tissue over-
growth, medial hypertrophy, and intimal fibrosis [89, 91, 
100]. Primary PVS can involve single or multiple pulmonary 
veins, without a predilection for either side [15, 89, 91, 92]. 
PVS has been described to be associated with prematurity 
and severe lung disease, and 50–70% of affected patients 
have associated cardiac anomalies [15, 89, 100, 101]. 
Although dependent on the number of veins involved, the 
majority of affected patients present within the first 3 years 
of life, and an earlier symptomatic presentation has been 

3 Great Vessels



92

a b

Fig. 3.31 Scimitar syndrome in a 24-day-old girl with suspicion for par-
tial anomalous pulmonary venous connection on echocardiogram. (a) 
Coronal enhanced MR angiogram image shows partial anomalous pul-
monary venous connection of all the right-sided pulmonary veins via a 
scimitar vein to the inferior vena cava (IVC) just below the IVC-RA 

(right atrium) junction, with moderate stenosis (arrowhead) at the entry 
of the scimitar vein into the IVC. The right lung is mildly hypoplastic 
(arrow), and there is dextrocardia. (b) Coronal maximum intensity pro-
jection (MIP) enhanced MR angiogram image demonstrates two aorto-
pulmonary collaterals (arrowheads) arising from the descending aorta

a b

Fig. 3.32 Attempted repair of scimitar vein in a 18-year-old boy status 
postoperative baffle to the left atrium for scimitar syndrome, who pre-
sented for follow-up MR imaging evaluation. (a) Frontal chest radio-
graph demonstrates the anomalous crescent-shaped intrapulmonary 

vein (arrowhead) adjacent to the right cardiac border in keeping with a 
“scimitar” sign. (b) Coronary non-enhanced T2-weighted MR image 
shows the persistent scimitar vein (arrow)
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reported to have increased complications and mortality [89, 
100–102].

Secondary or acquired PVS, the more common type, 
most commonly occurs after surgery (heart or lung trans-
plant, repair of PAPVC/TAPVC) or post-radiofrequency 
ablation for atrial fibrillation (in 3–8% of patients) [15, 89, 
101]. Less frequently, secondary PVS can be caused by 
mediastinal processes resulting in extrinsic compression 
such as lymphadenopathy, tumor, or fibrosing mediastinitis 
[15, 89, 100]. Patients with PVS can present with non-spe-
cific symptoms such as cough, dyspnea, hemoptysis, and 
recurrent chest infections [89, 100]. However, if collateral 
veins develop, the symptoms can be mitigated; thus, it is 
important to consider PVS, in the setting of any child with 
pulmonary hypertension or with history of prior ablation or 
surgery [15, 100].

Chest radiography demonstrates the sequelae of PVS, 
including signs of diffuse or localized interstitial and  alveolar 
edema [15, 84, 89]. Findings of secondary PVS, such as sur-
gical clips, lymphadenopathy, and mediastinal calcifications, 
may be identified on chest radiography. MDCT with multi-

planar reconstructions allows detailed assessment of the pul-
monary vein narrowing and wall thickening, typically 
occurring near the junction with the left atrium. As PVS pro-
gresses, the abnormality can extend into the adjacent distal 
intraparenchymal pulmonary vein segments. CT can also 
assess for any associated lung parenchymal abnormalities 
and secondary causes of PVS [15, 84, 100]. MR imaging 
allows for detailed anatomic and functional assessment of 
the pulmonary veins using phase- contrast imaging and MRA 
(Fig. 3.33 and see Fig. 3.24) [4, 100]. MRI also allows for 
detailed assessment of associated cardiac anomalies or to 
identify causes of secondary PVS [100]. Pseudostenosis, 
apparent stenosis of the PV as it is compressed between the 
left atrium and the descending thoracic aorta, can be differ-
entiated from true PVS on MR imaging as its caliber would 
vary throughout the cardiac cycle; alternatively, the patient 
can be imaged prone to eliminate any compression [91, 100].

Treatment for PVS patients depends on the severity of the 
stenosis and symptoms. If the patient remains asymptomatic 
with no significant narrowing (less than 50%), then surveil-
lance may be performed. If patients have greater than 50% 

a b

Fig. 3.33 Left pulmonary vein stenosis in a 17-year-old boy with 
transposition of great arteries, status post Mustard procedure with atre-
sia of the left pulmonary vein orifice. (a) Coronal oblique enhanced MR 
angiogram image shows the severely hypoplastic/stenotic left upper 

and lower pulmonary veins (arrowheads). (b) Axial enhanced MR 
angiogram image demonstrates severely stenotic left pulmonary vein 
(arrow) and multiple tortuous venous collaterals
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disease, pediatric patients are typically treated surgically 
[100]. Balloon angioplasty with or without stent placement 
has also been investigated in children but can be incredibly 
challenging with high rates of in-stent stenosis requiring fre-
quent dilatations [15, 100]. However, a recent study of 93 
PVS pediatric patients demonstrated no significant differ-
ence in mortality rates between the two interventions [102]. 
Pneumonectomy and lung transplantation are reserved for 
severe cases of uncontrolled hemoptysis and refractory PVS 
with pulmonary hypertension [15, 100].

Pulmonary Vein Atresia Pulmonary vein atresia (PVA) is 
thought to result from the failure of embryological incorpo-
ration of the common pulmonary vein into the left atrium 
[15, 89, 91, 101, 103]. Similar to PVS, the involved vein on 
histology demonstrates intimal thickening and fibrosis but 

appears completely obstructed. PVA is the most severe 
 manifestation of congenital PVS [15, 89, 101]. PVA can be 
unilateral, bilateral, or common (pulmonary veins form a 
confluence which does not connect to the heart or any major 
systemic veins) [89, 101, 103]. Depending on the distribu-
tion of involvement, clinical presentation can vary from 
extremely ill with severe hypoxia, respiratory distress, and 
metabolic acidosis in the newborn (common type) to milder 
presentations of recurrent pulmonary infections, hemoptysis, 
or pulmonary artery hypertension [15, 89, 101, 103]. Similar 
to patients with PVS, unilateral PVA has a high association 
with congenital cardiac disease and ipsilateral pulmonary 
hypoplasia with a diminutive pulmonary artery (Figs. 3.34 
and 3.35). Whereas, common type PVA is usually an isolated 
cardiac anomaly but is closely associated with pulmonary 
lymphangiectasia [89, 101, 103].

a b

c

Fig. 3.34 Right pulmonary vein atresia in a 7-month-old boy with con-
cerning echocardiogram. (a) Frontal chest radiograph shows a smaller 
right lung with decreased vascularity and mild interstitial thickening 
suggesting underlying mild pulmonary edema. (b) Axial non-enhanced 

T2-weighted MR image demonstrates absence of the right upper, mid-
dle, and lower pulmonary veins (arrowhead). (c) Coronal enhanced MR 
angiogram image shows absence of the right pulmonary veins (arrow-
head). The left-sided pulmonary veins are normal (asterisks)

T. Liang et al.



95

In unilateral PVA, the affected lung is typically smaller 
with decreased vascularity, presumably related to prefer-
ential flow to the contralateral lung (see Figs. 3.34a and 
3.35a) [15, 104]. Pleural thickening and findings of pul-
monary venous hypertension, including septal and peri-
bronchovascular thickening and ground glass opacities, 
can also be seen (see Fig. 3.35a) [15, 91, 104]. As the dis-
ease progresses, findings of pulmonary fibrosis can also be 
identified [15, 91]. CT and MR imaging can demonstrate 
the absence of pulmonary vein connections to the heart 
(see Figs.  3.34b, c and 3.35b, c), ipsilateral diminutive 
pulmonary artery, changes within the lung parenchyma 
and identify pulmonary to systemic venous collaterals 
[15, 89]. Phase-contrast MR imaging allows identification 
of flow reversal in the pulmonary artery, suggesting the 
presence of collateral vessels [104]. Unlike echocardiog-
raphy, MR imaging and CT can definitively distinguish 
common PVA from obstructed TAPVC, which has signifi-
cant prognostic implications [103].

Treatment of PVA involves surgical reformation of the 
pulmonary vein to left atrium connections. However, this is 
contingent on the size and proximity of the pulmonary 
venous confluence and can be very challenging with high 
risk of restenosis [101, 103]. If confluence reestablishment is 
not possible, pneumonectomy can be performed [101, 103].

Pulmonary Vein Varix Pulmonary vein varix is defined as 
either the focal or segmental dilation of one or more pulmo-
nary veins, without a feeding arterial connection, as opposed 
to an arteriovenous fistula or malformation (AVF and AVM, 
respectively) [15, 89, 91, 105]. It can be congenital or 
acquired secondary to trauma or increased pulmonary vein 
pressure from mitral valve regurgitation, aortic coarctation, 
congenital heart disease, pulmonary vein stenosis, pulmo-
nary hypertension, cirrhosis, or emphysema [89, 91, 105, 
106]. The incidence has not been well established but most 
commonly occurs at the confluence of pulmonary vein and 
the left atrium [89, 91]. Although affected pediatric patients 

a b

c

Fig. 3.35 Left pulmonary vein atresia in a 5-year-old girl with Ebstein 
anomaly with concerning echocardiogram. (a) Frontal chest radiograph 
shows a small left hemithorax with pulmonary edema, prominent right 
pulmonary artery, and a patent ductus arteriosus stent. (b) Axial non- 
enhanced T2-weighted MR image demonstrates an atrialized right ven-

tricle (asterisk) in keeping with Ebstein anomaly, no left pulmonary 
vein (arrowhead), and left pulmonary hypoplasia. (c) Axial non- 
enhanced T2-weighted MR image shows a dilated right pulmonary 
artery, a small left pulmonary artery (arrowhead), and left pulmonary 
hypoplasia
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are usually asymptomatic and discovered incidentally, they 
can also present with hemoptysis secondary to rupture or 
thromboembolic disease, recurrent lung infections, or dys-
pnea [15, 89, 91, 105, 106]. When symptomatic, resection is 
indicated, but most cases are asymptomatic, and no treat-
ment is indicated [105].

On chest radiography and non-contrast CT, pulmonary vein 
varix can present as a well-defined nodule or mass near the left 
atrium [15, 89, 105]. Contrast-enhanced CT and MR imaging 
can confirm the diagnosis, with fulfillment of five angiographic 
criteria: normal pulmonary arterial tree, pulmonary vein drain-
ing the varix, varix drains into the left atrium, delayed drainage 
of varix, and tortuosity in the proximal portion of the pulmo-
nary vein (Fig. 3.36) [91, 107]. Contrast-enhanced CT and MR 
imaging are essential for differentiating a varix from an AVM, 
based on the delayed filling and drainage of the pulmonary 
varix and the absence of a feeding artery [91, 105, 107].

 Infectious Great Vessel Disorders

Infectious Aortitis and Mycotic Pseudoaneurysm Infec-
tious aortitis (IA) is a rare entity seen almost exclusively in 

adults, partially explained by the relative lack of athero-
sclerosis in the pediatric population. It can occur second-
arily to bacterial seeding of an existing intimal injury or 
atherosclerotic plaque (most common), septic emboli from 
endocarditis, contiguous spread from an infected site, direct 
bacterial inoculation from penetrating trauma, and as a 
complication post-angiography [108]. If the bacterial inva-
sion results in loss of aortic wall integrity, IA may progress 
to form mycotic aneurysms or pseudoaneurysms and poten-
tially rupture or form aorto-bronchial fistula (ABF) or 
aorto-enteric fistula (AEF), which are almost always fatal 
[15, 108–112].

Risk factors for IA and mycotic aneurysm include congen-
ital aortic anomalies (such as coarctation), cardiac malfor-
mations, prior cardiac surgery, immunocompromised state, 
and umbilical artery catheterization [15, 109, 110]. The most 
common microorganisms involved include Streptococcus 
pneumoniae, Staphylococcus, and Enterococcus species, 
although other causative organisms include Pneumococcus, 
Salmonella, Escherichia coli, Mycobacterium tubercu-
losis, and Treponema pallidum [108–110]. IA symptoms 
are non-specific, including fever, chills, and pain at the 

a b

Fig. 3.36 Right pulmonary vein varix in a 12-year-old girl with het-
erotaxy, dextrocardia, and complex cardiac disease, status post-total 
anomalous pulmonary venous connection repair. (a) Axial enhanced 
MR angiogram image shows dextrocardia and a dilated and tortuous 

right pulmonary vein (arrow). (b) Coronal enhanced MR angiogram 
image demonstrates dextrocardia and the dilated tortuous right pulmo-
nary vein (arrowhead) draining into the right-sided left atrium
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involved location [110]. Compressive symptoms such as 
dysphagia, dyspnea, cough, and superior vena cava com-
pression syndrome may occur if there is mycotic aneurysm 
formation [110]. If there is ABF/AEF formation, affected 
patients can present with hemoptysis and hematemesis,  
respectively [112].

Contrast-enhanced CT or MR imaging can confirm the 
diagnosis of infectious aortitis, with the presence of periaor-
tic inflammation, nodularity, enhancement (Fig.  3.37), and 
potentially aortic intramural air and periaortic collections 
[15, 108]. Mycotic aneurysms/pseudoaneurysms appear sac-
cular with irregular and thickened walls (Fig.  3.38), most 
commonly in the descending thoracic aorta [15, 109–111]. If 
present, a fistulous communication can be identified.

Treatment for AI and mycotic aneurysms/pseudoaneu-
rysms generally consists of long-term antibiotic therapy 
and surgical excision with vessel reconstruction [15, 108, 
110]. Endovascular repair is also a feasible option, espe-
cially in critically ill pediatric patients with fistula forma-
tion. However, the placement of foreign material at an 
infected site is controversial given concerns for stent 
infection, malpositioning with endoleak, and potential 
rupture [112, 113].

Vasculitic Great Vessel Disorder

Takayasu Arteritis Takayasu arteritis (TA) is a chronic 
autoimmune granulomatous disease of the aorta and its 
major branches, resulting in dilatation, stenosis, occlusion, 
and aneurysm formation of the affected arteries [114, 116]. 
Although TA most frequently affects young women in the 
second and third decades of life, childhood onset TA (c-TA) 
affects any age group, with reported ranges of 6 months to 
adolescence, and is the most common large vessel vasculitis 
in children [114, 115]. The incidence of TA has been esti-
mated to range from 1 to 2.6 in 1 million per year [114, 116].

TA typically manifests in two phases: an acute inflam-
matory relapsing and remitting phase lasting weeks to 
months, with constitutional symptoms of anorexia, fever, 
night sweats, weight loss, arthralgia, and skin rash, and a 
chronic phase with features of distribution-specific arte-
rial stenosis, occlusion, and ischemia [116]. In comparison 
to patients with adult-onset TA, patients with c-TA usu-
ally have non- specific symptoms and biomarkers, often 
resulting in delayed diagnosis up to four times longer than 
adult-onset TA [116–118]. Regardless of type, the most fre-
quently reported symptom is hypertension [116]. Absence 

a b

Fig. 3.37 Infectious (Tuberculosis) aortitis with a mycotic aneurysm 
in a 17-year-old girl with sepsis. (a) Axial non-enhanced T2-weighted 
fat-suppressed MR image shows circumferential aortic wall thickening 
(arrowheads) and edema at the aortic root and descending aorta in 

keeping with aortitis. (b) 3D reconstruction of enhanced MR angio-
gram image shows a dilated proximal aorta (asterisk) which becomes 
relatively normal in caliber after the origin of the left subclavian artery 
left subclavian artery. Narrowed distal aorta (arrowhead) is also seen
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a b

c

Fig. 3.38 Infectious mycotic pseudoaneurysm in a 12-day-old boy 
born with critical aortic stenosis, status post-balloon valvotomy with 
sepsis and positive methicillin-resistant Staphylococcus aureus 
(MRSA) blood cultures. (a) Sagittal non-enhanced double inversion 

recovery, (b) Sagittal enhanced MR angiogram, and (c) 3D reconstruc-
tion MR images show a large saccular pseudoaneurysm (arrowheads) 
in the anterior ascending aorta due to an infectious mycotic 
pseudoaneurysm
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of extremity pulses is frequently identified in c-TA patients, 
whereas, unlike the typical TA patients, bruits and claudica-
tion pain are uncommon in c-TA patients [116].

Multiplanar MRA is particularly useful for identifying 
stenosis, dilatations, aortic wall thickening (Fig. 3.39), mural 
thrombi, and T2-hyperintense vessel wall edema to aid in the 
diagnosis of TA [114, 116]. Post-gadolinium aortic wall 

enhancement (Fig. 3.40 and see Fig. 3.39) is thought to cor-
relate with disease activity [119, 120].

Treatment of TA primarily consists of first-line corticoste-
roids for immunosuppression and prevention of further vas-
cular damage [119]. However, other cytotoxic agents such as 
methotrexate, cyclophosphamide, or azathioprine have been 
employed [114]. More recently, biologic therapies such as 

a b

Fig. 3.39 Takayasu arteritis in an 18-year-old girl who underwent 
follow-up MR imaging. (a) Coronal enhanced MR angiogram image 
shows irregularity and beaded appearance of the descending thoracic 

aorta. (b) Axial enhanced T1-weighted fat-suppressed MR image shows 
wall thickening and enhancement (arrowheads) involving the thoracic 
aorta

a b

Fig. 3.40 Active Takayasu arteritis in a 15-year-old girl who presented 
for follow-up MR imaging. (a) Axial enhanced fat-suppressed MR 
image shows circumferential wall thickening and enhancement of aor-

tic arch (arrowhead). (b) Sagittal enhanced fat-suppressed MR image 
shows diffuse circumferential wall thickening and enhancement of the 
thoracic aorta, just prior to the origin of the brachiocephalic artery
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tocilizumab have demonstrated improved control of disease 
activity and may be a promising alternative treatment [115, 
121]. Percutaneous or surgical revascularization techniques 
are reserved for critical stenotic lesions [122].

 Connective Tissue Disorder

Marfan Syndrome Connec tive tissue diseases refer to a het-
erogeneous group of multi-organ heritable disorders, resulting 
from abnormal structure and integrity of the connective tissues. 
One of the relatively common disorders includes the autoso-
mal dominant Marfan syndrome (MFS), estimated to occur 
in approximately 1  in 5000 individuals and most  commonly 
associated with mutations of the fibrillin-1 gene [123, 124]. 
The abnormal production of fibrillin yields an extensive multi-
organ phenotypic spectrum, with cardiovascular manifestations 
including mitral valve prolapse and regurgitation, left ventricu-
lar dilatation, cardiac failure, pulmonary artery dilatation, myo-
cardial infarction, and, most importantly, aortic root dilation 
(most commonly at the sinuses of Valsalva) (Fig. 3.41) leading 
to aortic regurgitation, and aortic dissection, which is the main 
cause of MFS mortality and morbidity [123, 125]. Main pulmo-
nary artery dilation may also occur and is associated with earlier 
and more severe vascular involvement [126]. Neonatal Marfan 
syndrome (nMFS) is a severe, rapidly progressive, and often 
fatal phenotypic expression of MFS, typically due to de novo 
mutations, with reported mortalities up to 82% before the age 
of 1, predominantly secondary to heart failure [125, 127, 128].

Frequent aortic surveillance is recommended to identify 
Marfan syndrome patients at high risk of aortic dissection. 
As MR imaging does not impart radiation dose and is not 
limited by acoustic windows, it is ideal for long-term follow-
 up of pediatric patients [129]. MR imaging can monitor the 
aortic size, precisely measure vessel diameters, and accu-
rately characterize dissections, as it allows easy visualization 
of the origin and exit sites of intimal tears, dissection flap, 
false and true lumens, and additional vessels involved 
(Fig. 3.42) [129]. Additionally, MR imaging allows ventricu-
lar function, blood flow, and valvular assessment [82].

Beta-blocker therapy is the standard medical treatment for 
MFS patients [125]. In children, it has been suggested that a 
younger age of diagnosis is associated with an increased need 
for surgical intervention [130]. Prophylactic surgery, which 
has had the greatest impact on survival of MFS patients with a 
dilated aortic root, is recommended in children if the aortic 
ratio (measured aortic diameter/predicted diameter) is greater 
than 3 [125, 131, 132].

 Acquired Great Vessel Disorders

Post-traumatic Aortic Pseudoaneurysm Pseudoaneurysm 
or false aneurysm, in contrast to a true aneurysm which 
involves all three aortic wall layers, contains less than three 
layers and is an extravascular hematoma contained by a 
fibrous capsule comminuting with the involved vessel [15]. 

Common causes include infection (as discussed earlier), iat-
rogenic injury such as prior surgery, and trauma.

Thoracic vascular injuries are uncommon in the pediatric 
population, and although penetrating injuries can occur, blunt 
traumatic aortic injury is relatively more common than pene-
trating injuries, with estimated incidence rates of 0.1% and 
high mortality rates of 40–66% [133–137]. Blunt  traumatic 
injuries are usually a result of forceful trauma such as high-
speed motor vehicle collisions with multisystem injuries [133, 
134, 136]. The majority of these injuries occur at the aortic 
isthmus, which is at the level of the ligamentum arteriosum, 
just distal to the left subclavian artery where the relatively 
mobile aortic arch becomes fixed [134, 136, 137]. Shearing 
injuries of the aortic intima and media layers, while the adven-
titia remains intact, result in pseudoaneurysm formation [134]. 
If unrepaired, chronic aortic pseudoaneurysms may rupture 
years after initial injury [15]. Additionally, a large proportion 
of the chronic aortic pseudoaneurysms can present as inciden-
tal findings or as apparent mediastinal masses on imaging [84].

Fig. 3.41 Aortic root aneurysm in a 17-year-old boy with Marfan syn-
drome who underwent follow-up MR imaging. Sagittal enhanced MR 
angiogram image demonstrates a moderately dilated aortic root (arrow-
head). No aortic dissection was seen
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In the setting of acute post-traumatic aortic injury, 
radiographs can demonstrate non-specific mediastinal 
widening [15, 134]. On ultrasound, a “mass” commu-
nicating with the aorta and a swirling “ying-yang” or a 
“to-and-fro” Doppler pattern can be visualized [15, 109]. 
On contrast-enhanced cross-sectional imaging (CTA 

or MRA), the pseudoaneurysm can be identified as an 
enhancing focal dilatation or diverticulum with associ-
ated luminal irregularity and an irregular outer contour 
(Fig.  3.43) [15]. It is important not to confuse a ductus 
diverticulum, a remnant of the ductus arteriosus, for a 
pseudoaneurysm, as they both occur at the isthmus. The 

a b

Fig. 3.42 Aortic dissection in a 22-year-old male with Marfan syn-
drome who underwent MR imaging for chest pain. (a) Axial non- 
enhanced double inversion recovery MR image shows an aortic 
dissection (arrowhead) in the mid-ascending aorta in keeping with a 

Type A aortic dissection. (b) Sagittal enhanced MR angiogram image 
shows the Type A aortic dissection (arrow) with the great vessels origi-
nating from the true lumen

a b

Fig. 3.43 Traumatic pseudoaneurysm in a 14-year-old boy who was 
involved in a motor vehicle accident. (a) Axial enhanced soft tissue 
window setting CT image shows an enhancing focal dilatation with 
luminal irregularity at the aortic isthmus in keeping with a traumatic 

aortic pseudoaneurysm (arrow). (b) Sagittal enhanced soft tissue win-
dow setting CT image shows an enhancing focal dilatation with luminal 
irregularity at the aortic isthmus in keeping with a traumatic aortic 
pseudoaneurysm (arrowhead)
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ductus can be differentiated by its broader base, less verti-
cal height, smooth margins, and obtuse angles with the 
aortic wall [138, 139].

Although dependent on the clinical setting, post-trau-
matic pseudoaneurysms are repaired semi-urgently (typi-
cally within 48  hours) [140, 141]. Although open surgical 
repair remains the gold standard in the pediatric population 
because of the smaller diameter of access vessels, with the 
increasing availability of smaller thoracic endografts, the 
popularity of endovascular aortic repair has been rapidly 
increasing [15, 111, 140, 141].

Aortic Dissection Thoracic aortic dissection (TAD) is 
defined by a tear in the intimal layer of the aortic wall with 
blood dissecting into the medial layer, creating a “false lumen” 
separated via an intimal flap from the true lumen. TAD is rare 
in infants and children, with incidence estimates of 0.37–3.5% 
of all cases [15, 142–144]. Predisposing conditions include 
connective tissue and inflammatory disorders (such as Marfan 
syndrome, as discussed earlier, and Turner syndrome), con-
genital cardiovascular anomalies (such as a bicuspid aortic 
valve or a preexisting aortic aneurysm), trauma, iatrogenic/
post-surgery, hypertension, and miscellaneous activities such 
as cocaine use, pregnancy, and weightlifting [142–145].

The most common clinical presentation of TAD is an 
abrupt onset of sharp, tearing, or ripping pain, which can be 
migratory [142, 145]. Neurologic manifestations and signs 
of shock from acute heart failure, cardiac tamponade, or 
hypertension are also common, and extremity blood pressure 
differentials may also be present [142, 145]. Prompt diagno-
sis is crucial, with reported mortality rates of 1–2% within 
the first 48 hours from time of onset [142].

On radiographs, TAD can present as non-specific medi-
astinal widening [142]. MDCT is highly sensitive and 
specific for aortic dissection and identifying intrathoracic 
complications [142, 146]. Cross-sectional imaging with 
CT and MR imaging allows identification of the intimal 
dissection flap and characterization of the false versus 
true lumen (Fig. 3.44 and see Fig. 3.42) [15, 142]. A chal-
lenge with MDCT is the presence of cardiac motion arti-
fact which can mimic acute dissection flaps. MR imaging/
MRA allows multiphase acquisition which can negate this 
artifact; however, MR imaging/MRA is typically reserved 
for medically stable patients or patients with chronic dis-
sections [142, 146].

Treatment of TAD is dependent on the corresponding 
Stanford classification (Fig. 3.45). Stanford Type A TAD, 
seen in 60–70% of cases, involves the thoracic ascending 
aorta and is treated as a surgical emergency [15, 146, 
147]. Although surgical repair remains the gold standard, 
endovascular stent graft repair has become a popular 
alternative [143, 147]. Type B TAD only involves the 
descending thoracic aorta distal to the origin of the left 
subclavian artery (see Fig. 3.44) and is usually managed 
medically, unless present with complications such as a 
major aortic branch occlusion or renal or mesenteric isch-
emia [15, 143, 147].

Pulmonary Embolism Pulmonary embolism (PE) was pre-
viously thought to be a rare disease in children, with vari-
able reported incidence rates of 0.9 up to 25 per 100,000 
[148–150]. However, with the increasing use of CT pulmo-
nary angiography (CTPA) in the evaluation of suspected PE, 
there is a thought that incidence rates are higher than previ-

a b

Fig. 3.44 Type B aortic dissection in a 26-year-old male with Marfan 
syndrome with previously repaired Type A aortic dissection who under-
went follow-up MR imaging. (a) Axial non-enhanced double inversion 

recovery MR image. (b) Sagittal enhanced MR angiogram image shows 
a large Type B aortic dissection (arrowhead on a and arrow on b) origi-
nating just distal to the origin of the left subclavian artery
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ously reported, with reported rates of 14–15.5% in children 
with clinically suspected PE who underwent a CTPA [151, 
152]. Reported risk factors are variable across the pediatric 
age group, with dehydration, septicemia, and peripartum 
asphyxia as important risk factors in the neonatal period and 

malignancy, lupus erythematosus, renal disease, congenital 
thrombophilia, surgery, and major trauma as important risk 
factors in older children [151, 153–156]. However, the great-
est risk factor in both age groups remains the presence of a 
central venous catheter [151, 153].

The classical presentation for a PE consists of pleuritic 
chest pain, hemoptysis, and shortness of breath; however, 
this usually only manifests in large PE, whereas small PE 
burden can often present with vague and subtle symptoms 
[151, 153]. Additional symptoms and signs include acute 
right heart failure, hypotension, dysrhythmia, syncope, and 
unexplained tachypnea [151, 153]. Given the variable and 
non-specific clinical presentation and high morbidity and 
mortality, especially in the setting of massive and submas-
sive PE, it is imperative to have a high clinical suspicion in 
the pediatric population [157].

Chest radiographs are often normal, but when abnor-
mal, it may show non-specific findings including cardiac 
enlargement, pleural effusion, atelectasis, and parenchy-
mal opacities [151, 158]. The classically associated 
Westermark sign (oligemia), Hampton hump (peripheral 
wedge-shaped opacification), and Fleischner sign (promi-
nent central pulmonary artery) are thought to occur in less 
than 20% of cases [151, 158]. CTPA is currently the gold 
standard, due to its high sensitivity and specificity, high 
spatial resolution, and availability [151]. On CTPA, the 
arterial filling defect is present on two or more consecutive 
images (Fig. 3.46), and the presence of any associated pul-
monary artery enlargement, right heart dysfunction, or 
parenchymal changes can be readily detected [151]. The 

Type A

Stanford Classification

Type B

Fig. 3.45 Stanford classification. Type A thoracic aortic dissection 
involves the thoracic ascending aorta and requires surgical repair as the 
gold standard, whereas Type B only involves the descending thoracic 
aorta distal to the origin of the left subclavian artery and is usually man-
aged medically, unless present with complications

a b

Fig. 3.46 Bilateral pulmonary embolism in a 15-year-old girl on oral 
contraceptive pills found to have deep vein thrombosis. (a) Axial 
enhanced CT image shows multiple filling defects in in the bilateral 
pulmonary arteries, including the right (arrow) and left (arrowhead) 

pulmonary arteries. (b) Coronal enhanced CT image demonstrates mul-
tiple filling defects in in the bilateral pulmonary arteries, including the 
right (arrow) and left (arrowhead) pulmonary arteries
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presence of a sharply marinated and usually central filling 
defect with an acute margin favors an acute PE, whereas a 
chronic PE is eccentric and adherent to the vessel wall, 
sometimes with arterial wall thickening and irregularity 
and the presence of webs and bands [151].

Although early non-contrast MR imaging techniques 
were limited for assessment of PE, due to the significant 
motion artifacts, long acquisition times requiring sedation, 
and low signal-to-noise ratio (SNR), newer MRA tech-
niques allow for rapid acquisition (within 20  seconds for 
high resolution and 4 seconds for time of flight), possibly 
within a single breath-hold [151]. Although prior large 
multicenter PIOPED III and IRM-EP studies in adults dem-
onstrated limitations in the MRA for detection of PE [151, 
159–161], a more recent study has demonstrated the nega-
tive predictive value of MRA for assessment of PE in 
symptomatic patients to be comparable to CTPA [162]. 
Similar to CT, the presence of a pulmonary arterial filling 
defect on contrast-enhanced MR imaging confirms the 
diagnosis of a PE [151].

Treatment options for PE usually consist of anticoagu-
lation therapy but are dependent on the pulmonary embo-
lism size (especially in massive and submassive PE), and 
the patient’s hemodynamic condition, thrombolysis, and 
surgical or interventional thrombectomy may be required 
[151, 157].

Superior Vena Cava Syndrome Superior vena cava syn-
drome (SVCS) is a rare disease with high morbidity and 
mortality rates, estimated at 30% and 18%, respectively, 
defined by diminished venous return from the head and neck 
region secondary to obstruction of the SVC [163]. SVCS 
usually occurs secondary to external compression from 
oncologic pathology (most commonly lymphoma, Fig. 3.47), 
intrinsic thrombosis (most commonly related to central 
venous catheter, Fig. 3.48), or secondary to treatment of con-
genital heart disease [163].

Clinical presentation can be variable, but affected patients 
most frequently present with head and neck edema, dis-
tended neck and thoracic veins, and dyspnea [163]. Acute 
complications most commonly include pleural effusions and 
chylothorax, and long-term complications may include neu-
rological conditions such as developmental delay, neurologi-
cal deficits, and hydrocephalus [163].

Chest radiographs can be useful for the identification of a 
mediastinal or hilar mass [162]. However, cross-sectional 
imaging with CT or MR imaging is advantageous in identi-
fying the underlying cause, characterizing the degree of 
obstruction or compression, recognizing the presence of col-
laterals, and selecting sites for tissue sampling [164]. MR 
imaging has the additional benefit of being able to directly 
visualize blood flow and may obviate the need for intrave-
nous contrast [164].

a b

Fig. 3.47 Superior vena cava syndrome secondary to an anterior medi-
astinal germ cell tumor in a 33-month-old girl who presented with neck 
swelling. (a) Axial non-enhanced double inversion recovery MR image 
shows a large predominantly cystic anterior mediastinal mass (arrow) 
contained within the pericardial space causing substantial mass effect 
on the superior vena cava (SVC) and right atrium in keeping with SVC 

syndrome. (b) Axial enhanced T1-weighted fat-suppressed MR image 
demonstrates the large enhancing mass (arrow) representing the 
patient’s known anterior mediastinal germ cell tumor causing signifi-
cant compression on the SVC and right atrium in keeping with SVC 
syndrome
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a b

Fig. 3.48 Superior vena cava (SVC) syndrome secondary to a SVC 
thrombus in a 67-day-old female infant with trisomy 21, chylous effu-
sions, and a previously placed left upper extremity central venous cath-
eter who presented with new neck swelling. (a) Coronal enhanced MR 

angiogram image shows a large thrombus (arrowhead) in the superior 
vena cava (SVC) compatible with SVC syndrome. (b) Axial enhanced 
MR angiogram image demonstrates the large thrombus (arrowhead) in 
the SVC in keeping with SVC syndrome

Treatment for SVCS may include anticoagulation and, 
depending on the cause, can utilize interventional treatments 
such as catheterization with balloon dilatation, stenting or 
thrombectomy, surgical treatments such as thrombectomy, 
mass resection or cardiovascular correction, or oncological 
treatments with chemotherapy or radiation therapy depend-
ing on the scenario [161, 163].

Thoracic Outlet Syndrome The thoracic outlet is bordered by 
the upper mediastinum superiorly, the pectoralis minor muscle 
laterally, and the cervical spine posteromedially. The thoracic 
outlet contains the brachial plexus, subclavian vein, and artery. 
Thoracic outlet syndrome (TOS) occurs when there is compres-
sion on the brachial plexus, subclavian vein, and artery as they 
traverse the thoracic outlet [165–167]. Although TOS typically 
affects adolescents and young adults, it has been reported in 
patients as young as 4 months of age [166]. In adults, more than 
90% of cases of TOS are related to nerve compression, but 
recent literature suggests that vascular thoracic outlet syndrome, 
especially venous, is much more common in the adolescent 
population [166–168]. One hypothesis for this discrepancy is 
that neurogenic TOS occurs from repetitive hyperextension or 
overuse injury from driving or performing jobs, which children 
do not commonly perform, whereas venous TOS typically 
occurs at the junction of the clavicle and first rib and results 
from strenuous hyper-abduction commonly seen in young ath-
letes (such as pitching or weightlifting) [167]. When repetitive 

venous compression results in deep venous thrombosis, this is 
described as Paget-Schroetter syndrome (PSS) [169]. Cervical 
ribs and anomalies of the first rib are the most common cause of 
thoracic outlet syndrome in children [166, 170].

Clinical presentation of TOS varies depending on the 
cause. Patients with neurogenic TOS present with pain, pares-
thesia, and weakness in the upper extremity, whereas patients 
with venous TOS present with swelling, pain, cyanosis, and 
distension of the upper extremity veins, and patients with 
arterial TOS present with weakness and signs of upper 
extremity ischemic insufficiency, such as claudication, pallor, 
and paresthesia [166, 168, 170].

Chest radiographs can demonstrate bony abnormalities in 
patients with suspected TOS [165]. Evaluation with contrast- 
enhanced MR imaging/MRA or CT, and with arms in neutral 
and abduction position, can confirm the diagnosis and iden-
tify any accessory muscles, compressive mass or lesion, bra-
chial plexus signal abnormality, compression or thrombosis 
of the subclavian vessels, and the presence of any venous 
collaterals (Figs. 3.49 and 3.50) [165, 166].

TOS and PSS management is dependent on the structure 
involved. Vascular TOS is typically treated with physiother-
apy, anticoagulation, thrombolysis, and thrombectomy, 
whereas neurogenic TOS can be treated symptomatically 
with nerve blocks [165–170]. If a structural abnormality or 
lesion is identified, then surgical resection or decompression 
is often the initial treatment [166].
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 Conclusion

Congenital and acquired thoracic vascular anomalies and 
abnormalities involving the thoracic aorta, pulmonary 
arteries and veins, and systemic veins often require cross- 
sectional imaging evaluation to help guide clinical diagnosis 
and management. In recent years, MR imaging and MRA, 
which can provide clinically useful anatomic and functional 
information, are increasingly utilized for evaluating these 
great vessel anomalies and abnormalities particularly in the 
pediatric population. For optimal patient care, it is essential 
for radiologists to have a clear understanding of up-to-date 

MR imaging techniques, embryology and anatomy, normal 
development and anatomic variants, and characteristic MR 
imaging appearance of disorders involving the thoracic great 
vessels commonly encountered in daily clinical practice.
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Lymphatics

Kyung Rae Kim, Edward Y. Lee, and Raja Shaikh

 Introduction

The lymphatic system plays an essential role in the trans-
port of metabolites, fluid balance, and immune regulation, 
which can be affected by various disease processes [1, 2]. 
The two traditional lymphatic imaging techniques are 
direct cannulation of the lymphatic vessels (pedal lym-
phangiography) and interstitial injection of contrast agents 
that migrate into the lymphatic vessels (lymphoscintigra-
phy and lower extremity magnetic resonance (MR) lym-
phangiography). However, these imaging techniques 
cannot be reliably used to image the central conducting 
lymphatic system due to dilution of contrast and prolonged 
image duration [3–5].

A novel technique, in which contrast is injected directly 
into inguinal lymph nodes combined with improved MR 
imaging technology, has greatly improved the imaging eval-
uation of central lymphatic vessels. Central lymphatic imag-
ing is most commonly indicated for pediatric patients with 

clinical manifestations related to abnormal lymphatic flow or 
leak. MR lymphangiography can be utilized for planning 
various medical, interventional, and surgical treatments in 
lymphatic diseases and be used to evaluate treatment 
response. This has traditionally been achieved with conven-
tional fluoroscopic intranodal lymphangiography with oil 
contrast; however, MR lymphangiography is becoming a 
preferred modality because it provides additional advantages 
of obtaining high-quality cross-sectional anatomical infor-
mation and real-time dynamic imaging with no exposure to 
ionizing radiation. Additional risks of conventional fluoro-
scopic intranodal lymphangiography in patients with a right- 
to- left cardiac shunt, severe pulmonary insufficiency, and 
thyroid dysfunction are also avoided by utilizing MR lym-
phangiography [6–8].

This chapter reviews up-to-date imaging techniques and 
clinical applications of MR lymphangiography for assessing 
central conducting lymphatic ducts and their abnormalities 
in the pediatric population.

 Magnetic Resonance Imaging Techniques

 Patient Preparation

In order to perform MR lymphangiography, pediatric 
patients are first placed supine on a detachable MR imaging 
table in the preparation room over the posterior element of 
the torso receiver coil. Infants and young children (<10 years 
old) are usually placed under general anesthesia for the 
 procedure. Light sedation can be used in older  children if 
necessary in order to reduce anxiety. Most children older 
than 15  years of age can tolerate MR lymphangiography 
with only local anesthetic at the site of groin accesses. A 
controlled ventilation technique (breath-hold) is required to 
obtain motion artifact-free imaging, and communication 
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with the anesthesiology team prior to the procedure is 
crucial.

The inguinal lymph nodes are then identified with ultra-
sound. In small pediatric patients with severe lymphatic 
flow anomalies, detecting the lymph nodes can be challeng-
ing. A careful exploration with ultrasound extending above 
the inguinal crease should be performed to search for 
accessible lymph nodes. After sterilely preparing both 
groins, 22- to 25-gauge needles or angiocatheters con-
nected to low- volume connecting tubes are used to access 
the lymph nodes [3, 9]. The placement of long connecting 
tubes allows the contrast to be injected from outside the 
bore of the magnet without moving the patient. The tip of 
the needle is positioned in the medulla, and few drops of 
sterile water or saline can be gently injected to confirm 
optimal access without evidence of extravasation. The con-
necting tubing is then secured to the patient’s thigh. It is 
crucial to minimize the patient’s movement during transfer 
to the MR suite to prevent needle dislodgment. A hybrid 
MR and fluoroscopy unit can be used to confirm intranodal 
needle position with injection of iodinated contrast agent 
under fluoroscopy followed by transfer of the patient to the 
MR scanner [9].

MR Imaging Pulse Sequences  
and Protocols

Currently, MR lymphangiography is predominantly per-
formed utilizing 1.5-Tesla systems, although there are 
efforts to utilize the higher-resolution properties of 3-Tesla 
systems [10]. A torso coil is typically used to provide imag-
ing coverage from the neck to the upper one-third of the 
thigh. Adequate right-to-left coverage to image the central 
channels during volumetric imaging should be planned. 
Time to scan (and length of breath-holds) increases with 
larger coverage volumes, so selection of an appropriate 
field of view is essential. These trade-offs should be care-
fully considered to appropriately plan optimal imaging.

The commonly employed MR imaging sequences dur-
ing MR lymphangiography include (1) T2-weighted imag-
ing; (2) pre- and post-contrast T1-weighted dynamic MR 
imaging; (3) pre- and post-contrast steady-state free pre-
cession (SSFP); and (4) three-dimensional balanced steady-
state gradient echo, which provides excellent visualization 
of the vessels in relation to the lymphatic channels. 
T2-weighted imaging is obtained in axial or coronal plane 
to evaluate the overall anatomy and any suspected abnor-
malities or vascular anomalies. Prior to any contrast injec-
tion, a 3D SSFP sequence with fat suppression is acquired 
in a sagittal plane. Following this, pre-contrast coronal 3D 
spoiled gradient- recalled echo T1-weighted imaging with 
fat suppression is acquired. These images are then evalu-
ated at the work station and repeated if necessary for opti-
mization. It is crucial to obtain good coverage and resolution 
of the T1-weighted pre- contrast images to be used as masks 
for subtraction after subsequent post-contrast imaging [9]. 
The contrast is then injected through the preplaced groin 
lymph node access at a slow and well-controlled rate (0.5–
1.0 ml/min).

Post-contrast 3D spoiled gradient-recalled echo T1- 
weighted imaging with fat suppression is intermittently 
repeated at approximately 30–45 seconds or longer based 
on the transit rate of the contrast. The contrast first opaci-
fies the iliac and lumbar lymphatic channels ascending cra-
nially along the central lymphatics, cisterna chyli, and 
thoracic duct, which crosses the midline at the mid-thoracic 
level to reach the neck where it makes a posterior to ante-
rior turn to terminate at the venous angle at the junction of 
the left subclavian and internal jugular veins (Figs. 4.1 and 
4.2). Usually, gadolinium appears in the iliac and lumbar 
lymphatics within 1–2  min of injection, into the midline 
trunk by 2–3 min, and within the cisterna chyli in 3–6 min, 
and it opacifies the thoracic duct and the terminal segment 
at the venous angle in less than 10 min. When optimal visu-
alization of the central lymphatic channels (cisterna chyli 
and thoracic duct) is noted, a 3D SSFP post-contrast 
sequence can be obtained.

K. R. Kim et al.
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Fig. 4.1 Protein-losing enteropathy in a 4-year-old girl who pre-
sented for the evaluation of central lymphatic system. (a) Coronal 
maximum intensity projection image of T1-weighted fat-suppressed 
dynamic contrast-enhanced MR lymphangiogram shows increased 
filling of lymphatic contrast in the lumbar lymphatic channels (large 
arrows) secondary to lymphatic reflux. The normal course of the tho-
racic duct (small arrow) in the mediastinum and its termination at the 

venous angle (arrowhead) are noted. (b) Axial non-enhanced 
T2-weighted fat-suppressed MR image shows extensive diffuse wall 
thickening of the small bowel (∗) and ascending colon (arrowhead) 
as well as dilated periaortic lymphatic channels (arrow). (c) Axial 
non-enhanced T2-weighted fat- suppressed MR image shows diffuse 
periportal high signal intensity (arrows) secondary to lymphatic con-
gestion and reflux

4 Lymphatics
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All contrast is washed out of the lymphatic channels in 
15–20  min with the appearance of enhancement of renal 
parenchyma [3]. Delayed imaging can be performed if 
needed. The complete image data set is reviewed before con-
cluding the study. The parameters used for these sequences 
are detailed in Table 4.1 [1].

Multiplanar reconstruction (MPR) and post-contrast sub-
traction images are obtained from a 3D volumetric image 
data set. Maximum intensity projection (MIP) volume- 
rendering images are reconstructed by selecting the highest 
signal voxels to improve the visibility of the lymphatic chan-
nels and are typically reformatted in a coronal plane. 
Customized off-axis MIP images which are  tailored to the 
specific anatomy at the time of the exam are especially help-
ful in delineating the course of the thoracic duct [11].

 Contrast Agents

For dynamic contrast-enhanced MR imaging, any routinely 
used macrocyclic nonionic gadolinium agent can be used. 

Currently, the contrast dose is the same standard dose of 
0.1  mmol/kg of body weight used for routine intravenous 
injection. The calculated volume can be further diluted with 
saline to increase the final volume.

 Anatomy

 Embryology

In humans, the lymphatic system starts to develop at the end of 
the 5th week of gestation [12]. The lymphatic vessels arise by 
the budding of primary lymph sacs from the veins that form 
initially in the jugular-axillary area and then in the retroperito-
neum, mediastinum, and pelvis. All of the primordial lymph 
sacs fuse at different stages of development and lose their con-
nections with veins, except for 2–3 connections between jugu-
lar-axillary lymph sacs and venous angles. The thoracic duct 
system is formed by the union of a duct or ducts growing cau-
dad from the jugular sacs and a plexus arising from the cis-
terna chyli and extending cephalad (Fig. 4.3) [13–15].

a b

Fig. 4.2 Lymphatic malformation in a 12-year-old girl who presented 
with swelling and discomfort in the right groin. (a) Axial non-enhanced 
T2-weighted fat-suppressed MR image demonstrates extensive lym-
phatic macrocysts in the right groin (arrow) and pelvis (∗) which repre-
sent dilated central lymphatic channels. (b) Coronal maximum intensity 
projection MR image of T1-weighted fat-suppressed dynamic contrast-

enhanced MR lymphangiogram shows increased filling of lymphatic 
contrast in the lumbar lymphatic channels (large black arrows) second-
ary to lymphatic reflux. Also noted are parallel accessory thoracic duct 
(small white arrow) as well as orthotopic thoracic duct (small black 
arrow) and its termination (arrowhead)

Table 4.1 Dynamic magnetic resonance lymphangiography protocol

Sequence TR TE TI FA (degrees) Matrix ST (mm) NEX Bandwidth (Hz) Plane
3D SSFP 4.0 1.9 90 90 160 × 320 1.2 0.5 434 Sagittal
3D spoiled gradient-recalled echo 4.0 1.9 16 25 190 × 280 1.8 1 244 Coronal
SSFSE T2-weighted 4500 97 0 90 384 × 256 4 0.5 400 Axial or coronal

Adapted from Shaikh et al. [1], with permission
SSFP steady-state free precession, SSFSE single shot fast spin echo, TR repetition time, TE echo time, TI inversion time, FA flip angle, ST slice 
thickness, NEX number of excitations
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 Normal Development and Anatomy

Lymph vessels absorb excess interstitial fluid and proteins 
and transport them into the venous circulation [16]. The lym-
phatic system regulates tissue pressure and fluid status and 
provides a conduit for immune surveillance. About 4 to 5 L 
of lymph circulates per day and an average of 100 ml per 
hour flow in the thoracic duct. Depending on diet, approxi-
mately 1.5 to 2 L of chyle (intestinal lymph) is transported 
through the thoracic duct per day [17]. Similar to the veins, 
lymphatic vessels have valves and intermittently contract, 
which aid lymph flow. Alpha adrenoreceptors and histamine 
and bradykinin receptors located on lymphatic vessels may 
help these contractions. Lymph flow is also facilitated by 
movement of adjacent tissues and pulsations of nearby arter-
ies to propel the lymph against gravity [18].

The lymphatic channels are generally small, tortuous, 
beaded, and can have an interrupted course. For example, the 
iliac and lumbar lymphatics may be comprised of multiple 
channels coursing in parallel toward the midline. These 
channels tend to become fewer in number and larger in cali-
ber as they reach the midline and drain into the cisterna chyli, 
which is located behind the lower part of the right crural pil-
lar between the aorta and inferior vena cava. The cisterna 
chyli is often formed by the confluence of the left lumbar 
trunk, the intestinal trunk, and, rarely, the right lumbar trunk, 
although these relationships are inconsistent [11, 14, 19].

The thoracic duct is the largest and longest lymphatic duct 
in the body. It represents the terminal part of the lymphatic 
system and drains lymph from 80–90% of the body. The 

remaining10–20% of the body, including the right side of the 
head and neck, right upper extremity, right side of the chest, 
right lung, and heart, are drained by the right lymphatic duct. 
The thoracic duct drains into the left venous angle, and the 
right lymphatic duct drains into the right venous angle. The 
thoracic duct usually starts with the cisterna chyli and crosses 
from the retroperitoneum into the mediastinum in the space 
between the aorta and azygous vein, through the aortic hiatus. 
As it ascends through the mediastinum, it accepts paired 
intercostal lymphatic ducts from the lower 6–7 intercostal 
spaces as well as lymphatic ducts from multiple mediastinal 
structures. The thoracic duct ascends in the posterior medias-
tinum to the right of the midline, and the duct crosses midline 
at the level of T5 and ascends toward the thoracic inlet along 
the left edge of the esophagus (Fig. 4.4) [9, 14, 19–22].

In the intestines, the lymphatic system also transports 
nutrients and other substances absorbed from the bowel 
lumen. Most lymph from the gastrointestinal tract comes 
from the small intestine, where fluids, extravascular protein, 
and fat pass into the lymphatics. The increased flow during 
digestion is mostly from the absorbed water and fat, as pro-
tein and carbohydrate ingestion has been found to cause lit-
tle or no increase in lymph flow. This intestinal lymph, 
known as chyle, is rich in triglycerides and chylomicrons. 
The initial lymphatic networks are noncontractile blind-
ended vessels lacking smooth muscles and valves [14, 23, 
24]. There are two collecting systems in the bowel: the 
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Fig. 4.3 Embryology of the lymphatic system. The lymphatic vessels 
arise by the budding of primary lymph sacs from the veins that form 
initially in the jugular-axillary area and then in the retroperitoneum, 
mediastinum, and pelvis. All of the primordial lymph sacs fuse at differ-
ent stages of development and lose their connections with veins, except 
for 2–3 connections between jugular-axillary lymph sacs and venous 
angles. The thoracic duct system is formed by the union of a duct or 
ducts growing caudad from the jugular sacs and a plexus arising from 
the cisterna chyli and extending cephalad
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Fig. 4.4 Normal anatomy of the lymphatic system. The thoracic duct 
usually starts with the cisterna chyli and crosses from the retroperito-
neum into the mediastinum in the space between the aorta and azygous 
vein, through the aortic hiatus. As it ascends through the mediastinum, it 
accepts paired intercostal lymphatic ducts from the lower 6–7 intercostal 
spaces as well as lymphatic ducts from multiple mediastinal structures. 
The thoracic duct ascends in the posterior mediastinum to the right of the 
midline, and the duct crosses midline at the level of T5 and ascends 
toward the thoracic inlet along the left edge of the esophagus
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intestinal villi with its submucosal network of lymphatics 
and the muscle layer lymphatic network. These two net-
works do not form a continuous draining system but inter-
communicate extensively. The lymphatics in the villi and 
the submucosal layer network do not have smooth muscle 
and rely on intestinal peristalsis to transport chyle upstream. 
These networks drain into the collecting lymphatics near the 
mesenteric border of the intestine [25]. These then drain via 
the intestinal lymphatic trunks to the para-aortic lymph 
nodes.

The pulmonary lymphatic network is distributed in the 
connective tissue of the subpleural layer, interlobular septa, 
intersegmental septa, perivascular space, and peribronchial 
region. The subpleural, interlobular, and intersegmental sep-
tal lymphatics drain along the pulmonary vein into the hilar 
lymph nodes. Perivascular and peribronchial lymphatics 
transport lymph to the hila via collecting lymphatics in the 
bronchial adventitia and by those related to the branches of 
the pulmonary artery. The right lymphatic duct mainly drains 
lymph from both lungs, and the thoracic duct predominantly 
drains the apical portion of the left lung. A chylothorax is 
formed if there is disruption of this network and chyle col-
lects within the pleural space [26].

Any disruption or disorder in the interconnected chain of 
this complex collecting system can give rise to diseases of 
the lymphatic system.

 Anatomic Variants

The cisterna chyli is highly inconsistent in appearance and 
shape. It is most commonly located at the level of L1–L2 in 
the right paramedian region but may be located midline or 
left paramedian. It may appear as a fusiform dilated lym-
phatic channel or a network of several smaller channels. It 
may be completely absent in 30% of patients [10].

In general, the thoracic duct is more consistent in appear-
ance and is most often seen as a single duct coursing through 
the chest toward the neck. However, variations are more 
common in the neck. It may branch into multiple channels in 
40–60% of cases, where it may bifurcate or trifurcate prior to 
draining into the venous angle (Fig. 4.5) [11, 14, 19–22].

 Spectrum of Lymphatic Disorders

Abnormal drainage of lymphatic fluid can be due to incompe-
tent or poorly formed lymphatic channels, elevated central 
venous pressures, or anatomical interruption of the lymphatic 
channels. The patterns that are commonly seen on MR lym-
phangiography in the presence of any lymphatic drainage 
abnormality include (1) non-filling or retarded antegrade flow 
of contrast from peripheral to central lymphatics; (2) dilated 

a b c
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Fig. 4.5 Variations of the entry of the thoracic duct into the venous 
system. (a) Single thoracic duct and a simple junction. (b) Plexiform 
ramification of the final segment of a thoracic duct with a simple junc-

tion. (c) Delta-like entry of the thoracic duct. (d) Duplication of the final 
segment of the thoracic duct and two separate junctions. (e) Ampullary 
enlargement of the thoracic duct with multiple terminal branches
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lymphatic channels; (3) rerouting or anomalous filling of 
lymphatic channels, typically away from the midline; (4) ret-
rograde filling of lymphatics; and (5) leaks in the retroperito-
neal space, peritoneal, pleural, or pericardial cavities.

 Congenital Disorders of Central Conducting 
Lymphatic Anomaly

Central conducting lymphatic anomaly (CCLA) is a broad 
entity involving several conditions resulting from central 
conducting lymphatic dysfunction. Affected pediatric 
patients typically present with chylous ascites, pericardial or 
pleural effusion, protein-losing enteropathy, plastic bronchi-
tis, and, less frequently, peripheral edema.

When occurring early in life, CCLA may be related to 
an immature lymphatic system or congenital dysfunctional 

 lymphatic drainage. Resulting dilation of normal lymphatic 
channels is referred to as primary lymphangiectasia, which is 
most often secondary to more proximal obstruction, lymphatic 
valvular incompetence, or aplasia/hypoplasia of the central 
lymphatic system (Figs. 4.6 and 4.7 and see Figs. 4.1 and 4.2). 
Primary lymphangiectasia can also involve the pulmonary, 
intestinal, and hepatic lymphatic vasculature (see Fig. 4.1) [27].

Neonates affected with CCLA often present with chylo-
thorax, chylous ascites, hydrops fetalis, protein-losing 
enteropathy, or lung disease. In older pediatric patients, 
these may occur in isolation (e.g., isolated idiopathic chy-
lothorax) or in association with other lymphatic diseases 
such as generalized lymphatic anomaly (GLA), Gorham 
disease, Noonan syndrome, and kaposiform lymphangi-
omatosis (KLA) (Fig.  4.8). The main cause of morbidity 
and mortality in these patients is deterioration of  pulmonary 
function due to interstitial lung disease and chylothorax. 

a

b

c

Fig. 4.6 Lymphatic malformation in a 14-year-old girl who presented 
with swelling and discomfort in the right groin. (a) Axial non-enhanced 
T2-weighted fat-suppressed MR image shows lymphatic macrocysts 
(∗) in the right inguinal region which represent dilated lymphatic chan-
nels. (b) Coronal non-enhanced T2-weighted fat-suppressed MR image 
demonstrates extensive lymphatic macrocysts (∗) in the pelvis which 

represent dilated central lymphatic channels. (c) Coronal maximum 
intensity projection image of T1-weighted fat-suppressed dynamic 
contrast-enhanced MR lymphangiogram shows contrast pooling in the 
right inguinal and pelvic macrocysts (arrow) with non-opacification of 
right iliac lymphatic channels (∗). Also noted are abnormally dilated 
central lymphatic channels (arrowhead)
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a b

Fig. 4.7 Generalized hereditary lymphedema in a 2-year-old girl who 
presented with recurrent pulmonary infections and chylous pleural effu-
sions. (a) Frontal chest radiograph shows hilar fullness (large arrows) 
and increased interstitial markings (small arrows) within the lung paren-
chyma. (b) Coronal T1-weighted fat-suppressed dynamic contrast- 

enhanced image from MR lymphangiogram shows non- opacification of 
the central lymphatic channels (∗) due to congenital aplasia. There is 
rerouting of lymphatic flow via the truncal body wall lymphatic channels 
(arrows) to the neck lymphatics at the expected location of the terminal 
segment of the thoracic duct at the venous angle (arrowhead)

a b

Fig. 4.8 Kaposiform lymphangiomatosis with mediastinal and pulmo-
nary involvement in a 12-year-old girl who presented for the evaluation 
of central lymphatic system and received sirolimus treatment. (a) 
Frontal chest radiograph obtained during fluoroscopic intranodal lym-
phangiography demonstrates lymphatic oil contrast reflux to the right 
peribronchovascular lymphatic channels (arrow) and left jugular and 
subclavian lymphatic channels (arrowheads). (b) Coronal T1-weighted 

fat-suppressed dynamic contrast-enhanced image from MR lymphan-
giogram shows dilated cisterna chyli (arrow) and thoracic duct (arrow-
head). (c) Coronal non-enhanced T2-weighted fat-suppressed MR 
image shows abnormal high signal intensities in the mediastinum (∗) 
extending along the peribronchovascular lymphatic channels (arrows) 
and left supraclavicular region (arrowhead) due to lymphatic reflux
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*

c

Fig. 4.8 (continued)

a b c

Fig. 4.9 Recurrent chylous pleural effusion and bony abnormalities of 
the right clavicle, lower cervical vertebral bodies, and right ribs in a 
13-year-old girl who presented for the evaluation of central lymphatic 
system. (a) Coronal non-enhanced T2-weighted MR image shows a 
large right pleural effusion (∗). (b) Coronal maximum intensity projec-
tion (MIP) image of T1-weighted, fat-suppressed dynamic contrast-

enhanced MR lymphangiogram shows abnormal lymphatic contrast 
reflux into a right lower intercostal lymphatic channel (arrow) and into 
the left jugular and subclavian lymphatic channels (arrowhead). (c) 
Coronal non- enhanced T2-weighted MR image following sirolimus 
treatment shows significant treatment response compared to pretreat-
ment imaging, with only a small right pleural effusion (∗)

MR lymphangiography imaging typically shows anoma-
lous or hypoplastic lymphatic channels, presence of dermal 
lymphatic flow, dilated incompetent central channels, 
diminished or absent cranial transition of lymphatic flow, 
lymphatic reflux, and fluid accumulation. Secondary signs 
of mesenteric edema, bowel wall edema, or peribronchial 
interstitial thickening with opacification and formation of 
collateral lymphatic vessels may be seen. The specific loca-
tion of the possible chylous leak may not always be 
detected. Occasionally, the terminal segment of the tho-
racic duct at the venous angle is dysfunctional, and it may 
remain unopacified on MR lymphangiography or exhibit 
aberrant anatomy with reflux of contrast into the cervical 
lymphatics (Fig. 4.9). If the thoracic duct is occluded at the 
level of the neck, a microsurgical thoracic duct-to-vein con-
nection can be considered. Percutaneous embolization is 
contraindicated in these cases [9, 28].

The finding of abnormal pulmonary lymphatic flow away 
from the thoracic duct toward the lung parenchyma and 
mediastinum and through aberrant lymphatics is known as 
pulmonary lymphatic perfusion syndrome (PLPS) which can 
cause chylous effusions and plastic bronchitis [9]. Plastic 
bronchitis is a rare condition characterized by a branching 
bronchial cast, which is formed by exudation of protein-rich 
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a b

Fig. 4.10 Chylous pleural effusion due to elevated central venous 
pressure in a 5-year-old boy status post-fenestrated Fontan procedure 
for treatment of hypoplastic left heart syndrome. (a) Coronal 
T1-weighted fat-suppressed dynamic contrast-enhanced image from 
MR lymphangiogram shows extensive infiltrative lymphatics in the 
mediastinal, peribronchovascular, jugular, subclavian, and axillary 
regions (arrowheads). There is contrast extravasation and pooling in the 

right pleural space (arrow). (b) Coronal maximum intensity projection 
(MIP) image of T1-weighted fat-suppressed dynamic contrast-enhanced 
MR lymphangiogram shows congestion and lymphatic reflux in the 
mediastinal, cervical, and axillary lymphatic channels (arrowheads) 
and the right-sided chylous pleural effusion (∗). Also noted are the 
dilated intestinal lymphatic trunk (large arrow) and the mesenteric lym-
phatic channels (small arrows) secondary to lymphatic reflux

chyle into the airway. The cast may obstruct the airway and 
can lead to respiratory insufficiency or even asphyxia. These 
conditions may be treated with venolymphatic anastomosis, 
although the long-term benefit of this procedure has not been 
thoroughly evaluated [29, 30]. MR lymphangiography is 
also useful for the evaluation of response following medical 
or surgical treatment (see Figs. 4.8 and 4.9).

 Iatrogenic Disorders of Central Conducting 
Lymphatic Anomaly

Surgical procedures near the central lymphatic ducts can be 
complicated by inadvertent injury. Most commonly, this 

occurs following surgery for congenital cardiac disease, with 
an incidence of 2.8–3.9% [31, 32]. Additionally, procedures 
that result in elevated right heart pressures such as Fontan 
and Glenn procedures may result in postoperative chylotho-
rax and chronic plastic bronchitis (Fig. 4.10) [32, 33].

Surgical procedures to treat cysts arising from the lym-
phatic system in the abdomen and pelvis can result in signifi-
cant chylous ascites. Dynamic MR lymphangiography can 
reveal the leak and underlying dysfunctional central lym-
phatic system (Fig. 4.11).

Pediatric patients with long-term central lines in the left- 
sided central veins may develop central venous stenosis at 
the venous angle resulting in occlusion of the thoracic duct 
or lymphatic reflux due to elevated central pressure. These 
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a b

c d

Fig. 4.11 Recurrent chylous ascites following surgical resection of 
adnexal pelvic cysts in a 23-year-old female who presented for the eval-
uation of central lymphatic system. The cysts were reported as lym-
phatic cysts on surgical pathology. (a) Axial enhanced CT image of the 
pelvis before surgical resection shows non-enhancing adnexal lymphatic 
macrocysts (arrow). (b) Coronal maximum intensity projection image 
of T1-weighted fat-suppressed dynamic contrast-enhanced MR lym-

phangiogram shows abnormally dilated central lymphatic channels 
(arrowhead) and droplets of free contrast into the peritoneal cavity 
(arrows). (c) Coronal enhanced SSFP image shows the lymphatic chan-
nels (arrow) in relation to the vessels (∗). (d) Frontal radiograph of the 
abdomen obtained during fluoroscopic intranodal lymphangiography 
confirms the extravasation (arrows) of oil contrast into the peritoneal 
cavity
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patients present with abnormal central lymphatic flow, peri-
cardial or pleural chylous effusion, and pulmonary paren-
chymal lymphatic reflux and infrequently with features of 
plastic bronchitis.

 Conclusion

MR lymphangiography is an excellent and noninvasive 
imaging modality to identify specific areas of lymphatic 
obstruction, leak, or abnormal perfusion. It is an invaluable 
tool to evaluate the outcome of a medical or surgical treat-
ment of a central conducting lymphatic anomaly in the pedi-
atric population. MR imaging has emerged as an essential 
tool in the evaluation of lymphatic disorders and continues to 
evolve and advance with the emergence of newer imaging 
sequences and higher-strength magnetic fields.
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Mediastinum

Alison R. Hart and Edward Y. Lee

 Introduction

The mediastinum is the most common location of chest masses 
in the pediatric patient. The large number of structures con-
tained within the mediastinum and the numerous pathologies 
which originate in the mediastinum complicates diagnosis and 
highlights the importance of imaging. While traditionally uti-
lized as problem-solving tool for other modalities such as radi-
ography, ultrasound, and computed tomography (CT), the use 
of MR imaging in the workup, treatment planning, and evalu-
ation of response in mediastinal pathology is increasing, par-
ticularly in the pediatric population. 

This chapter discusses up-to-date MR imaging techniques 
including pediatric patient preparation as well as MR imag-
ing pulse sequences and protocols. In addition, mediasti-
nal anatomy including embryology, normal development, 
and anatomic variants are reviewed. Furthermore, selected 
pediatric mediastinal disorders that are encountered in daily 
clinical practice are discussed based on a practical three 
mediastinal compartmental imaging approach.

 Magnetic Resonance Imaging Techniques

 Patient Preparation

MR imaging provides superior soft tissue characterization 
capability and precise anatomic detail making it an ideal 
imaging modality to evaluate the pediatric mediastinum. 
Specific MR imaging sequences can be utilized in imaging 
the mediastinum to highlight inherent differences in tissue 

characteristics. For example, MR imaging is capable of dif-
ferentiating cystic from solid lesions and can demonstrate 
intralesional fat [1]. Unlike CT where image generation 
requires the use of potentially harmful ionizing radiation, 
MR imaging is acquired without ionizing radiation. This is 
an important advantage in the imaging of pediatric patients 
who are more susceptible to the potentially harmful effects 
of radiation [2].

Chest MR imaging is specifically challenging in children 
as image quality is directly linked to patient cooperation [3]. 
Motion in chest MR imaging may be secondary to physio-
logic cardiac and respiratory motion or due to body move-
ment. Patient motion in MR imaging can successfully be 
reduced in children over the age of 6 years through the use of 
simulation, distraction techniques, coaching, explanation, 
and reassurance [1]. Despite these measures, sedation is fre-
quently required in children less than 6 years of age, those 
with cognitive disability, or children with hearing problems, 
claustrophobia, or anxiety [3]. Cardiac motion artifacts may 
be reduced through the use of cardiac gating in which the 
cardiac cycle is monitored and images acquired only during 
diastole [4]. Respiratory motion may be minimized by breath 
holding, although this may be difficult to accomplish in 
young pediatric patients. Rapid pulse sequences or respira-
tory gating may be utilized to limit respiratory motion with 
the caveat that respiratory gating requires longer sequence 
time, thereby increasing examination length [4].

MR Imaging Pulse Sequences and Protocols

MR imaging of the chest can be performed at 1.5 Tesla (T) or 
3.0  T MRI scanners (Table  5.1). Imaging at higher field 
strength increases both signal-to-noise ratio and contrast-to- 
noise ratio improving both the spatial and temporal resolu-
tion of acquired images [1]. Phased array receiver coils are 
generally preferred because they are closer in proximity to 
the intrathoracic structures. This shorter distance increases 
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signal-to-noise ratio while decreasing imaging time through 
the use of parallel imaging [3].

MR sequences utilized in the evaluation of the mediastinum 
should be selected based on the clinical question. T1-weighted, 
T2-weighted, pre-, and post-contrast fat- suppressed sequences 
are the mainstays of MR imaging evaluation. Fat suppression 
techniques are utilized to minimize the signal from the adi-
pose tissue and improve contrast. Gradient echo in- and out-
of-phase imaging can allow for the detection of microscopic 
fat via chemical shift [3]. Dynamic contrast imaging with che-
lated extracellular gadolinium agents can also provide detailed 
information as to the degree of vascularity, pattern of enhance-
ment, and proximity to adjacent mediastinal structures such as 
vessels [1].

 Anatomy

 Embryology

Because of the myriad of anatomic structures contained within 
the mediastinum, its development results from the complex 
interplay of numerous primordial structures. The primordium 
of the body cavities arises during the fourth week from the 
partitioning of the intraembryonic coelom into three well-
defined spaces: the pericardial, paired pericardioperitoneal 
canals, and peritoneal cavities [5]. The septum transversum is 
the first partition to form, later to become the central tendon of 
the diaphragm, thereby separating the pericardial and perito-
neal cavities. Arranged lateral to the proximal foregut, the 
coronally oriented, paired pericardioperitoneal canals later 
partition to become the pleural and pericardial cavities.

Simultaneously within the fourth week, the tracheoesopha-
geal septum arises at the caudal foregut partitioning the ventral 
laryngotracheal tube (the origin of the larynx, trachea, bron-
chi, and lungs) from a dorsal component later destined to 
become the oropharynx and esophagus [5]. From the laryngo-
tracheal tube, a ventral diverticulum forms from which the 
respiratory bud is derived [6]. Further division of the respira-
tory bud produces left and right bronchial buds, the future 
lungs, which grow into the pericardioperitoneal canals [6].

Growth of the primordial bronchial buds into the pericar-
dioperitoneal canals stimulates the development of a membra-
nous ridge at the lateral wall of each canal, the pleuropericardial 

and pleuroperitoneal folds. The pleuroperitoneal folds extend 
ventromedially from the dorsolateral abdominal wall fusing 
with the dorsal mesentery of the esophagus and septum trans-
versum in the sixth week of gestation, an action through which 
the pleural and peritoneal cavities are defined [6]. The pleuro-
pericardial folds grow medially to surround the heart ulti-
mately fusing with one another and the ventral foregut during 
the seventh week of gestation, thus defining pleural and peri-
cardial cavities [6] (Fig.  5.1). This combined fusion of the 
pleuropericardial and pleuroperitoneal folds thus creates the 
mediastinum and the diaphragm [7].

The nervous system arises during the third week of gesta-
tion. The neural plate folds to become the neural tube. Neural 
crest cells, a specialized cell population which arise from the 
dorsal neural tube, then become precursors to spinal and auto-
nomic ganglia and Schwann cells [5]. Myelin sheaths, which 
form around nerve fibers in the spinal cord, originate from oli-
godendrocytes derived from neuroepithelium through a pro-
cess which begins during the late fetal period and continues 
during the first postnatal year [6]. The osseous structures of the 
thorax originate from thickening of the intraembryonic meso-
derm. This mesoderm arises lateral to the neural tube and ulti-
mately differentiates into somites and then sclerotomes from 
which the vertebral bodies and ribs are derived [6].

The heart arises from cardiogenic precursors within the 
mesoderm which form the primary heart tube within the 
fourth week of gestational life. The heart tube then loops, 
remodels, realigns, and septates to form the embryonic heart 
[5]. The dominant venous structures in the thorax stem from 
the common cardinal veins which are initially contained 
within the pleuropericardial membranes [6]. The great 
 arterial vessels arise from paired aortic arches which then 
attach to the primitive heart tube [5].

Arising from the anterior endodermal foregut, the pharyn-
geal organs, including the thyroid, thymus, and parathyroid 
glands, originate from paired branchial pouches. The thymus 
typically arises from the third ventral pharyngeal pouch. It 

Table 5.1 Pediatric Mediastinal Mass MR Imaging Protocols

Mediastinal mass screening 
protocol

Mediastinal mass characterization 
protocol

3 PLANE LOC 3 PLANE LOC
AX T1 VIBE DIXON AX T1 VIBE DIXON
COR T2 FS AX T2 FS
AX T2 FS COR T2 FS

AX FSE DIR T2

LOC localizer, AX axial, VIBE volumetric interpolated breath-hold 
sequence, COR coronal, FS fat suppression, FSE fast spin echo, DIR 
double inversion recovery

Mesoesophagus
Aorta

Pleural cavity

Phrenic nerve

Esophagus

Fibrous
pericardium

Pericardial
cavity

Fig. 5.1 Primordial mediastinum during the seventh week of 
gestation
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then elongates and descends to fuse at the midline, anterior 
to the aortic arch, by the eighth gestational week [7]. During 
this process, the thymopharyngeal duct contained within the 
thymic buds obliterates [8]. During the tenth week of gesta-
tion, lymphoid cells migrate into the thymus [9].

 Normal Development and Anatomy

The mediastinum can be compartmentalized in an attempt to 
better localize mediastinal abnormalities and aid in the for-
mulation of an appropriate differential diagnosis (Fig. 5.2) 
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Fig. 5.2 Mediastinal 
compartment. (a) Coronal 
view of the anatomic 
definition. (b) Sagittal view of 
the anatomic definitions
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Anterior

Middle

Posterior

Fig. 5.3 Annotated sagittal chest radiograph demonstrating the tradi-
tional anatomic imaging delineation of the anterior, middle, and poste-
rior mediastinal compartments

This compartmentalization was historically accomplished 
via the nonanatomic division of the lateral chest radiograph 
[10] (Fig.  5.3). While invaluable for the identification of 
mediastinal lesions on radiography, the availability of mul-
tiple classification models limited the localization of some 
mediastinal lesions and was a source of confusion among 
providers of different specialties [11]. More recently, a new 
system of division has been adopted to standardize the 
 classification of mediastinal lesions based upon specific 
anatomy which can be readily identified on cross-sectional 
imaging [11].

The three compartments of the International Thymic 
Malignancy Interest Group (ITMIG) model (prevascular, 
visceral, and paravertebral) can be thought of similarly to 
the classic anterior, middle, and posterior compartments 
defined radiographically (Fig. 5.4) (Table 5.2). Each com-
partment is bordered superiorly by the thoracic inlet and 
inferiorly by the diaphragm. The thoracic inlet is defined by 
the osseous structures at the superior aspect of the thorax 
including the superior cortex of the manubrium, the bilateral 
first ribs, and the superior endplate of the first thoracic ver-
tebral body [11].

The prevascular compartment (anterior mediastinum) 
is bound anteriorly by the sternum, posteriorly by the 
pericardium, and laterally by the parietal pleura [11]. The 

structures in the prevascular compartment thus include the 
thymus, lymph nodes, adipose tissue, internal mammary 
vessels, and left brachiocephalic vein. The visceral com-
partment (middle mediastinum) is bordered anteriorly by 
the pericardium and posteriorly by a vertical line posi-
tioned 1  cm posterior to the anterior margin of the tho-
racic vertebral bodies [11]. Thus, the visceral compartment 
can be further subdivided into  vascular (the heart, great 
vessels, and thoracic duct) and nonvascular structures (the 
tracheobronchial tree, the esophagus, and the lymph 
nodes). The paravertebral compartment  (posterior medi-
astinum) begins at the posterior margin of the visceral 
compartment, 1 cm posterior to the anterior margin of the 
thoracic vertebral bodies, and extends posteriorly to the 
chest wall and laterally to the transverse processes of the 
thoracic vertebral bodies [11]. The structures contained 
within this compartment thus include the thoracic spine 
and paravertebral soft tissues including the thoracic nerve 
roots.

While the classification of mediastinal structures to a 
respective compartment is helpful to guide diagnosis, inter-
vention, and treatment, large lesions which span multiple 
compartments are inherently difficult to categorize. Two 
methods, first described on CT but which can be readily 
extrapolated for use on MR imaging, can thus be helpful to 
the radiologist tasked with the localization of mediastinal 
lesions. The first, the “center method,” defines the center of 
the mediastinal abnormality and thus its appropriate com-
partment on the basis of the axial image at the site of greatest 
axial dimension [12]. The second, the “structure displace-
ment tool,” further helps to define a lesion’s mediastinal 
compartment through careful examination of the structures 
with which it displaces. For example, a large lesion centered 
in the prevascular (anterior) mediastinum may exert local 
mass effect on anterior mediastinal structures as well as 
posterior mass effect on visceral (middle) compartment 
structures [12].

 Anatomic Variants

 Ectopic Thymus
The thymus is a bilobed, H-shaped, homogeneous organ 
which drapes over the structures within prevascular/ante-
rior mediastinum. Critical to the maturation and differenti-
ation of T cells, the thymus plays a central role in cellular 
immunity [13]. In pediatric patients less than 5  years of 
age, the thymus is prominent with a quadrilateral shape and 
convex margins. After the age of 5 years, the thymus gradu-
ally decreases in size, becomes less prominent, and has a 
triangular morphology. With age, the thymic margins con-
tinue to straighten. The thymus reaches its maximum 
weight in adolescence undergoing progressive replacement 
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Fig. 5.4 MRI adaptation of the CT-based mediastinal compartment 
scheme developed by the International Thymic Malignancy Interest 
Group (ITMIG). Axial T2-weighted fat-suppressed MR images just 
below the level of the aortic arch (a), at the level of the main pulmonary 

artery (b), and at the level of the heart (c) show the prevascular/anterior 
(red), visceral/middle (green), and paravertebral/posterior (yellow) 
mediastinal compartments. (d) Sagittal T2-weighted fat-suppressed 
MR image demonstrates the three compartments in the sagittal plane

Table 5.2 MR imaging characteristics and locations of mediastinal masses in the pediatric population

Soft tissue component Fat component Fluid component
Anterior (prevascular) 
mediastinal masses

Ectopic thymus
Thymic herniation
Thymoma
Thymic carcinoma
Lymphoma
Midline NUT cell tumor

Thymolipoma
Germ cell tumor

Thymic cyst
Lymphatic malformation

Middle (visceral) mediastinal 
masses

Infectious lymphadenopathy
Neoplastic lymphadenopathy
Sarcoidosis
Castleman disease

Foregut duplication cyst

Posterior (paravertebral) 
mediastinal masses

Sympathetic chain ganglion origin tumors
Nerve root origin tumors

Extramedullary hematopoiesis Neurogenic cyst

by fibrofatty tissue thereafter. In adults, the residual thymus 
weighs less than half its weight at infancy and is not readily 
identifiable [13].

The thymus demonstrates homogenous intermediate T2 
signal intensity and mild T1 hyperintensity with respect to 
muscle. Given the changing composition of the thymus with 
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Fig. 5.5 Ectopic thymic tissue (histologically proven) in a 5-month-old 
boy with seizures and incidentally found left submandibular mass. (a) 
Axial T1-weighted fat-suppressed MR image demonstrates a circum-
scribed mass (asterisk) which is isointense to skeletal muscle and located 
in the left neck posterior to the left submandibular gland. (b) Axial 
T2-weighted fat-suppressed MR image shows that the mass (asterisk) is 

hyperintense to skeletal muscle. (c) Coronal T2-weighted fat- suppressed 
MR images demonstrate the inferior extension of the mass (asterisk) into 
the infrahyoid neck. The normal thymus is observed within the superior 
mediastinum (arrowhead). (d) Axial T1-weighted post-contrast MR 
image demonstrates mild enhancement with tissue architecture sugges-
tive of glandular ectopic thymus (asterisk)

age, it is not surprising that the MR imaging signal charac-
teristics of the thymus shift. As a child grows, there is 
increasing thymic T1 hyperintensity to reflect the increasing 
percentage of intracellular fat. Similarly, the out-of-phase 
gradient echo sequence can be compared to in-phase gradi-
ent sequences; fatty thymic tissue drops in signal intensity 
on out-of-phase images reflective of the degree of fat 
infiltration.

Accessory thymic tissue results due to rests of normal 
thymic tissue along the path of thymic descent. Accordingly, 
accessory thymic tissue can occur anywhere along the course 
of the thymopharyngeal duct from the mandible to the supe-
rior mediastinum [7]. One such variant, the retrocaval thy-
mus, is the result of posterior extension of accessory thymic 
tissue interposed between the superior vena cava and great 
arteries. Although retrocaval thymus can mimic a mediasti-
nal mass or right upper lobe mass on chest radiography, 
cross-sectional MR imaging evaluation demonstrates conti-
nuity with the normally positioned thymus and homogenous 
signal characteristics. Ectopic thymic tissue, conversely, is 

presumably the result of an aberrant migration pathway lead-
ing to the presence of thymic tissue in abnormal locations, 
including the base of the skull [13] (Fig. 5.5).

 Thymic Herniation
Suprasternal extension of the thymus is a commonly doc-
umented phenomenon in infants [13]. In these cases, no 
luminal tracheal narrowing or respiratory symptoms result 
although the abnormality may be alarming to caregivers 
and providers as a palpable mass is frequently present 
[14]. More rarely, cases of intermittent herniation of the 
mediastinal thymus into the neck with Valsalva maneu-
ver have been reported in older children presumably on 
the basis of loose mediastinal connective tissue [15]. 
Demonstration of homogenous tissue in continuity with 
the normal mediastinal thymic tissue is diagnostic on both 
neck ultrasound and MR imaging (Fig. 5.6). Dynamic MR 
imaging performed with and without Valsalva maneuver 
can be performed to isolate the abnormality if it occurs 
intermittently [15].
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Fig. 5.6 Herniation of thymic tissue into the neck in a 10-year-old boy 
who presented with palpable neck mass. (a) Sagittal T2-weighted fat- 
suppressed MR image demonstrates extension of homogenous signal 
intensity tissue (arrow) above the sternal notch into the neck in continu-
ity with the normal retrosternal thymus (arrowhead). (b) Axial 

T2-weighted fat-suppressed MR image at the thoracic inlet level shows 
thymus (arrow) herniating into the neck. (c) Axial T2-weighted fat-
suppressed MR image at the level of the aortic arch shows the normal 
thymus (arrowhead), which is identical in signal and contiguous with 
the herniated thymus

c d

Fig. 5.5 (continued)

5 Mediastinum



132

Fig. 5.7 Aplasia of the thymus in a 3-week-old girl with DiGeorge syn-
drome. Axial proton-density black blood turbo spin echo MR image shows 
a complete aplasia of the thymus. A right-sided aortic arch is also seen

 Spectrum of Mediastinal Disorders

Anterior (Prevascular) Mediastinal Lesions

 Congenital Disorders

Aplasia or Hypoplasia of the Thymus Rarely, thymic 
hypoplasia or complete aplasia may occur, most frequently in 
the setting of a global immunodeficiency syndrome such as 
DiGeorge syndrome or severe combined immunodeficiency 
(SCID) (Fig. 5.7). DiGeorge syndrome is caused by a chro-
mosomal 22 deletion. This deletion leads to abnormal forma-
tion of the third and fourth pharyngeal pouches during 
embryologic development from which the thymus and the 
parathyroid glands are formed [13]. Varying severity of pri-
mary T-cell deficiency may result. Lack of T cells predisposes 
patients to disseminated viral, fungal, and parasitic infections 
and abnormal antibody response [16]. Affected pediatric 
patients also may suffer from hypoparathyroidism and car-
diovascular anomalies. Additionally, characteristic facial fea-
tures are associated with DiGeorge syndrome which include 
micrognathia, low-set ears, and hypertelorism [16].

Severe combined immunodeficiency (SCID) syndromes 
are a group of disorders characterized by the absence of T 
and B cells. Inherited in either X-linked or recessive fashion, 
SCID is universally fatal without immune reconstitution due 
to the development of severe opportunistic infections early in 
life. As T cells are absent and therefore do not migrate into 
the thymus, there is abnormal thymic development. This 
manifests in aplasia or severe thymic hypoplasia [13].

Lastly, relative absence of the thymus on imaging may 
result from prior cardiothoracic surgery. A median sternot-
omy for anterior approach to the heart routinely requires 
removal of the thymus [17]. Thus, pediatric patients who 

have undergone median sternotomy may appear to lack a 
thymus on subsequent imaging. As a result, these patients 
may demonstrate decreased peripheral T-cell count and 
impaired T-cell maturation though the implications between 
this and future infection or malignancy is unknown [17].

 Benign Neoplastic Disorders

Thymic Cyst A thymic cyst is a remnant of the embryonic 
thymopharyngeal duct and thus can occur anywhere along the 
course of the thymopharyngeal duct from the piriform sinus 
to the mediastinum. Most, however, are associated with the 
carotid sheath and lateral infrahyoid neck. In some cases, a 
fibrous connection with the thymus may persist. Although 
usually asymptomatic, symptoms such as respiratory distress 
or dysphagia can result from mass effect upon adjacent struc-
tures if lesions become large. Rare in adults, thymic cysts are 
most commonly diagnosed before the second decade of life. 
Complete surgical resection is the treatment of choice once 
such lesions are diagnosed with excellent prognosis.

While visualization of Hassall’s corpuscles confirms the 
diagnosis histologically, prior to surgical resection, cross- 
sectional imaging plays an important role in determining 
the presence, location, and extent of such lesions [18]. Due 
to superior soft tissue contrast resolution as compared with 
CT and especially useful in cases where attenuation charac-
teristics are indeterminate, MR imaging evaluation can bet-
ter differentiate cystic versus solid lesions. Thymic cysts are 
typically uniformly hyperintense on T2-weighted images and 
may show variable signal intensity on T1-weighted images 
(Fig. 5.8). Lesions containing serous fluid are hypointense on 
T1-weighted images, whereas lesions complicated by hemor-
rhage or infection may be hyperintense on T1-weighted images 
[19]. Lesions may be comprised of a large, dominant cyst or 
multiloculated. Following contrast administration, there is no 
internal enhancement. Thin mural and septal enhancement 
may occur. Occasionally, mural nodularity and thickening may 
be present, usually secondary to prior infection or hemorrhage.

Many differential possibilities exist for simple or multi-
loculated cystic lesions in the mediastinum including lym-
phatic malformation, brachial cleft cyst, thyroglossal duct 
cyst, foregut duplication cyst, and germ cell tumor. Cystic 
changes may be seen within a mediastinal mass, including 
Hodgkin lymphoma or other neoplastic processes [20].

Thymolipoma Thymolipomas are rare, benign lesions 
comprised of thymic tissue and fibrous septae interwoven 
with macroscopic fat [18]. The amount of fat within the 
lesion is commonly 50–85%, although lesions with up to 
95% fat have been reported [11]. Given their slow growth 
and pliability due to the predominance of fat, thymolipomas 
can easily conform to adjacent mediastinal structures often-
times growing quite large prior to their discovery. Thus, 
most are incidentally discovered on chest radiograph, where 
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they can easily be confused for more common causes of 
mediastinal enlargement such as cardiomegaly or a pericar-
dial tumor. Symptoms may result due to mass effect on adja-
cent mediastinal structures and include dyspnea, cough, 
arrhythmia, and chest pain. Rare associations with myasthe-
nia gravis, aplastic anemia, thyrotoxicosis, and Graves’ dis-
ease has been reported [21]. Unless symptomatic, no 
treatment is required for thymolipomas.

Due to the combination of fat and thymic tissue, thymoli-
pomas characteristically demonstrate a whorled appearance 
on cross-sectional imaging [21]. The lesion is well-defined 
and contained by a capsule without invasion into adjacent 
mediastinal structures. On MR imaging, lesions demonstrate 
mixed signal on T1-weighted images. On T1-weighted 
images, linear bands of hyperintense fat are interspersed 
with hypointense bands of thymic and fibrous tissue which 
are similar in intensity to adjacent  skeletal muscle (Fig. 5.9).

Germ Cell Tumor Prior to the sixth week of development, 
germ cells traverse the mediastinum as they descend caudally 
from the yolk sac. As germ cells give rise to gametes in both 
sexes, they migrate to the gut tube and then via the gut mesen-
tery to the genital ridge [5]. Premature arrest therefore may 
result in rests of germ cells at extragonadal locations. Germ cell 
tumors are the third most common mediastinal mass in chil-
dren, accounting for 6–15% of all mediastinal tumors [22]. 
Germ cell tumors frequently appear as fat- containing masses 
within the mediastinum. Teratoma, a tumor derived from tis-
sues of all three germ cells layers, is the most common subtype 
of extragonadal germ cell tumor within the mediastinum [20].

Germ cell tumors can be broadly divided into three sub-
types: teratoma (including mature, immature, and teratoma 
with malignant transformation), seminoma, and nonsemino-
matous malignant germ cell tumor. Seminomatous germ cell 
tumors are the most likely to be malignant [23]. Approximately 
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Fig. 5.8 Incidentally found thymic cyst in a 16-year-old boy who pre-
sented for evaluation of right scapular pain following a sports injury (con-
firmed upon surgical resection). (a) Axial T2-weighted fat- suppressed 
MR image demonstrates a well-circumscribed, unilocular hyperintense 
lesion (asterisk) in the anterior mediastinum located anterolateral to the 

trachea (arrowhead) on the right surrounded by normal thymus (arrow). 
(b) Axial T1-weighted fat-suppressed post- contrast MR image shows no 
contrast enhancement within the thymic cyst (asterisk). (c) Coronal 
T1-weighted fat-suppressed post-contrast MR image shows no contrast 
enhancement within the thymic cyst (asterisk)
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4% of all malignant germ cell tumors occur within the medias-
tinum [24]. When this is the case, imaging of the gonads must 
be performed as primary malignant germ cell tumors of the 
mediastinum are indistinguishable on imaging from primary 
gonadal tumor metastasis [18]. Mediastinal metastases from 
primary gonadal germ cell tumors, however, almost universally 
also demonstrate retroperitoneal lymph node metastases [23].

Complete surgical resection is the treatment of choice for 
mature benign germ cell tumors with excellent prognosis. 
Although most mediastinal malignant germ cell tumors can 
also be successfully resected following adjuvant chemother-
apy, the overall prognosis is worse compared with those of 
primary gonadal or other extragonadal origin [20, 24].

While the presence of an anterior mediastinal germ cell 
tumor may be suspected radiologically, cross-sectional evalua-
tion is required to confirm diagnosis and evaluate disease extent. 

Traditionally, CT was the preferred imaging technique due to its 
improved spatial resolution over radiography. Because terato-
mas are the most common germ cell tumor within the mediasti-
num and are comprised of all three germ cells layers, most 
characteristically contain fat. Additionally, soft tissue, calcifica-
tion, cystic, and solid components are generally present [21]. As 
a result, MR imaging has emerged as a useful modality to dif-
ferentiate soft tissue components and confirm the presence of fat 
without requiring the use of ionizing radiation.

On MR imaging, teratomas are well circumscribed with 
heterogeneous internal signal on both T1- and T2-weighted 
images due to the varying characteristics of its comprised 
tissues. Macroscopic fat is hyperintense on T1-weighted 
images and shows signal loss on fat-suppressed sequences 
(Fig. 5.10). Cystic elements demonstrate intrinsic hyperin-
tensity on T2-weighted images and hypointensity on 
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Fig. 5.9 Incidentally discovered thymolipoma in a 15-year-old girl 
with history of restrictive cardiomyopathy and congenital mitral pro-
lapse resulting in severe left atrial enlargement (histologically proven). 
(a) Axial T1-weighted MR image demonstrates a large mass (white 
arrowhead) insinuating around the mediastinal vessels with areas of 
hyperintensity, representing fat, interspersed with regions of hypointen-
sity, representing bands of thymic and fibrous tissue. (b) Coronal 

T1-weighted MR image demonstrates a large mass (white arrowhead) 
insinuating around the mediastinal vessels with areas of hyperintensity, 
representing fat, interspersed with regions of hypointensity, represent-
ing bands of thymic and fibrous tissue. (c) Axial contrast- enhanced CT 
of the chest shows the mass (asterisk) to be heterogeneous and 
hypodense with associated calcification (black arrowhead)
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Fig. 5.10 Anterior mediastinal mature teratoma in a 17-year-old girl 
who presented with left-sided chest pain (histologically proven). (a) 
Frontal chest radiograph demonstrates a mass (asterisk) at the superior 
mediastinum on the left. (b) Axial T2-weighted fat-suppressed MR image 
demonstrates a well-circumscribed, centrally hyperintense lesion (aster-
isk) within the left anterior superior mediastinum containing a hypoin-
tense calcification (arrowhead). (c) Coronal T2-weighted fat-suppressed 
MR image demonstrates a well-circumscribed, centrally hyperintense 

lesion (asterisk) within the left anterior superior mediastinum contain-
ing a hypointense calcification (arrowhead). (d) Axial T1-weighted 
MR image demonstrates a focus of hyperintensity (arrowhead) at the 
medial margin of the lesion compatible with macroscopic fat. (e) Axial 
T1-weighted fat-suppressed MR image shows loss of signal (arrowhead) 
within this region, confirming the presence of macroscopic fat. (f) Axial 
T1-weighted fat-suppressed contrast-enhanced MR image demonstrates 
peripheral enhancement (white arrow)
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T1-weighted images. Soft tissue components are isointense 
to muscle [23]. The presence of microscopic fat can be con-
firmed by signal loss on out-of-phase gradient sequences due 
to chemical shift artifact. The extent and associated compli-
cations of these tumors can also be evaluated with MR imag-
ing [25]. Rupture of mature teratomas has been reported, and 
spilled contents may result in pneumonitis, pleural effusion, 
or pericardial effusion depending upon location [7, 20].

Unlike teratomas, seminomatous and nonseminomatous 
malignant germ cell tumors have a less characteristic MR 
imaging appearance. Both demonstrate heterogeneous sig-
nal intensity on T1- and T2-weighted images and variable 
enhancement on post-contrast imaging. While both may dem-
onstrate high signal intensity on T2-weighted MR images 
suggestive of cystic necrosis, this MR imaging appearance 
is more common in nonseminomatous malignant germ cell 
tumors [23]. Additionally, like other malignant entities, 
both seminomas and nonseminomatous malignant germ cell 
tumors may obliterate fat planes and extend into adjacent 
mediastinal compartments. MR imaging is the most sensitive 
modality to evaluate the degree of anatomic infiltration due to 
its excellent contrast resolution [25].

Lymphatic Malformation Lymphatic malformations can 
occur anywhere throughout the body and are comprised 
of a variable number of endothelial-lined channels with-
out muscular walls [26]. Histologically, these lesions stain 
positive for lymphatic markers. The incidence of lymphatic 
malformation at birth is 1  in 5000 [27]. While common in 
the anterior cervical region, due to its large volume of lym-
phatic tissue, primary mediastinal lymphatic malformations 
are rare [28]. Extension of cervical lymphatic malforma-
tions into the mediastinum, however, can be seen with large 
lesions [26]. When small, such lesions are generally asymp-
tomatic. If there is superimposed infection or hemorrhage, 
symptoms may result. Larger lesions can also produce symp-
toms due to mass effect such as airway compression or vas-
cular  compromise [28].

Offering superior soft tissue resolution as compared with 
CT, MR imaging is vital in the evaluation of lymphatic mal-
formations. Deeper involvement occurs in 6% of palpable, 
superficial lymphatic malformations, and MR imaging pro-
vides superior characterization of involved tissue planes [28]. 
Large lesions are frequently composed of both microcystic 
and macrocystic components. Microcystic components mea-

sure smaller than 1  cm, whereas macrocystic elements are 
those which measure larger than 1–2  cm. Lesions may be 
mass-like and well-defined or infiltrative. On T2-weighted 
images, lymphatic malformations are hyperintense lesions 
surrounded by a thin wall with thin internal septa (Fig. 5.11). 
Whereas peripheral and septal enhancement of macrocystic 
components is common, microcystic components enhance 
more homogenously and therefore frequently appear solid at 
imaging [26]. Lesions containing proteinaceous material or 
hemorrhage may be hyperintense on T1-weighted images or 
may contain fluid-fluid levels.

Because lymphatic malformations can vary substan-
tially in their size, shape, extent of deeper involvement, and 
involvement of adjacent structures, accurate MR imaging 
characterization is required to guide management. While 
macrocystic regions may be amenable to percutaneous 
sclerotherapy, microcystic components may require surgi-
cal excision with or without concomitant medical therapy 
[26]. The complexity of lymphatic malformations high-
lights the importance of a multidisciplinary approach in 
their management.

 Malignant Neoplastic Disorders

Thymoma Thymomas are epithelial neoplasms which con-
tain a variable amount of lymphoid tissue. Rare in the pediat-
ric population, thymomas account for less than 1% all of 
mediastinal tumors in children. Thymomas are typically diag-
nosed as an anterior mediastinal neoplasm in adults, usually 
within the fifth and sixth decades of life without sex predilec-
tion [9]. While oftentimes asymptomatic, symptoms can 
result from compression or invasion of adjacent structures. 
Notably, when thymomas occur in children, they are usually 
aggressive with poor prognosis [29]. While thymoma- 
associated paraneoplastic syndromes have been documented 
in children, including immunodeficiency and red cell aplasia, 
the common association between myasthenia gravis and thy-
moma in adults is rarely observed in the pediatric population 
[30]. Thymomas may be staged as invasive or noninvasive on 
the basis of capsular extension on imaging [18]. Complete 
surgical resection improves long-term survival. Chemotherapy 
and/or radiation may be required in advanced stages or cases 
where complete surgical resection cannot be achieved [30].

Up to 25% of thymomas may be radiographically occult 
[29]. Thus, cross-sectional imaging is invaluable for the diag-
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nosis, characterization, staging, and treatment of thymomas. 
On MR imaging, noninvasive thymomas are typically oval 
or lobulated, located off of the midline, and homogenous 
and hyperintense on T2-weighted images [19] (Fig.  5.12). 
The lack of signal dropout on out-of-phase gradient echo 
sequences helps confirm the lack of microscopic fat thus dif-
ferentiating thymomas from thymic hyperplasia [1]. Invasive 
thymomas, conversely, demonstrate irregular contour, dis-
ruption of mediastinal boundaries, heterogeneous signal 
intensity, and often areas of necrosis [1]. Recently, diffu-
sion characteristics and time to peak enhancement have been 
studied as a means of differentiating high-risk from low-risk 
lesions with promising result [19].

Thymic Carcinoma Exceedingly rare in children, thymic 
carcinomas are aggressive, epithelial neoplasms which may 
arise from malignant transformation of an existing thymoma 
[31]. Histologically, thymic carcinomas demonstrate hall-
mark features of invasive malignancies including increased 
mitoses, nuclear atypia, and necrosis [18]. Symptoms due to 
local invasion may be present at diagnosis and include chest 

pain, weight loss, respiratory distress, superior vena cava 
syndrome, fatigue, and night sweats [31]. Surgical resection 
remains the gold standard for treatment of thymic carcinoma 
with neoadjuvant chemotherapy and adjuvant radiation as 
required.

On MR imaging, thymic carcinomas are frequently 
large and irregular. The degree of local invasion, espe-
cially vascular, and metastatic involvement is best catego-
rized by MR imaging [18] (Fig.  5.13). Contrary to the 
homogenous appearance of thymomas, thymic carcino-
mas typically demonstrate heterogeneous hyperintensity 
on both T1- and T2-weighted sequences due to hemor-
rhage and necrosis [7]. Calcification is common, occur-
ring in greater than 60% of patients with thymic carcinoma 
[31]. Following contrast administration, there is heteroge-
neous enhancement.

Lymphoma Lymphoma is the most common mass in the 
anterior mediastinum in the pediatric population [20]. 
Arising from constituent cells of the immune system or their 
precursors, mediastinal lymphoma may be subclassified as 
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Fig. 5.11 Lymphatic malformation of the anterior mediastinum and 
left chest wall in a 3-year-old boy with prenatal diagnosis of lymphatic 
malformation. (a) Axial T2-weighted fat-suppressed MR image dem-
onstrates hyperintense, infiltrative lesion (asterisks) within the anterior 
mediastinum and left axilla comprised of both macro- and microcystic 

components with thin intervening septa. (b) Coronal T2-weighted fat-
suppressed MR image shows the lesion (asterisks) extending through 
the anterior mediastinum, left supraclavicular region, and left axilla. (c) 
Axial T1-weighted fat-suppressed contrast-enhanced MR image dem-
onstrates peripheral and septal enhancement (arrowheads)
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Fig. 5.12 Anterior mediastinal thymoma in a 16-year-old girl who pre-
sented with persistent cough. (a) Frontal chest radiograph shows subtle 
widening of the superior mediastinum. (b) Lateral chest radiograph 
demonstrates a well-circumscribed opacity (arrowhead) in the retroster-
nal clear space. (c) Axial T2-weighted fat- suppressed MR image dem-
onstrates an ovoid heterogeneous hyperintense well-defined mass 
(arrow) in the left anterior mediastinum. (d) Axial T2-weighted fat-
suppressed MR image demonstrates an additional ovoid heterogeneous 

hyperintense well-defined mass (arrow) in the right anterior mediasti-
num. (e) Axial T1-weighted fat-suppressed contrast-enhanced MR 
image of the left-sided mass (arrow) demonstrates heterogeneous 
enhancement in areas of relative hypointensity on T2-weighted image. 
(f) Axial T1-weighted fat-suppressed contrast- enhanced MR image of 
the right-sided mass (arrow) demonstrates heterogeneous enhancement 
in areas of relative hypointensity on T2-weighted image
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Hodgkin or non-Hodgkin. Hodgkin lymphoma is character-
ized histologically by the presence of Reed-Sternberg cells, 
large abnormal lymphocytes that may contain more than one 
nucleus. Non-Hodgkin lymphoma, alternately, is character-
ized histologically as the abnormal clonal proliferation of 
immature immunologic B or T cells.

Hodgkin lymphoma represents 40–50% of cases of 
pediatric lymphoma. Thoracic involvement is demonstrated 
in 85% of cases [32]. Hodgkin lymphoma more commonly 
affects young adults over the age of 20 without specific 
gender predilection. Four main histologic subtypes of 
Hodgkin lymphoma are described. The nodular sclerosing 
subtype accounts for 65% of cases in the pediatric popula-
tion [33]. Affected pediatric patients typically present with 
painless adenopathy, most frequently in the neck. Two-
thirds of affected patients demonstrate mediastinal involve-
ment at initial presentation, which may cause symptoms 
related to mass effect [33]. Hodgkin lymphoma is staged 
according to the Ann Arbor staging system, which classifies 
the disease on the basis of anatomic lymph node involve-
ment, presence of B symptoms, and extranodal involve-
ment [13]. The 5-year survival rate for Hodgkin lymphoma 
is greater than 90% [7].

Non-Hodgkin lymphoma is more common in patients less 
than 10 years of age and more frequently affects boys [13]. 
Thoracic involvement is present in 45% of cases of non- 
Hodgkin lymphoma [32]. As compared with adults, children 
with non-Hodgkin lymphoma more commonly demonstrate 
extranodal thoracic or abdominal involvement which may 
manifest with acute symptoms such as pain, compressive 
symptoms, and biliary or urinary tract obstruction [33]. Non- 
Hodgkin lymphoma is staged according to the St. Jude stag-
ing system, which divides patients into “limited” (stage 1 and 

2) and “extensive” (stage 3 and 4) disease [13]. The histologic 
subtype and tumor bulk are the most important prognostic 
factors [32].

On cross-sectional imaging, lymphoma of either subtype 
presents as a lobulated, multinodular, infiltrative mass which 
tends to encase adjacent structures rather than invade them 
[11]. While imaging is imperative for accurate staging, histo-
logic sampling is required for definitive diagnosis [1]. Masses 
in lymphoma are typically homogenously hypointense on 
T1-weighted images, hyperintense on T2-weighted images, 
and show variable enhancement after the administration of 
contrast (Fig. 5.14). Central necrosis may also occur which 
produces a heterogeneous appearance on T2-weighted and 
post-contrast MR images. MR imaging can also assess peri-
cardial or CNS involvement. Recently, diffusion-weighted 
MR imaging has been utilized to aid in differentiating lym-
phoma from other common mediastinal masses such as thy-
momas or thymic rebound [1, 19]. As a result of increased 
cellular density and cellular atypia, lymphoma demonstrates 
a low ADC value on diffusion-weighted MR imaging which 
can help differentiate it from other benign processes such as 
thymic rebound [1].

Midline NUT Cell Tumor NUT midline carcinoma is 
recently described, rare, aggressive, and malignant epi-
thelial neoplasm. It is characterized by chromosomal rear-
rangement of the gene encoding nuclear protein of the 
testis (NUT) on chromosome 15 [34]. Variably, fusion 
with BRD4 on chromosome 19 results in a novel BRD4-
NUT oncogene which may block cellular differentiation 
and contribute to carcinogenesis [35]. Although initially 
described in children and young adults, the tumor has now 
been described in older adults [36]. Approximately 90% 
of cases arise from midline anatomic sites, most com-
monly the thorax, head, and neck [37]. Affected patients 
present with symptoms referable to the site of malignancy. 
Definitive diagnosis of a NUT midline carcinoma is based 
solely upon histology and immunochemistry demonstra-
tion of monoclonal antibody nuclear reactivity for NUT 
[34]. Prognosis is poor with patients surviving an average 
of 6.7 months, and there is only one known case of curative 
treatment to date [37].

Imaging characteristics of NUT midline carcinoma are 
nonspecific as the majority of affected patients present with 
advanced disease [37]. On MR imaging, the tumor is gener-
ally large, heterogeneous, hypointense on T1-weighted 
images, and hyperintense on T2-weighted images. Following 
contrast administration, there is heterogeneous enhance-
ment, often with central necrosis [36] (Fig. 5.15). MR imag-
ing can serve as an adjunct to CT to assess for vascular or 
cardiac invasion and can aid in the detection of osseous met-
astatic disease [37].

Fig. 5.13 Thymic carcinoma in a 13-year-old girl who presented with 
chest pain and weight loss. Axial T2-weighted MR image shows a large 
heterogeneous mass with local invasion (arrows) into adjacent chest 
wall
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Fig. 5.14 Hodgkin lymphoma in an 18-year-old girl who presented 
with sore throat and pressure sensation in the anterior neck and chest 
leading to thyroid ultrasound and subsequent MR imaging evaluation 
(histologically proven). (a) Transverse grayscale ultrasound image 
demonstrates a heterogeneous anterior mediastinal mass (arrow). (b) 
Axial T2-weighted fat- suppressed MR image demonstrates an anterior 
mediastinal mass (asterisk) abutting the mediastinal vessels. (c) Coronal 
T2-weighted fat- suppressed MR image shows the mass (asterisks) 

extending into the neck and draping over the heart. (d) Axial 
T1-weighted fat-suppressed contrast-enhanced MR image shows 
homogenous enhancement of the large, multilobulated, anterior medi-
astinal mass (asterisk). (e) Coronal T1-weighted fat-suppressed con-
trast-enhanced MR image shows homogenous enhancement of the 
large, multilobulated, anterior mediastinal and right sided neck masses 
(asterisks)

A. R. Hart and E. Y. Lee



141

Middle (Visceral) Mediastinal Lesions

 Lymphadenopathy

Infectious Lymphadenopathy Infection is a common cause 
of mediastinal adenopathy in the pediatric population. 
Granulomatous infections such as tuberculosis and histo-
plasmosis classically cause significant mediastinal adenopa-
thy in children [38]. Tuberculosis is caused by the acid-fast 
bacillus Mycobacterium tuberculosis and is a leading infec-
tious cause of death and disability worldwide [7]. While 
most commonly manifesting with pulmonary involvement, 
concurrent mediastinal adenopathy is common and more 
prevalent in younger children [7]. Histoplasmosis infection 
occurs secondary to the dimorphic fungi Histoplasma cap-

sulatum which is found in the soil of endemic areas [20]. 
After germination within the alveoli, the fungus dissemi-
nates via the reticuloendothelial system to mediastinal and 
hilar lymph nodes. In some cases, enlarged mediastinal 
lymph nodes with central caseation may result, which later 
calcify [39].

The MR imaging appearance of infectious mediastinal 
lymphadenopathy may be nonspecific. Homogenous or het-
erogeneous soft tissues masses within the mediastinum due 
to conglomerates of enlarged lymph nodes are most common 
[1] (Fig. 5.16). Mediastinal lymph nodes due to tuberculosis 
may demonstrate hypointensity on T2-weighted images and 
peripheral enhancement on contrast-enhanced images [7]. 
Calcified lymph nodes from histoplasmosis demonstrate 
hypointense signal intensity on all sequences.

a b

c

Fig. 5.15 Midline NUT cell tumor in a 2-year-old girl who presented 
with chest pain, fatigue, and fever (histologically proven). (a) Axial 
contrast- enhanced soft tissue window setting CT image demonstrates a 
heterogeneous mass (asterisk) adjacent to the free wall of the left ven-
tricle (arrowhead). (b) Axial T2-weighted MR image shows the large 

heterogeneous mass (asterisk) adjacent to the left ventricle (arrowhead) 
with soft tissue and fluid components. (c) Axial balanced steady-state 
gradient echo sequence MR image demonstrates a separate left ven-
tricular wall (arrowhead) without direct invasion. There is associated 
collapse of the left lower lobe (arrow)

5 Mediastinum



142

 Neoplastic Lymphadenopathy

Primary Neoplasm Lymphoma is the most common pri-
mary neoplasm in children to cause middle mediastinal 
adenopathy [22]. As with lymphoma in the prevascular/
anterior compartment, lymphoma in the visceral/middle 
mediastinum typically manifests as a large, lobulated, infil-
trative soft tissue mass which insinuates around adjacent 
structures. Although usually homogenous at presentation, 
as lesions increase in size, there may be hemorrhage, or 
they may undergo central necrosis [13]. These features may 
result in a heterogeneous imaging appearance. Following 

treatment, calcification may occur due to treatment-induced 
necrosis, which manifests as foci of low signal intensity on 
all MR imaging sequences [40].

Metastatic Disease Metastatic disease is an uncommon cause 
of mediastinal adenopathy in the pediatric population [22]. 
Sarcomas, testicular neoplasms, Wilms tumor, and other 
malignancies of the abdomen and pelvis are the most common 
primary malignancies which result in mediastinal involvement 
[18]. MR imaging appearance of mediastinal adenopathy is 
usually nonspecific, resulting in a conglomerate mass of 
enlarged homogenous or heterogeneous lymph nodes with 
variable degrees of contrast enhancement (Fig. 5.17). Rarely, 
metastatic mediastinal lymph nodes may ossify prior to the 
initiation of therapy, as is the case with metastatic osteosar-
coma, thus providing a clue to their primary origin [41].

 Other Causes of Mediastinal Adenopathy

While less common than infectious or neoplastic etiologies, 
other processes may result in mediastinal adenopathy.

Sarcoidosis Sarcoidosis is a rare systemic disorder charac-
terized by the formation of noncaseating granulomas [42]. 
While younger children are more likely to manifest with a 
triad of skin, joint, and eye involvement, older children gen-
erally present similar to adults with pulmonary and medias-
tinal involvement [42]. Intrathoracic lymphadenopathy is the 
most commonly observed sign of sarcoidosis typically 
involving the hilar and right paratracheal stations (Fig. 5.18) 
[43]. Previous study has demonstrated high levels of agree-
ment between CT and MR imaging for the thoracic manifes-
tations of sarcoidosis, including perilymphatic nodularity 
and hilar and mediastinal lymphadenopathy [44]. In addi-
tion, recently, contrast-enhanced lung MRI with fast imaging 
sequences has been shown to be highly sensitive imaging 
modality and compatible with CT in the evaluation of both 
lung and cardiac abnormalities in pediatric sarcoidosis [45].

Castleman Disease Castleman disease is a non-neoplastic, 
nonclonal, lymphoproliferative disorder characterized by 
lymph node hyperplasia which results in middle mediastinal 
adenopathy [7, 20]. Rare in children, adenopathy typically 
involves the hilar or right paratracheal stations [20]. Castleman 
disease can be present in isolation (unicentric disease) or can 
result in association with concurrent disease processes such 
as infection and malignancy [46]. Because of similarities in 
appearance and its ability to mimic both benign and malig-
nant pathologies, Castleman disease should be included on 
the differential for mediastinal adenopathy. Unlike other 
manifestations of mediastinal adenopathy, Castleman disease 
lesions demonstrate heterogeneous hyperintensity on both 

a

b

Fig. 5.16 Mycobacterial lung infection in a 17-year-old girl with cys-
tic fibrosis. (a) Axial T2-weighted MR image demonstrates nodular 
airspace disease most prominent in the right upper lobe (arrow) and left 
hilar adenopathy (arrowhead). (b) Coronal T1-weighted MR image 
shows nodular airspace disease most prominent in the right upper lobe 
(arrow) and right hilar adenopathy (arrowhead)
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T1- and T2-weighted images and, characteristically, homog-
enous intense enhancement following contrast administration 
[46] (Fig. 5.19).

 Foregut Duplication Cysts

Foregut duplication cysts, including bronchogenic cyst, 
esophageal duplication cyst, and neuroenteric cyst, result 

from developmental malformations of the embryonic 
foregut. Unable to be differentiated on imaging on the 
basis of their cystic portion alone, foregut duplication 
cysts are classified histologically on the basis of their cel-
lular composition into bronchogenic, esophageal, and 
neuroenteric subtypes. Foregut duplication cysts are the 
most common primary lesion in the vascular/middle 
mediastinal compartment and account for 11% of medias-
tinal masses [22].

a b

c

Fig. 5.17 Metastatic synovial sarcoma in a 14-year-old girl who pre-
sented with chest pain. (a) Axial T2-weighted fat-suppressed MR image 
demonstrates multiple T2-weighted mildly hyperintense masses (aster-
isks) within the right hilum and right anterior thorax and an associated 
right pleural effusion (arrowhead). (b) Axial T1-weighted fat-sup-
pressed contrast-enhanced MR image demonstrates heterogeneous con-

trast enhancement of the masses (asterisks) and peripheral enhancement 
of the right pleural effusion (arrowhead). (c) Coronal T1-weighted fat-
suppressed contrast- enhanced MR image demonstrates heterogeneous 
contrast enhancement of the masses (asterisks) and peripheral enhance-
ment of the right pleural effusion (arrowhead)
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Bronchogenic Cyst Bronchogenic cyst results from abnormal 
budding of the ventral foregut in embryological lung develop-
ment [47]. Although bronchogenic cysts may occur anywhere 
along the tracheobronchial tree, most commonly, they are found 
at the carina or paratracheal regions [7]. Dyspnea may result 
from localized mass effect on the airway. Infection may also 
produce symptoms or result in a connection to the tracheobron-
chial tree through which the cyst may become air-filled [48].

Esophageal Duplication Cyst Esophageal duplication cysts 
arise from abnormal division of the posterior foregut. Most 
frequently occurring along the upper third of the esophagus, 
esophageal duplication cysts may produce dysphagia due to 
localized mass effect [18]. Less commonly, esophageal dupli-
cation cysts may detach from the esophagus and migrate into 
the lung during development [18]. Esophageal duplication 
cysts may also contain gastric mucosa which can ulcerate and 
bleed [49].

Neuroenteric Cyst Neuroenteric cysts result from a failure in 
the division of the primitive neural crest from the gastrointes-
tinal tract. Most frequently located in the paravertebral com-
partment adjacent to the spine, neuroenteric cysts may extend 
into or communicate with the spinal column and result in pain. 
Communication with the spinal column may be associated with 
an osseous defect, a unique secondary characteristic through 
which neuroenteric cysts may be differentiated from broncho-
genic and esophageal duplication cysts on imaging.

On MR imaging, foregut duplication cysts of all subtypes 
are well circumscribed, ovoid, or round with T2 hyperinten-
sity. T1 signal is variable depending upon the cyst contents. 
If the cyst contains protein, as with superimposed hemor-
rhage, hyperintensity on T1-weighted images may result. 
Following contrast administration, an enhancing wall may 

a

b

c

Fig. 5.19 Castleman disease in a 13-year-old girl who presented with 
shortness of breath, fatigue, and cough who found to have a mediastinal 
mass on echocardiogram prompting MR imaging. Biopsy confirmed 
histologic characteristics of Castleman disease. (a) Axial T2-weighted 
fat-suppressed MR image demonstrates homogenous, hyperintense 
mediastinal mass (arrowhead). (b) Axial T1-weighted fat-suppressed 
contrast-enhanced MR image demonstrates homogenous enhancement 
of the mass (arrow). (c) Coronal T1-weighted fat-suppressed contrast-
enhanced MR image demonstrates homogenous enhancement of the 
mass (arrow)

*
*

*

* *

* *

Fig. 5.18 Sarcoidosis in a 12-year-old girl who presented with respira-
tory distress. Axial T2-weighted fat-suppressed MR image demonstrates 
multiple enlarged paratracheal and bilateral hilar lymph nodes (white 
asterisks). Lymphangitic spread characterized by underlying septal thick-
ening (arrowhead) and fibrotic changes (arrows) including bronchiecta-
sis, volume loss, and architectural distortion are also seen. In addition, 
bilateral pleural effusions (black asterisks) are also present
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be visualized especially in the setting of superimposed infec-
tion. In all cases, MR imaging can be helpful in cases where 
CT characteristics are indeterminate to further differentiate 
cystic from solid lesions [19] (Figs.  5.20, 5.21, and 5.22). 
Complete surgical resection is the currently accepted defini-
tive treatment particularly in symptomatic pediatric patients 
with foregut duplication cysts.

Posterior (Paravertebral) Mediastinal Lesions

 Neoplastic Disorders

Sympathetic Chain Ganglion Origin Tumors

Ganglioneuroma, Ganglioneuroblastoma, and Neuro-
blastoma Up to 90% of posterior mediastinal masses are 

neuroblastic in origin [20]. Those tumors that arise from the 
autonomic ganglion cells (ganglioneuromas, ganglioneuro-
blastomas, and neuroblastomas) constitute a spectrum of 
benign to malignant lesions with varying degrees of cellular 
differentiation [50]. Approximately 2/3 occur in patients less 
than 20 years of age, grow parallel to the spine in a cranio-
caudal orientation, and are malignant [50].

Ganglioneuromas are benign, fully differentiated neuro-
nal tumors comprised of primordial neural crest cells in 
 combination with mature ganglion cells and other mature 
tissue [51]. Most tumors occur in children greater than 
10 years of age and are attached to a sympathetic nerve or 
an intercostal nerve trunk [50]. Because these tumors are 
slow growing, they may result in mass effect with associ-
ated symptoms including painless, progressive scoliosis 
[52]. Complete surgical resection is curative with excellent 
prognosis.

a b

c

d

Fig. 5.20 Bronchogenic cyst in a 16-year-old boy who presented with 
chest pain (histologically proven). (a) Frontal chest radiograph demon-
strates a right hilar mass (arrowhead). (b) Axial T2-weighted fat-sup-
pressed MR image demonstrates a well-circumscribed, hyperintense, 
oval lesion (asterisk) at the border of the middle and posterior medias-

tinum to the right of midline. (c) Axial T1-weighted fat-suppressed MR 
image demonstrates increased T1 signal intensity within the lesion 
(asterisk) compatible with proteinaceous fluid content. (d) Axial 
T1-weighted fat-suppressed contrast-enhanced MR image demon-
strates a thin enhancing wall surrounding the lesion (asterisk)
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Ganglioneuroblastomas are the fourth most common 
tumor in childhood [50]. Representing transitional tumors 
between ganglioneuromas and neuroblastomas, ganglioneu-
roblastomas contain both benign and malignant elements. 
Histologically, ganglioneuroblastomas are comprised of 
undifferentiated neuroblasts and mature ganglion cells [50]. 
These tumors occur most frequently in children between 2 
and 4 years of age without gender predilection [53].

Neuroblastoma is the third most common cause of malig-
nancy in the pediatric population with a reported incidence 
of 1/8000–1/10,000 [54]. Thoracic neuroblastoma accounts 
for the minority of neuroblastoma cases, although prognosis 
is better as compared with primary abdominal neuroblas-
toma [55]. Neuroblastoma more commonly affects boys 
under the age of 8 with 50% of cases diagnosed before the 
age of 2  years [53]. Histologically, neuroblastomas are 
 comprised of small, blue, round, neuroepithelial cells of glial 
or ganglionic differentiation with little intervening stroma 
[50]. Staging is based upon the presence of metastatic dis-

ease and image-defined risk factors including tumor encase-
ment or invasion of adjacent vessels and organs [8].

The histologic type of neuroblastic tumor cannot be reli-
ably distinguished by imaging alone, and histologic cor-
relation is required for diagnosis [20]. On MR imaging, 
ganglioneuromas generally demonstrate homogenous sig-
nal characteristics with intermediate signal intensity on all 
sequences (Fig.  5.23). Occasionally, a whorled appearance 
may be demonstrated with linear areas of low signal  intensity 
[50]. Ganglioneuroblastomas vary in appearance on MR 
imaging. They may be well circumscribed and mimic gan-
glioneuroma, be locally invasive, or demonstrate metastatic 
disease (Fig.  5.24). Similarly, neuroblastomas demonstrate 
variable imaging characteristics and may be homogenous or 
heterogeneous [55]. Cystic change or hemorrhage may occur. 
MR imaging is generally preferred over CT for staging of the 
neuroblastic tumors due to its ability to demonstrate intraspi-
nal extension, marrow replacement, and hepatic metastases 
[50] (Fig. 5.25).

a b

c

Fig. 5.21 Esophageal duplication cyst in a 17-year-old girl who pre-
sented with epigastric abdominal pain occurring after meals. (a) Frontal 
spot fluoroscopic image from an esophagram demonstrates a smoothly 
marginated soft tissue mass (arrow) causing a scalloped impression on 
the esophageal lumen. (b) Axial T2-weighted MR image demonstrates 

an oval-shaped, fluid intensity cyst (asterisk) within the middle medias-
tinum at the right lateral aspect of the esophagus. (c) Coronal double IR 
FSE proton density weighted MR image demonstrates hyperintense 
signal within the cyst (asterisk) compatible with proteinaceous fluid 
content
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Fig. 5.22 Neuroenteric cyst in a 16-year-old girl who presented with 
back pain. (a) Axial T2-weighted MR image demonstrates a well-
defined, ovoid, cystic structure (arrow) abutting the anterior aspect of 
the right T3 vertebral body with mild osseous remodeling of the verte-
bral body. (b) Coronal T2-weighted MR image shows the cystic lesion 

(arrow) adjacent to the T3 vertebral body and extending inferiorly to 
the level of T4. (c) Sagittal inversion-recovery MR image demonstrates 
intrinsic hyperintensity of the cyst (arrow). (d) Sagittal T1-weighted 
fat-suppressed contrast- enhanced MR images show no enhancement 
within the cyst (arrow)
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Fig. 5.23 Ganglioneuroma in a 4-year-old boy who presented with 
cough and fever. A left paraspinal mass due to ganglioneuroma was 
incidentally found (histologically proven). (a) Frontal chest radiograph 
demonstrates a left paraspinal mass (asterisk). (b) Axial T2-weighted 
fat-suppressed MR image shows a left paravertebral, hyperintense, 
well-circumscribed mass (arrowhead). (c) Coronal T2-weighted fat-

suppressed MR image shows the mass (arrowhead) vertically oriented 
and fusiform. (d) Axial T1-weighted fat-suppressed MR image dem-
onstrates intrinsic T1 hypointensity of the mass (arrowhead). (e) Axial 
T1-weighted fat- suppressed contrast-enhanced MR image demonstrates 
heterogeneous contrast enhancement within the mass (arrowhead)
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Fig. 5.24 Ganglioneuroblastoma in a 7-year-old girl who presented 
with cough and fever. (a) Frontal chest radiograph demonstrates a 
smoothly marginated mass (asterisk) which projects over the left lung 
apex. (b) Lateral chest radiograph demonstrates posterior mediastinal 
location of the mass (asterisk). (c) Axial T1-weighted MR image shows 

hypointense mass (asterisk) within the left posterior mediastinum. (d) 
Axial T2-weighted MRI image shows hyperintensity within the mass 
(asterisk). (e) Coronal T1-weighted fat-suppressed contrast-enhanced 
MR image demonstrates homogenous enhancement within the mass 
(asterisk)
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Fig. 5.25 Neuroblastoma in a 16-month-old girl who presented with 
lower extremity flaccid paralysis (histologically proven). (a) Axial 
T1-weighted fat-suppressed MR image demonstrates a large, left para-
spinal mass (asterisk) at the posterior mediastinum extending across 
the midline from left to right with mixed signal intensity and neuro-
foraminal invasion (arrowhead). (b) Axial T2-weighted MR image 
demonstrates a large, left paraspinal mass (asterisk) at the posterior 

mediastinum extending across the midline from left to right with mixed 
signal intensity and neuroforaminal invasion (arrowhead). (c) Axial 
T1-weighted fat-suppressed contrast-enhanced MR image demonstrates 
heterogeneous enhancement of the mass (asterisk) and lifting of the 
thoracic aorta (arrowhead) off of the spine. (d) Coronal T1-weighted 
fat- suppressed contrast-enhanced MR image demonstrates the longitu-
dinal extent of the mass (asterisk) along the thoracic spine
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Nerve Root Origin Tumors

Neurofibroma Neurofibromas may occur in isolation or in 
association with neurofibromatosis type I (NF1), the most 
common neurocutaneous syndrome [56]. Neurofibromas 
associated with NF1 tend to more frequently undergo malig-
nant degeneration and be larger than those occurring spon-
taneously though the rate of malignant transformation 
remains low [57]. Pathologically, neurofibromas are unen-
capsulated, soft tissue tumors composed of Schwann cells, 
fibroblasts, and perineural cells which grow in a disorga-
nized manner [58]. Because they grow in a longitudinal, 
fusiform manner, they are unable to be surgically separated 
from the parent nerve with which they are associated [57]. 
This requires that the parent nerve be sacrificed at time of 
surgical resection.

On MR imaging, neurofibromas are classically hypointense 
on T1-weighted images and hyperintense on T2-weighted 
images, with avid contrast enhancement. A characteristic 
target sign may also be identified with a hypointense cen-

tral region and a periphery of hyperintensity on T2-weighted 
sequences [57]. Plexiform neurofibromas are a subtype of 
neurofibroma that is often described as having the appearance 
of a “bag of worms” and is the result of fusiform enlargement 
of nerve roots and peripheral nerve fibers [58] (Fig.  5.26). 
Both neurofibromas and plexiform neurofibromas may be 
associated with neuroforaminal enlargement and demonstrate 
a dumbbell shape.

Schwannoma Schwannomas are encapsulated neoplasms 
composed primarily of Schwann cells which grow eccentri-
cally along the involved nerve. This eccentric growth pattern 
allows for complete separation of the lesion from the parent 
nerve at time of surgical resection [57]. The propensity of 
malignant degeneration of schwannomas is very low and is 
less than that of neurofibromas. Like neurofibromas, schwan-
nomas may be singular or multiple. Schwannomas are mul-
tiple in neurofibromatosis type II which is defined by the 
presence of bilateral vestibular schwannomas with or with-
out meningiomas, ependymomas, neurofibromas, and spinal 

a b

Fig. 5.26 Multiple plexiform neurofibromas in a 5-year-old boy with 
history of neurofibromatosis type 1. (a) Axial T2-weighted fat-sup-
pressed MR image demonstrates lobulated T2 hyperintense lesions 
(arrow) throughout the right paraspinal region. There is associated neu-

roforaminal enlargement (arrowhead). (b) Coronal T2-weighted fat-
suppressed MR image demonstrates lobulated T2 hyperintense lesions 
(arrow) throughout the right paraspinal region and scoliotic curvature 
(asterisk)
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and peripheral nerve schwannomas [59]. Neurofibromatosis 
type II is inherited in an autosomal dominant fashion due to 
germ line mutation of the NF gene on chromosome 22 [59].

In most cases, schwannomas cannot be differentiated 
from neurofibromas on MR imaging because they dem-
onstrate similar imaging characteristics of low signal 
intensity on T1-weighted sequences, high signal intensity 
on T2-weighted sequences, and avid contrast enhance-
ment [57] (Fig. 5.27). Eccentric location with respect to 
its parent nerve may suggest schwannoma, as neurofibro-
mas tend to be more centrally located. Schwannomas also 
tend to more frequently undergo cystic degeneration, 
hyalinization, and calcification as compared to neurofi-
bromas resulting in a more heterogeneous appearance on 
imaging [59].

 Other Posterior Mediastinal Lesions

Extramedullary Hematopoiesis Another important dif-
ferential consideration for a paravertebral mass, extramed-
ullary hematopoiesis occurs when there are too few blood 
cells to satisfy the body’s demand [60]. Most frequently 
demonstrated with myelodysplasia and severe anemia, fail-
ure of hematopoietic marrow results in the proliferation of 
hematopoietic cells outside of the bone marrow [61]. In fetal 
development, the spleen and the liver are responsible for 
hematopoiesis. Before birth, the site of hematopoiesis shifts 
to the bone marrow [62]. Although the exact pathophysiol-
ogy is unknown, sites of hematopoiesis can again shift in 
response to need [61]. Mass-like paraspinal involvement 
is a common site of extramedullary hematopoiesis and can 
mimic a soft tissue neoplasm.

Characteristic MR imaging features can help establish a 
diagnosis of extramedullary hematopoiesis, especially in the 
setting of a predisposing medical condition, and can obviate 
the need for biopsy and histologic correlation. Paraspinal 
hematopoietic masses are generally bilateral, well-defined, 
and lobulated. Lesions may extend into the central spinal 
canal resulting in compression [63]. Active hematopoietic 
masses demonstrate intermediate signal intensity on T1- and 
T2-weighted images with mild enhancement on post- contrast 
images (Fig. 5.28). Older, inactive lesions demonstrate dif-
fusely increased signal on T1- and T2-weighted images, due 

to fatty replacement, or diffusely decreased signal on T1- 
and T2-weighted images, due to iron deposition in the setting 
of frequent blood transfusions [64].

Posterior Diaphragmatic Hernia Derived from the com-
plex interplay of four major embryologic structures (the sep-
tum transversum, pleuroperitoneal membranes, dorsal 
mesentery of the esophagus, and body wall), the diaphragm 
separates the thoracic from abdominal cavities. The dia-
phragm is also the major muscle responsible for quiet breath-
ing [65]. Congenital diaphragmatic hernia is often a 
life-threatening condition presenting at birth and is often 
associated with additional anatomic abnormalities including 
cardiac, extremity, and CNS [66]. Occasionally, diaphrag-
matic hernia may present as an incidental finding in an older 
child or adult.

A Bochdalek hernia is a congenital diaphragmatic hernia 
believed to be caused by an embryonic defect in the fusion of 
the pleuroperitoneal fold with the septum transversum and 
intercostal muscles [65]. Due to herniation of intra- abdominal 
contents into the chest, congenital diaphragmatic hernia may 
substantially impact pulmonary development. The most 
common cause of morbidity and mortality associated with 
congenital diaphragmatic hernia is pulmonary hypoplasia. 
Decreased fetal lung volumes in congenital diaphragmatic 
hernia are associated with lower survival rates and increased 
probability of developing chronic lung disease [67].

Fetal MR imaging has been shown to provide additional 
information over ultrasound and guide treatment [66]. Low 
in signal on all MR imaging sequences, the diaphragm can 
be easily identified on fetal MR imaging separating the tho-
racic and abdominal cavities [65]. In the setting of congeni-
tal diaphragmatic hernia, the diaphragm on the side of 
abnormality is more difficult to identify. MR imaging can 
assess for herniation of the bowel, liver, and other abdomi-
nal structures into the thorax and identify associated abnor-
malities [66]. Fetal MR imaging can also be used to 
calculate fetal lung volume, with lower lung volumes asso-
ciated with increased morbidity and the need for postnatal 
ECMO therapy [67]. Postnatally, MR imaging can also be 
utilized to characterize the diaphragmatic defect, define 
affected structures, and guide surgical management [66] 
(Fig. 5.29).
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Fig. 5.27 Bilateral vestibular schwannomas and multiple spinal 
schwannomas in a 10-year-old boy with history of neurofibromatosis 
type 2. (a) Axial T1-weighted fat-suppressed contrast-enhanced MR 
image demonstrates homogenously enhancing masses (arrowheads) 
within bilateral internal auditory canals. (b) Coronal T2-weighted fat- 

suppressed MR image demonstrates T2 hyperintense, homogenous 
lesion (arrow) of the spinal nerve root. (c) Coronal T2-weighted fat- 
suppressed MR image demonstrates additional T2 hyperintense, 
homogenous lesions (arrows) of the spinal nerve root
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Fig. 5.28 Extramedullary hematopoiesis in a 17-year-old girl with 
myelodysplastic syndrome. (a) Axial T2-weighted MR image demon-
strates lobulated intermediate signal intensity masses (arrow) along the 
inner cortex of the left fourth rib and at the posterior elements of the 
vertebra (asterisks). (b) Axial T1-weighted MR image demonstrates 
lobulated hypointense lesions (arrow) along the inner cortex of the left 
fourth rib and at the posterior elements of the vertebra (asterisks) with 

mass effect on the posterior thecal sac (arrowhead). (c) Axial enhanced 
soft tissue window setting CT image at the level of the T4 vertebral 
body demonstrates mild contrast enhancement of the lobulated lesion 
(arrow) along the inner cortex of the left fourth rib. (d) FDG-PET/CT 
image at the T4 vertebral body level demonstrates mild corresponding 
FDG avidity (arrow)
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Fig. 5.29 Recurrent diaphragmatic defect containing herniated stom-
ach and bowel in a 5-month-old boy with history of congenital dia-
phragmatic hernia status post neonatal repair who presented with 
increased work of breathing. (a) Frontal chest radiographs demonstrate 
retrocardiac lucency (arrow) representing herniated bowel. (b) Lateral 
chest radiographs show that the herniated bowel (arrow) is located 

within the posterior and middle mediastinum. (c) Axial T2-weighted 
fat-suppressed MR image demonstrates bowel (arrow) and stomach 
(asterisk) herniating into the left hemithorax. (d) Coronal T2-weighted 
fat-suppressed MR image shows bowel (arrow) and stomach (asterisk) 
herniating into the left hemithorax

5 Mediastinum



156

 Conclusion

The excellent soft tissue characterization capability and 
exceptional anatomic detail that MR imaging can provide 
allow for superior assessment of pediatric mediastinal lesions 
as compared with other imaging modalities. Individualized 
and tailored MR imaging techniques may be utilized to char-
acterize mediastinal abnormalities based upon their unique 
features in the pediatric population. MR imaging also concur-
rently allows for the evaluation of disease extent and ana-
tomic relationship to other mediastinal structures. Unlike CT, 
MR imaging does not require the use of potentially harmful 
ionizing radiation and is thus particularly attractive for pedi-
atric patients who are more susceptible to these potentially 
harmful effects. Clear knowledge of the characteristic MR 
appearance of various pediatric mediastinal masses and a 
practical use of the three mediastinal compartmental imaging 
approach can often help narrow the differential diagnosis and 
thus optimize pediatric patient management.
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Chest Wall and Diaphragm

Jessica Kurian

Introduction

The chest wall protects and supports the lungs and thoracic 
vascular structures. It contributes to physiologic motion of 
the thorax during respiration, as well as stabilization of 
shoulder and arm movements. The chest wall is comprised of 
numerous structures including bones (sternum, ribs, and 
spine), skin and subcutaneous tissue, muscle, nerves, and 
vessels. In infants and children, the chest wall is more carti-
laginous than in adults and therefore less rigid.

The diaphragm is the primary muscle responsible for 
active breathing. The diaphragm contracts during inspira-
tion, in conjunction with the accessory muscles of respira-
tion, enlarging the thoracic cavity and drawing air into the 
lungs [1]. In addition to respiration, the diaphragm also plays 
a role in esophageal function (emesis, reflux barrier), regula-
tion of intraabdominal pressure (aiding in urination and def-
ecation), and stabilization of the spine [1, 2].

In this chapter, up-to-date techniques for MR imaging of 
the pediatric chest wall and diaphragm are discussed. 
Embryology, normal development and anatomy, anatomic 
variants, and clinical and MR imaging features of various 
clinically important congenital and acquired disorders 
involving the chest wall and diaphragm in infants and chil-
dren are also reviewed.

Magnetic Resonance Imaging Techniques

Patient Preparation

To prepare a pediatric patient for MR imaging of the chest 
wall or diaphragm, the child’s age and ability to hold still, 
follow instructions, and perform breath-holding must be 

carefully considered. Additionally, the clinical indication for 
the study and the potential effects of patient motion on the 
area of interest should be considered. The non-sedated “feed 
and wrap” technique can be attempted for young infants, 
usually less than 3 months of age but sometimes as old as 
6 months [3, 4]. Approximately 3–4 hours after the last feed, 
the baby is fed in a room near the MR imaging suite and then 
swaddled using multiple blankets to induce natural sleep, 
before transfer onto the scan table. The blankets also serve to 
restrain the infant, although some institutions choose to use a 
dedicated infant immobilization device.

After the newborn period, the majority of infants and 
young children require moderate sedation or general anes-
thesia. To scan children awake, behavioral techniques (famil-
iarity with the scanner, practice of breathing techniques, 
etc.), radiology child life specialists, and MR imaging video 
goggles can help decrease motion artifact and improve 
patient tolerance of extended scan times. These methods can 
be attempted in patients as young as 5 years old, depending 
on the child’s ability to cooperate. As some motion may be 
inevitable even in cooperative children, motion-resistant 
sequences and motion-correction techniques are helpful, 
particularly in patients between 5 and 10 years old [5]. For 
patients who are being assessed for chest wall lesions, an 
MRI-specific adhesive marker should be placed on the skin 
at the site of concern.

MR Imaging Pulse Sequences and Protocols

Chest Wall Evaluation
When performing MR imaging of the chest wall, it is best to 
tailor each case to the size and location of the suspected lesion 
with regard to pulse sequences, imaging plane, field of view, 
and coil type [6]. Chest wall examinations should begin with a 
large field of view, using a cardiac coil for infants and small 
children under 5 years of age and a phased array torso coil in 
older children and adolescents [7]. If needed, smaller field of 
view images can be obtained using a surface coil.
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To limit breathing artifacts, breath-hold and/or respiratory 
triggering should be used, and prone imaging can also be 
considered to minimize anterior chest wall motion [7, 8]. 
Cardiac gating is only necessary if the mediastinal structures 
are also being assessed. For dedicated MR imaging of the 
sternum, coronal views can be obtained obliquely along the 
sternum, prescribed from the sagittal images. Although pulse 
sequences and slice orientation should be geared to the sus-
pected disease, a typical examination should include axial, 
sagittal, and coronal images with T1 and T2 weighting, as 
well as a fat-suppressed sequence and contrast-enhanced 
images. A suggested practical chest wall MR imaging proto-
col is provided in Table 6.1.

Diaphragm Evaluation
MR imaging of the diaphragm is still an evolving field. 
Existing work in this area has primarily dealt with diaphrag-
matic motion and lung volumes in adults, particularly in 
patients with neuromuscular disorders [9].

For assessment of diaphragmatic masses, standard pulse 
sequences as used for other anatomic body MR imaging 
exams are sufficient, and examinations can be performed 
with breath-hold or quiet breathing. For demonstration of 
diaphragmatic motion, fast gradient recalled echo (GRE) 
pulse sequences are reliable; however other rapid pulse 
sequences such as single-shot fast spin echo, spoiled gradi-
ent echo, and balanced steady-state free precession may be 
used [1, 10–12]. To assess motion, MR imaging is obtained 

with deep breathing to approximate vital capacity, by 
instructing the patient to inhale and exhale slowly and maxi-
mally [10]. Sagittal and/or coronal images should be included 
for measurement of diaphragmatic excursion [10, 11]. 
During the examination, respiration is monitored with a 
pressure belt.

Anatomy

Embryology

Chest Wall
The chest wall begins developing in the third week of gesta-
tion from paraxial and lateral plate mesoderm, and some of its 
components continue to develop even after birth [13]. The 
paraxial mesoderm segments into somites, which differenti-
ate into three different types: sclerotomes, myotomes, and 
dermatomes (Fig. 6.1). Sclerotomes are arranged segmentally 
and migrate toward the neural tube to form the vertebrae. 
Small regions of mesenchyme that develop along the lateral 
aspects of the vertebral arches subsequently lengthen to form 
the ribs. The cartilaginous ribs undergo endochondral ossifi-
cation, with the primary ossification center forming near the 
angle of the ribs. During adolescence, secondary ossification 
centers form at the heads and tubercles of the ribs.

After the sclerotomes migrate to form the vertebrae, the 
remaining mesoderm (dermomyotome) separates into der-

Table 6.1 Practical chest wall MR imaging protocol

Sequence Acronym (GE/
Philips/Siemens)

Plane FS Slice thickness/
gap (mm)

FOV Mode Notes

T2 single shot SSFSE/SSTSE/
HASTE

Cor None 4/1 Entire chest FB or BH

STIR STIR Cor or Sag Yes 3–4/1 Fit to patient – 
may include the 
entire chest or 
target to area of 
concern

BH or RT
T1 FSE/TSE/TSE Ax or Cor None 3–4/1 BH or RT
T2 FSE/TSE/TSE Ax SPAIR 5/0 RT
3D SPGR LAVA/THRIVE/

VIBE
Ax Yes 4/0 BH Pre-contrast

3D SPGR LAVA/THRIVE/
VIBE

Ax, Cor, and 
Sag

Yes 4/0 BH Post-contrast

T1 FSE/TSE/TSE SPAIR 3–4/1 BH or RT Optional – may 
substitute for 
pre- and post-
contrast imaging

DWI DWI Ax – 4/1 BH Optional
bSSFP FIESTA/bFFE/

TruFISP
Ax None 5/1 Entire chest FB or BH Optional, may use 

as single sequence 
exam for Haller 
index

Notes: Slice thickness can be increased for larger patients and to reduce scan time. Respiratory triggering can be substituted for breath-hold in 
patients who are sedated or unable to breath-hold
FS fat suppression, FOV field of view, Ax axial, Cor coronal, Sag sagittal, STIR short tau inversion recovery, SPAIR spectral adiabatic inversion 
recovery, SPGR spoiled gradient recalled, DWI diffusion-weighted imaging, bSSFP balanced steady-state free precession, FB free breathing, BH 
breath-hold, RT respiratory triggered
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matomes and myotomes. The dermatomes form the skin and 
connective tissue of the chest wall. The myotomes are com-
prised of two subcomponents: epimeres and hypomeres. The 
epimeres form the deep muscles of the back, and the 
hypomeres form the muscles of the ventrolateral body wall, 
including the intercostal muscles.

The sternum forms independently from lateral plate 
mesoderm (Fig.  6.2). A longitudinal pair of mesenchymal 
structures called sternal bars fuse in the midline in a cranio-
caudal fashion, terminating with the xiphoid process. As 
with the ribs, the cartilaginous sternum subsequently ossi-
fies; however, the xiphoid process does not ossify until after 
birth [14].

Diaphragm
The diaphragm is formed between the 4th and 12th weeks of 
gestation from four components: the transverse septum, pleu-
roperitoneal folds, esophageal mesentery, and muscular body 
wall (Fig. 6.3) [1, 15]. The transverse septum is located anteri-
orly and centrally and fuses laterally with the body wall and 
posteriorly with the pleuroperitoneal folds and esophageal 
mesentery. The transverse septum becomes the central muscu-
lar tendon of the diaphragm and is the origin of the myoblasts 
that migrate to form the rest of the muscular diaphragm [2].

The esophageal mesentery forms the median portion of 
the diaphragm, and the “crura” of the diaphragm are created 
when muscle fibers grow into the mesentery. The transverse 

Neural tube

Notochord

Dermatome

Myotome

Sclerotome

Dermatome

Myotome

Sclerotome

Fig. 6.1 Embryology of the 
chest wall. Diagram shows 
the developing components of 
the chest wall. The somites 
differentiate into three 
components: sclerotomes, 
which migrate toward the 
neural tube to form the 
vertebrae; dermatomes, which 
form the skin and connective 
tissue; and myotomes, which 
form the muscles of the back 
and body wall

a b

Sternal
bar

Fig. 6.2 Development of the 
sternum. (a) Diagram depicts 
the appearance of the sternum 
at the 9th week of gestation, 
consisting of longitudinal 
sternal bars, which fuse in a 
craniocaudal fashion. (b) The 
fully developed sternum, with 
the blue regions indicating the 
original ossification centers
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septum initially lies opposite the upper cervical somites. The 
ventral rami from the C3, C4, and C5 spinal nerves subse-
quently grow through the pleuropericardial membrane into 
the transverse septum to form the phrenic nerve.

Normal Development and Anatomy

Chest Wall
The thoracic skeleton is comprised of the sternum, the 12 
thoracic vertebrae, and the 12 paired ribs and costal carti-
lages (Fig. 6.4) [16]. The ribs are anchored to the T1–T12 
vertebrae. The first through seventh ribs connect to the 
sternum through the costal cartilages (“true” ribs). The 

8th through 12th ribs do not articulate with the sternum 
(“false” ribs). The sternum consists of the manubrium, 
sternal body, and xiphoid process. The sternal angle or 
angle of Louis is a bony ridge between the manubrium 
and sternal body, which is continuous with the second rib 
and typically the landmark for the level of the tracheal 
bifurcation.

The anterior chest wall muscles include the pectoralis 
major, a large fan-shaped muscle, and deep to this the pecto-
ralis minor (Fig. 6.5) [17]. The extrinsic or superficial back 
muscles include the latissimus dorsi (a large muscle which 
has extensive attachments to the spine), the serratus anterior 
posterolaterally, and the trapezius and rhomboids postero-
medially. The oblique muscles, though considered part of the 

Muscular
body wall

Inferior Vena
Cava

Pleuroperitoneal
fold

Transverse
septum

Esophageal
mesentery

Esophagus

Aorta

Fig. 6.3 Embryology of the 
diaphragm. Diagram depicts 
the four major structures that 
form the diaphragm: the 
transverse septum, 
pleuroperitoneal folds, 
esophageal mesentery, and 
muscular body wall

Sternal angle

True ribs
(vertebrosternal)

False ribs
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Fig. 6.4 Chest wall 
anatomy—skeletal. Diagram 
shows the bony structures that 
comprise the skeleton of the 
chest wall
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abdominal wall, attach to the lower seventh to eighth ribs. 
The intrinsic or deep back muscles include numerous mus-
cles that maintain posture and control of vertebral movement 
(erector spinae and transversospinalis groups). The deepest 

muscles of the chest wall are the three layers of intercostal 
muscles.

The blood supply and innervation of the chest wall are 
primarily via the intercostal vessels and nerves and the bra-

Pectoralis major

Latissimus dorsi

Ribs

Anterior layer of
rectus sheath

Trapezius

Teres minor

Teres major

Latissimus
dorsi

Thoracolumbar
fascia

Erector
spinae

Rhomboid
major

Rhomboid
minor

External abdominal
oblique

Serratus anterior

Pectoralis minor

Trapezius
Fig. 6.5 Chest wall 
anatomy—muscular. Diagram 
shows the (top) anterior and 
(bottom) posterior muscles of 
the chest wall

6 Chest Wall and Diaphragm



164

chial plexus [17]. The intercostal nerves are formed from the 
anterior rami of the spinal nerves. The paraspinal muscles 
are innervated by the posterior rami of the spinal nerves. The 
blood supply to the sternum is from the paired internal mam-
mary arteries, which are branches of the subclavian arteries. 
The ventral chest wall is also supplied by numerous collater-
als between the subclavian artery branches and the deep epi-
gastric artery branches.

The high contrast resolution of MR imaging allows the 
chest wall structures to be easily depicted (Fig.  6.6). The 

intercostal vessels and nerves cannot be visualized on rou-
tine imaging unless involved in a pathologic process.

Diaphragm
The diaphragm is a dome-shaped skeletal muscle that 
denotes the anatomical separation between the thoracic and 
abdominal cavities (Fig. 6.7) [2, 18]. The right diaphragm is 
usually slightly higher than the left [19]. The diaphragm 
extends from the fifth–sixth ribs anteriorly to the tenth rib 
posteriorly and has multiple attachments to the body wall 

A/V
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ScSS

P
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SA LD
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a b

Fig. 6.6 Normal chest wall in an 8-year-old girl. (a) Axial non- enhanced 
T2-weighted MR image at the level of the sternal notch (St) depicts nor-
mal chest wall anatomy, including the subcutaneous fat (∗), pectoralis 
major (Pmaj), pectoralis minor (Pmin), scapula (Sc), subscapularis (SS), 
infraspinatus (IS), trapezius (T), paraspinal muscles (P), axillary artery 
and vein (A/V), vertebral body (VB), and ribs (arrow). (b) Axial non-

enhanced T2-weighted MR image at the level of the xiphoid process 
(Xi) depicts normal chest wall anatomy, including the pectoralis major 
(Pmaj), serratus anterior (SA), latissimus dorsi (LD), paraspinal muscles 
(PS), vertebral body (VB), and costal cartilage (∗)
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Fig. 6.7 Diaphragm 
anatomy. Diagram shows the 
muscles and ligaments that 
comprise the diaphragm, as 
well as the three 
diaphragmatic hiatuses
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including the sternum, ribs, and vertebrae. The diaphrag-
matic “slips” of the muscle which attach to the anterior ribs, 
as well as the medial and lateral arcuate ligaments which 
attach to the psoas, quadratus lumborum, and vertebrae, may 
be visible on imaging and should not be mistaken for nod-
ules (Figs.  6.8 and 6.9). The diaphragmatic crura at the 
median portion of the diaphragm attach posteriorly to the 
upper lumbar vertebrae and discs. The right and left crus are 
connected by the fibrous median arcuate ligament [20]. In 

the condition known as median arcuate ligament syndrome, 
thickening or low positioning of the median arcuate ligament 
can compress the celiac artery and/or celiac plexus leading to 
chronic abdominal pain [21, 22].

The diaphragm contains three openings: the caval hiatus 
at the T8 level containing the IVC and right phrenic nerve 
branches; the esophageal hiatus at the T10 level containing 
the esophagus, vagal nerves, and small esophageal arteries; 
and the aortic hiatus at the T12 level containing the aorta, 
azygos and hemiazygos veins, and thoracic duct [1, 2, 15].

The paired phrenic nerves provide innervation to the dia-
phragm [23]. These are formed from the C3–C5 nerve roots 
and course from the posterolateral neck into the anterior tho-
rax and along the surface of the pericardium, before arborizing 
on the diaphragm surface [23, 24]. The pericardiophrenic and 
musculophrenic arteries (branches of the internal thoracic and 
inferior phrenic arteries) supply the diaphragm [21].

On MR imaging, the diaphragm appears as a thin sheet of 
muscle, with signal intensity typically lower than other skel-
etal muscle [21] (Fig. 6.10).

Anatomic Variants

Chest Wall
Minor variations in morphology of the anterior chest wall are 
common, occurring in one-third of children [25, 26]. These 
include tilted sternum, prominent convexity of the rib or cos-
tal cartilage, asymmetry of the costal cartilage, and bifid ribs 
[25–27] (Figs. 6.11 and 6.12). Small paracostal subcutane-
ous nodules may also be seen, thought to represent islands of 
cartilage [25, 26]. These variations generally carry no  clinical 
significance; however, they are frequently the cause of imag-
ing referrals for palpable chest lumps.

Fig. 6.8 Diaphragmatic slips in a 16-year-old boy. Coronal enhanced 
T1-weighted fat-suppressed MR image demonstrates hypointense mus-
cular slips (arrows) indenting the liver contour

RK

L

Fig. 6.9 Prominent lateral arcuate ligament of the diaphragm in a 17-year-
old boy. Axial non-enhanced T1-weighted fat-suppressed MR image shows 
a nodular structure (arrow) in the right posterior pararenal space, consistent 
with a lateral arcuate ligament. L liver, RK right kidney

C E
A

Fig. 6.10 Normal diaphragm in a 16-year-old girl. Axial non-enhanced 
T2-weighted MR image through the lower chest shows the diaphragm 
as a low-signal band (arrows). The esophageal hiatus (E), aorta (A), and 
inferior vena cava (C) are visible
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There are several minor developmental variants of the 
sternum, the most common of which is the sternal foramen, 
found in 5% of the population [28]. It consists of a 3–18 mm 
smooth round- or oval-shaped defect in the midline sternal 
body, caused by incomplete fusion of the sternal bars [29] 
(Fig. 6.13). The finding is asymptomatic but may need pre-
cautions during sternal punctures and acupuncture. In con-
trast, cleft sternum is a rare abnormality with a larger defect 
between the sternal halves, which may be seen with other 
disorders such as pentalogy of Cantrell [29].

The sternalis muscle is a variant of chest wall musculature 
found in 1–18% of the population and is more often unilat-
eral than bilateral [30]. It courses perpendicular to the medial 
edge of the pectoralis major, and there is wide variation in its 
size. It has no known clinical significance and should not be 
mistaken for a chest wall lesion [31].

Diaphragm
In small children, particularly under the age of 5 years, the 
crura are relatively larger in size and may have a nodular 
appearance, mimicking adenopathy [21] (Fig. 6.14).

There are three variations in imaging appearance of the 
anterior portion of the diaphragm, based on the cephalo-cau-
dad relationship of the xiphoid to the central tendon [32]. 
These are described on CT but are sometimes visible on MR 
imaging as well. In type 1, the most frequent type (48%), the 
central tendon is cephalic to the xiphoid resulting in a smooth 
contour of the anterior diaphragm on axial images. In type 2 
(28%), the central tendon is caudal to the xiphoid, resulting 
in a divergent appearance of the diaphragm in the midline on 
axial images. In type 3 (11%), the central tendon is at the 
same level of the xiphoid, resulting in a thick and irregular 
appearance of the anterior diaphragm on axial images.

Fig. 6.11 Tilted sternum in a 16-year-old girl who presented with 
chest wall asymmetry. Axial non-enhanced T1-weighted MR image 
demonstrates oblique rather than horizontal orientation of the sternum, 
resulting in asymmetry of the chest wall

Fig. 6.12 Anatomic variant of the chest wall in a 16-year-old boy who 
presented with palpable chest lump. Axial T1-weighted non- enhanced 
MR image demonstrates focal anterior protrusion of the chest wall to 
the left of midline, due to prominent convexity of the costal cartilage 
and tilting of the sternum

Fig. 6.13 Sternal foramen in a 17-year-old boy. Coronal non-enhanced 
T1-weighted MR image shows an ovoid defect in the midline sternal 
body

Fig. 6.14 Prominent diaphragmatic crura in a 21-month-old boy. Axial 
non-enhanced T2-weighted MR image shows a thickened or nodular 
appearance of the crura (arrows), which is a normal finding in small 
children
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Spectrum of Chest Wall Disorders

Congenital and Developmental Chest Wall 
Disorders

Congenital and developmental disorders of the chest wall 
can be recognized on MR imaging in pediatric patients 
referred for workup of focal lesions or chest wall deformi-
ties. The following sections describe the spectrum of these 
disorders with attention to anomalies of the ribs, sternum, 
clavicles, and chest wall musculature.

Rib Anomalies

Numerical Rib Anomalies
Supernumerary ribs may be present as a normal variant but 
are also associated with trisomy 21 and VATER (vertebral, 
anus, tracheoesophageal, and renal anomalies) [33, 34]. 
Eleven paired ribs are commonly seen in normal patients 
(5–8%), as well as in one-third of trisomy 21 patients.

Morphological Rib Anomalies
There is a wide spectrum of morphological deformities of 
the ribs. Some examples include developmental fusion 
between ribs, articulation or bony bridging between ribs, 
and bifid or forked configuration of ribs [27, 35, 36] 
(Fig. 6.15). These may be considered anatomic variants as 
they are typically of no clinical significance. Shortening of 
a mid-thoracic (sixth, seventh, or eighth) rib is a common 
incidental finding seen in up to 16% of the population [36, 
37]. More severe shortening of numerous ribs, such that 
they do not reach the sternum, is a finding in the short-rib 
polydactyly syndromes. Intrathoracic ribs are rare supernu-
merary ribs most commonly found on the right side within 
the mid-thorax [35].

Cervical Rib
Cervical ribs are seen in 0.2–8% of the population and may 
be unilateral or bilateral [35]. Cervical ribs are supernu-
merary ribs arising from the seventh cervical vertebrae and 
may terminate blindly or fuse distally to the first rib [38] 
(Fig. 6.16). While typically incidental, cervical ribs are also 
associated with Klippel-Feil anomaly [34]. In older children 
and adults, cervical ribs can contribute to thoracic outlet syn-
drome by compression of the subclavian vessels or brachial 
plexus [38, 39].

Pectus Excavatum
Pectus excavatum is the most common congenital deformity 
of the chest wall with a range of incidence of 1 in 400–1000 
and a male-to-female ratio of 5:1 [40]. In this deformity, the 
inferior aspect of the sternum is depressed inward resulting 
in concavity of the chest wall. The depression is often asym-
metric with right-sided predominance due to rotation of the 
sternum [41]. Pectus excavatum is familial in 45% of patients 

Fig. 6.15 Rib anomalies in a 2-year-old girl with scoliosis. Coronal 
non-enhanced T2-weighted MR image through the posterior chest dem-
onstrates multiple fusion anomalies (arrows) of the right-sided ribs

a

b

Fig. 6.16 Large cervical rib in a 10-year-old girl who presented with 
thoracic outlet syndrome. (a) Frontal chest radiograph shows a large 
left cervical rib (black arrow) which articulates with the second rib 
(white arrow). The left first rib is absent. (b) Axial non-enhanced 
T2-weighted MR image shows the left cervical rib articulating (arrow) 
with the second rib
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[7]. Associated anomalies include scoliosis and connective 
tissue diseases (Marfan and Ehlers-Danlos syndromes) [41]. 
The etiology of pectus deformities is thought to be due to 
misdirected growth of the lower costal cartilages, rather than 
abnormal growth of the sternum itself [41].

The Haller index is a measure of severity of pectus exca-
vatum deformity [42]. It is calculated from an axial image by 
dividing the maximum transverse dimension of the thorax 
(from the inner margin of the ribs) by the minimum antero-
posterior dimension of the thorax [42]. An index less than 
2.56 is normal. An index greater than 3.25 is an indication 
for surgery, along with compromised pulmonary or cardiac 
function [42]. While the Haller index was initially described 
on CT, a single MR acquisition in the axial plane can eas-
ily serve the same purpose while avoiding ionizing radiation 
[43–45] (Fig.  6.17). Balanced steady-state free precession 
is a good choice of pulse sequence because it is rapid and 
produces high signal-to-noise ratio images [44, 45]. Short 
acquisition times can minimize respiratory artifact. Pectus 
protocols vary across institutions as to use of breath-hold 
versus free breathing, although it should be noted that inspi-
ratory breath-hold images usually underestimate the Haller 
index [46]. Cardiac gating is not required.

Pectus Carinatum
Pectus carinatum is the second most common chest wall 
deformity, occurring in 1  in 1500 live births [40]. In this 
deformity, the sternum protrudes outward. Three types of 
carinatum deformity are recognized [29]. In classic carina-
tum, known as “keel chest” or “pyramidal chest,” the lower 
third of the sternum protrudes outward. In lateral pectus cari-

natum, there is unilateral protrusion of the costal cartilages 
with contralateral rotation of the sternum. In “pouter pigeon 
breast,” the protrusion is at the sterno-manubrial junction, 
and the sternal body may be depressed resulting in a mixed 
defect [29, 47].

Pectus carinatum is associated with the same disorders as 
listed above for pectus excavatum; however, cardiopulmo-
nary symptoms are less common. MR imaging may be used 
for surgical planning, particularly in patients with mixed 
defects (Fig. 6.18).

Poland Syndrome
Poland syndrome is defined by absence of the pectoralis 
muscle. It is typically unilateral and occurs on the right side 
more than the left. This disorder is sporadic with incidence 
of 1 in 30,000 and has male predominance [41]. Three cate-
gories of Poland syndrome are recognized. In the mild or 
partial type, there is only absence of the pectoralis muscle. In 
the moderate or classic type, there is also costochondral 
hypoplasia and unilateral hand deformity (syndactyly). In 
the severe type, there are multiple deficits including rib 
defects, latissimus and deltoid hypoplasia, and sometimes 
dextrocardia, ectrodactyly, and unilateral renal agenesis [29, 
48]. Hypoplasia of the breast, nipple, and subcutaneous tis-
sue, as well as axillary alopecia, may be seen in Poland syn-
drome. The most accepted theory for pathogenesis of this 

Fig. 6.17 Pectus excavatum in a 14-year-old boy who presented with 
chest wall deformity. Axial non-enhanced balanced FFE MR image 
demonstrates inward depression of the sternum consistent with pectus 
excavatum. The Haller index is obtained by dividing the transverse 
dimension of the chest (white line) by the narrowest anteroposterior 
dimension of the chest (black line). In this patient, the Haller index 
measured 3.9

Fig. 6.18 Pectus carinatum in a 19-year-old boy who presented with 
chest wall deformity. Sagittal non-enhanced STIR MR image demon-
strates outward protrusion of the lower third of the sternum (denoted by 
skin markers) consistent with pectus carinatum
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disorder is in disruption of subclavian blood supply during 
limb bud development [29, 49].

MR imaging is useful for diagnostic purposes and to 
delineate the extent of muscle, soft tissue, and bone involve-
ment [50] (Fig. 6.19). MR imaging can be used to assess the 
size of the latissimus dorsi and the anterior abdominal wall 
muscles, to plan for muscle flap reconstruction [16, 50, 51].

Cleidocranial Dysplasia
Cleidocranial dysplasia is a rare autosomal dominant skele-
tal dysplasia affecting bones that form through intramembra-
nous ossification, including the clavicles, skull, and pelvis 
[52]. The typical findings include the following triad: partial 
or complete absence of the clavicles, supernumerary or 
impacted teeth, and delayed fontanel closure [16, 53]. There 
is a broad spectrum of additional skeletal findings, some of 
which include short stature, midface hypoplasia, kyphosco-
liosis, pelvic bone hypoplasia with pseudo-widening of the 
symphysis pubis, and brachydactyly.

In addition to clavicular hypoplasia, the thoracic deformi-
ties seen on imaging include shortened ribs with a bell-shaped 
thorax, as well as vertebral anomalies. When a congenital cla-
vicular abnormality is identified, affected pediatric patients 
should undergo genetic workup for this syndrome; however, 
once the diagnosis has been established, no specific imaging 
follow-up is needed [16, 53]. Radiologists may encounter 
thoracic findings of this syndrome on MR imaging in patients 
referred for workup of spinal deformities [54].

Infectious Chest Wall Disorders

Infections of the chest wall in children are uncommon and 
may occur by direct extension or hematogenous spread [16, 
47]. Soft tissue and/or bone can be affected. An overview of 
the spectrum of chest wall infections is described in the sec-
tions below.

Cellulitis
Cellulitis is a bacterial infection of the skin, subcutaneous tis-
sue, and superficial fascia, with sparing of the muscle and deep 
fascia [55]. It is most commonly caused by Staphylococcus 
aureus or Streptococcus pyogenes and presents with erythema, 
swelling, warmth, pain, fever, and chills. While cellulitis is a 
clinical diagnosis, imaging may be requested to investigate 
complications such as soft tissue abscess and muscle or bone 
involvement. Cellulitis of the chest wall follows the same 
imaging pattern as it does for other areas of the body. 

On MR imaging, findings include soft tissue thickening, 
edema signal on fluid-sensitive sequences, and post-contrast 
enhancement (Fig. 6.20). These findings are more apparent 
on MR imaging compared to other imaging modalities 
because of its high contrast resolution and sensitivity for 
edema [8].

Cellulitis must be distinguished from necrotizing fasciitis, 
which involves the deep soft tissues, progresses much more 
rapidly, and has significant morbidity and mortality if 
untreated. Necrotizing fasciitis is exceedingly rare in chil-
dren and is unusual to present in the chest wall [56]. 
Predisposing factors include immunosuppression and skin 
wounds [56, 57]. Affected pediatric patients may present 
with sepsis and multiorgan failure, and the degree of pain is 
disproportionately higher than skin involvement [55]. When 
involving the chest wall, hemorrhagic changes can be seen 
[56]. The presence of T2 hyperintensity and thickening of 
the deep peripheral and intermuscular fascia are sensitive but 
nonspecific on MR imaging [8, 55]. The rare finding of soft 
tissue gas characterized by low-signal foci with blooming 
artifact on gradient echo is highly specific [55, 58].

Fig. 6.19 Poland syndrome in an 18-year-old boy. Axial non-enhanced 
T2-weighted MR image demonstrates absence of the left pectoral mus-
cles and thinning of the left chest wall soft tissues, consistent with 
Poland syndrome

Fig. 6.20 Cellulitis in a 4-year-old boy who presented with chest wall 
pain and fever. Axial non-enhanced T2-weighted fat-suppressed MR 
image demonstrates ill-defined edema (arrow) of the subcutaneous tis-
sue of the left upper chest wall, with associated skin thickening, consis-
tent with cellulitis
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Abscess
Chest wall abscess is an unusual manifestation of primary 
chest wall infection in the pediatric population. Soft tissue 
abscess can be seen after an open wound or thoracic surgery, 
and bony abscess may result from osteomyelitis, costochon-
dritis, or sternoclavicular joint infection [59]. The presence 
of a primary chest wall abscess should prompt a workup for 
tuberculosis (discussed in a subsequent section) [48, 60].

Similar to abscess in other body parts, on MR imaging, a 
chest wall abscess presents as an inflammatory mass, with a 
central fluid portion with high signal on T2-weighted and 
STIR sequences, and peripheral enhancement (Fig.  6.21). 
The central signal may vary if there is blood or high protein 
content in the abscess cavity [61]. The differential diagnosis 
is a centrally necrotic tumor [8].

Osteomyelitis
Osteomyelitis of the chest wall is exceedingly rare and can 
affect the ribs, sternum, or vertebrae. Bacterial infections 
are more common than fungal infections, which can be seen 
in immunocompromised pediatric patients [7]. Causative 
organisms include Staphylococcus aureus, Mycobacterium 
tuberculosis, Actinomyces, Aspergillus, and Candida [7, 62]. 
Symptoms are similar to those of other chest wall infections 
including fever, leukocytosis, erythema, swelling, and pain.

MR imaging is useful in identifying the presence of osteo-
myelitis, delineating its extent, and identifying osseous or 
peri-osseous abscesses. The hallmark finding on MR imag-
ing is bone marrow edema, which can occur with or without 
frank bone destruction, and is associated with adjacent soft 
tissue inflammation [8] (Fig. 6.22). Use of intravenous con-
trast assists with detection of abscesses.

Fig. 6.21 Abscess in a 7-year-old girl who presented with chest wall 
pain, swelling, and fever. Axial enhanced T1-weighted fat-suppressed 
MR image demonstrates a large subpectoral fluid collection with a 
thick enhancing rim, consistent with an abscess

a

b

Fig. 6.22 Osteomyelitis in a 3-month-old boy who presented with 
fever and chest wall swelling. (a) Coronal non-enhanced STIR MR 
image demonstrates expansion and marrow edema of a right-sided 
rib (arrow), with surrounding high-signal inflammatory tissue and 
soft tissue edema, consistent with osteomyelitis. (b) Axial enhanced 
T1-weighted fat-suppressed MR image demonstrates enhancement of 
the affected rib (white arrow), with an adjacent thick-walled fluid col-
lection (black arrow) consistent with abscess
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The differential diagnosis for osteomyelitis of the chest 
wall includes chronic nonbacterial osteomyelitis (CNO). This 
is a chronic relapsing-remitting disorder of unknown etiology 
which may be autoimmune in nature. Its first presentation is 
often in childhood, with symptoms of osteomyelitis but with 
no organism on biopsy cultures [63]. The usual chest wall sites 
of CNO include the clavicles, ribs, and sternum. In the acute 
and healing phases, MR imaging findings can be essentially 
identical to those of infectious osteomyelitis (Fig. 6.23).

Tuberculosis
Mycobacterium tuberculosis (TB) infection of the chest wall 
may result from hematogenous seeding after pulmonary 
infection or less commonly as a primary infection [48, 64, 
65]. Intrathoracic TB involving lymph nodes or pleura can 
burrow into the chest wall and present as a lump or mass 
[66]. Chest wall abscess has also been reported as a compli-
cation of BCG vaccination in children [60, 67]. TB infec-
tions of the chest wall can affect the ribs and sternum and 
less commonly the soft tissues [62, 66, 67]. Imaging findings 
include osseous and cartilaginous erosion with adjacent soft 
tissue abscesses [62, 68].

On MR imaging, TB osteomyelitis demonstrates irregular 
alteration of marrow signal, cortical destruction, and ill-
defined soft tissue, sometimes with formation of sinus or fis-
tula tracts [69]. As with other chest wall abscesses, TB 
abscesses can mimic a centrally necrotic tumor.

Actinomycosis
Actinomycosis is a bacterial infection associated with dental 
caries, which can rarely involve the lungs, pleura, and chest 
wall [48, 70]. Actinomycosis is known to cross anatomic 
boundaries and can breach pulmonary fissures, spread 
through the pleura to the diaphragm, chest wall soft tissues, 

or bones, and form fistulas and sinus tracts [16, 48]. 
Suggestive findings on imaging are a lower lobe pulmonary 
consolidation with empyema and erosion or periostitis of 
ribs [70]. While CT can demonstrate these findings, MR 
imaging is more helpful to delineate soft tissue extension and 
identify fistulas and abscesses [16, 71].

Empyema Necessitans
Empyema necessitans (EN) is a complication of empyema in 
which pus from the pleural space ruptures into the chest wall, 
most commonly at the anterolateral aspect through an inter-
costal space [72]. EN is rare in children and is classically 
caused by actinomyces or tuberculosis, although other bacte-
rial and fungal agents can be responsible [73, 74]. Regardless 
of the organism, MR imaging findings are similar to those 
described in the section on actinomycosis, with an inflamma-
tory pleural collection extending to the soft tissues of the 
chest wall (Fig. 6.24). The process can mimic a tumor and 
may require biopsy, although lack of rib changes favors 
infection over malignancy [74].

Neoplastic Chest Wall Disorders

MR imaging is useful in depicting the tissue composition 
and anatomic extent of chest wall masses. Many soft tissue 
masses cannot be distinguished as benign or malignant solely 
based on imaging. However, MR imaging characteristics in 
conjunction with patient age, presentation, and location of 
the mass can help to narrow the differential diagnosis. 
Additionally, MR imaging assessment of osseous chest wall 
lesions should be correlated with radiographic and/or CT 
findings. MR imaging features of pediatric primary chest 
wall neoplasms are described in the following sections.

Benign Primary Soft Tissue Neoplasms 
of the Chest Wall

Brown Fat/Hibernoma
Brown adipose tissue or brown fat (BF) consists of small adi-
pocytes that are metabolically active and involved in thermo-
genesis, in contrast to white or yellow adipose tissue which 
consists of larger adipocytes that store triglycerides [75]. BF is 
normally present in neonates and is thought to gradually 
decrease after infancy, although metabolically active BF can 
be seen on FDG-PET studies in older children and adults, and 
may represent a mixture of brown and white adipocyte tissue 
[75–77]. BF activity correlates inversely with obesity [77].

In infants, thoracic BF is bilateral and symmetric, seen 
most commonly around the scapula, axilla, intercostal 
spaces, base of neck, and supraclavicular regions [78] 
(Fig.  6.25). MR imaging can characterize differences 
between brown and white fat. Because of its greater meta-

Fig. 6.23 Chronic nonbacterial osteomyelitis (CNO) in a 15-year-old 
boy who presented with shoulder pain. Coronal non-enhanced STIR 
MR image demonstrates edema and periosteal reaction of the left 
clavicle
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bolic activity and lower amount of triglycerides, BF demon-
strates lower fat-signal fraction on chemical shift Dixon MR 
imaging [75]. Due to greater oxygen consumption, greater 
blood perfusion, and larger amount of mitochondria with 
intracellular iron, BF also demonstrates lower T2∗ relaxation 
times [75, 76].

Hibernoma is a rare benign tumor of BF that presents as a 
painless slow-growing mass, usually arising in sites corre-
sponding to the fetal distribution of BF, but also found in 
other sites such as the thigh [79–81]. The specific diagnosis is 
usually not made on imaging alone because the appearance 
overlaps with other neoplasms [79]. Although hibernomas 
contain fat, on T1-weighted MR images, they are hyperin-
tense to the muscle but hypointense relative to subcutaneous 
fat, with minimal chemical shift artifact and lack of complete 
signal suppression on STIR [78–81] (Fig. 6.26). These tumors 
are well circumscribed and highly vascular with avid enhance-
ment and may contain thin septal bands [78–81].

Lipoma and Lipoblastoma
Adipocytic tumors in children include benign lesions (lipoma 
and lipoblastoma) and malignant lesions (liposarcoma). 
Other chest wall masses may also demonstrate internal fat, 
including hibernoma, fibrous hamartoma, and involuting 
hemangiomas, as described in other sections of this chapter.

The chest wall and trunk is a relatively common site for 
benign lipomas, especially the upper back [61]. Most lipo-
mas are superficial (subcutaneous); however, deep lipomas 
can affect the inter- or intramuscular compartments of the 
chest wall [82]. Because they are composed of mature adipo-
cytes (i.e., macroscopic fat), lipomas follow the same MR 
imaging characteristics as subcutaneous fat on all sequences, 

a

b

Fig. 6.24 Empyema necessitans in an 18-year-old boy who presented 
with chest wall pain and fever. (a) Axial non-enhanced T2-weighted 
fat-suppressed MR image demonstrates a loculated pleural effusion (∗) 
consistent with empyema, adjacent to abnormal heterogeneous signal in 
the lung due to pneumonia. There are lobulated fluid collections (arrow-
heads) in the chest wall representing transpleural rupture of the empy-
ema. (b) Axial enhanced T1-weighted fat-suppressed MR image 
demonstrates thick rim enhancement of the empyema (∗), as well as of 
the chest wall fluid collections (arrowheads) which are consistent with 
empyema necessitans

Fig. 6.25 Prominent brown adipose tissue in a 1-month-old boy. Axial 
non-enhanced T1-weighted MR image demonstrates symmetric distri-
bution of brown adipose tissue (arrows) in the supraclavicular and para-
spinal regions at the base of the neck. The signal is hyperintense to the 
muscle but slightly hypointense to subcutaneous fat
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including high signal on T1- and T2-weighted MR images, 
and fat suppression on STIR [61] (Fig. 6.27). Lesions do not 
enhance aside from minimal enhancement of a few thin septa 
(<2 mm) [61, 82, 83].

Lipoblastoma is an uncommon rapidly growing benign 
tumor, which lacks metastatic potential but can be locally 
invasive. It arises from immature adipocytes (embryonal fat 
tissue) and presents in infants and young children under the 
age of 3 years. On MR imaging, lipoblastomas demonstrate 
fat signal but are more heterogeneous than simple lipomas 
due to the presence of stromal tissue [61, 82]. The differen-
tial diagnosis for this MR imaging appearance is liposar-
coma; however, liposarcoma is exceedingly rare in the 
pediatric age group [61].

The terms lipomatosis and lipoblastomatosis refer to non-
encapsulated versions of the above lesions, which can be dif-
fusely proliferative and sometimes infiltrate deep into the 
musculature [61] (Fig. 6.28).

Desmoid Fibromatosis
Desmoid-type fibromatosis (DF) is a benign myofibroblas-
tic tumor which is slow growing and does not metastasize 

a b

Fig. 6.26 Hibernoma in a 17-year-old boy who presented with chest 
wall mass. (a) Axial non-enhanced T1-weighted MR image demon-
strates a mass (arrow) in the subcutaneous tissue of the left anterior 
chest wall, which is isointense to slightly hypointense to the subcutane-

ous fat. (b) Axial non-enhanced T2-weighted fat-suppressed MR image 
demonstrates that the mass (arrow) is minimally hyperintense to the 
subcutaneous fat, due to lack of complete fat signal suppression

Fig. 6.27 Lipoma in a 16-year-old boy who presented with palpable 
chest wall mass. Axial non-enhanced T1-weighted MR image demon-
strates a homogeneous encapsulated mass (∗) in the left chest wall over-
lying the latissimus dorsi, which was isointense to the subcutaneous fat 
on all sequences
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but can be locally aggressive with a high tendency for 
recurrence [84, 85]. It is also known as aggressive fibroma-
tosis or desmoid tumor and is seen with greater incidence in 
APC gene mutations such as familial adenomatous polypo-
sis (Gardner syndrome). DF is a rare lesion that can occur 
in any location, but when involving the chest wall, sites 
include the intercostal muscles, axilla, and shoulder or 
supraclavicular region [8, 85].

MR imaging is important for defining regional extent of DF 
for therapeutic planning and post-treatment monitoring [86, 

87]. Chest wall DF is isointense to the muscle on T1-weighted 
MR images, hyperintense or intermediate on T2-weighted MR 
images and has heterogeneous but usually strong enhance-
ment [85–87] (Fig.  6.29). Non-enhancing low-signal bands 
may be present [84, 85, 88]. DF may be well-defined or infil-
trative [88]. “Fascial tails” may be seen, with linear extension 
of signal abnormality along fascial planes [84, 89].

Myofibroma and Infantile Myofibromatosis
Myofibroma (MF; solitary) and infantile myofibromatosis 
(IM; multicentric) are additional entities within the benign 
category of pediatric fibroblastic-myofibroblastic lesions. 
These are the most common fibrous tumors of infancy, 
with the majority of cases presenting at birth or within the 
first 2 years of life, although older patients can be affected 
[84, 90]. Solitary MF most commonly affects the skin and 
subcutaneous tissue, whereas multicentric IM can also 
involve the muscle, bone, and viscera [84, 90, 91]. The 
most common sites of involvement are the head, neck, and 
trunk [84].

MR imaging is the most important imaging technique for 
assessing the extent of MF/IM; however, the appearance is 
nonspecific. Signal intensity is variable on T1 and mixed but 
predominantly hyperintense on T2, and enhancement is typi-
cally peripheral due to central necrosis [84, 90, 91] (Fig. 6.30). 
Lesions may be well-defined or infiltrative and may contain 
hemorrhagic components, calcification, or cystic change [47, 
84]. Affected bones can demonstrate erosion, sclerotic mar-
gins, cortical expansion, scalloping, or pathologic fracture 
[47, 84, 90]. Although MF/IM is a benign lesion and usually 
spontaneously regresses in 1–2  years, visceral involvement 

Fig. 6.28 Lipomatosis in a 17-year-old girl who presented with pal-
pable chest wall mass. Axial non-enhanced T1-weighted MR image 
demonstrates a mass-like region (arrows) in the left shoulder posterior 
to the deltoid, which was isointense to the subcutaneous fat on all 
sequences but is nonencapsulated

a b

Fig. 6.29 Desmoid fibromatosis in a 15-year-old girl who presented 
with mass of the upper back. (a) Axial non-enhanced T1-weighted 
MR image demonstrates a stellate mass (arrow) in the subcutaneous 
tissue of the left upper back, which is isointense to the muscle. (b) 

Axial enhanced T1-weighted fat-suppressed MR image shows strong 
enhancement of the mass, with a “fascial tail” (arrowhead) extending 
medially along the superficial fascia
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requires aggressive therapy due to high mortality. Whole-
body MR imaging can be helpful for diagnosis and follow-up 
of visceral and/or multicentric disease [92–94].

Fibrous Hamartoma
Fibrous hamartoma of infancy (FH) is a benign subcutane-
ous fibrous tumor, presenting as a rapidly growing mass in 
the first 2  years of life, and may be present at birth [84]. 
Common locations of FH include the trunk, upper extremi-
ties, and inguinal regions [92]. Lesions demonstrate three 
histological components: bundles of fibrocollagenous tis-
sue, islands of primitive mesenchyma, and mature fat [84, 
92]. The MR imaging appearance of FH is reflective of this 
histology, usually demonstrating an infiltrative or nonencap-
sulated mass with a serpentine pattern of T1 and T2 hypoin-
tense fibrous strands, interspersed with hyperintense fat [92, 
95]. This MR imaging appearance, in the appropriate clini-
cal setting, is highly suggestive of the diagnosis [95].

Neurofibroma
Neurofibroma is the most common peripheral neurogenic tumor 
in the pediatric population [92]. Neurofibroma is a benign nerve 
sheath tumor arising from Schwann cells and takes one of three 
forms: localized or solitary (90%), diffuse, and plexiform [96]. 
Plexiform neurofibroma is a pathognomonic finding of neurofi-
bromatosis type 1. Chest wall neurogenic tumors may arise 
from intercostal nerves or a spinal nerve root [97].

On MR imaging, localized neurofibroma is a well-defined 
fusiform mass that is isointense to the muscle on T1-weighted 
MR images, hyperintense on T2-weighted MR images and has 
avid or heterogeneous enhancement [8, 92, 98] (Fig.  6.31). 
Also on T2-weighted MR images, a target sign is typical, seen 
as central hypointensity with a hyperintense rim; this finding 

helps differentiate neurofibromas from malignant peripheral 
nerve sheath tumors [98]. Other findings associated with soli-
tary neurofibromas, such as the major nerve/tail sign and split 
fat sign, are seen in extremity lesions but have not been com-
monly described for chest wall lesions [96]. Pressure erosion 
of adjacent osseous structures may be seen [97]. Plexiform 
neurofibromas are larger and multinodular, extending along a 
nerve trunk with a “bag of worms” appearance [92, 97]. 
Diffuse neurofibroma and superficial plexiform neurofibroma 
affect the skin and subcutaneous tissue with an infiltrating 
morphology and lack of target sign [96, 99].

a b

Fig. 6.30 Infantile myofibromatosis in a 7-week-old boy who pre-
sented with multiple palpable chest wall nodules. (a) Axial non- 
enhanced T2-weighted fat-suppressed MR image shows well-defined 
hyperintense nodules (arrows) in the right posterior and left lateral 

chest wall. (b) Axial enhanced T1-weighted fat-suppressed MR image 
shows that the nodules (arrows) demonstrate peripheral enhancement, 
typical of myofibromas

Fig. 6.31 Neurofibromatosis type 1 and multiple chest wall neurofi-
bromas in a 15-year-old boy. Axial non-enhanced T2-weighted fat- 
suppressed MR image demonstrates multiple ovoid T2 hyperintense 
lesions (white arrowheads) through the chest wall soft tissues and inter-
costal regions consistent with neurofibromas. There are plexiform neu-
rofibromas in the paraspinal region (black arrowheads). Plexiform 
neurofibromas are also seen in both arms (arrows), which demonstrate 
the “target” sign of neurofibroma

6 Chest Wall and Diaphragm



176

Schwannoma
Schwannoma is another benign tumor of Schwann cells, rarely 
found in the pediatric population, which are usually solitary but 
can be multiple in schwannomatosis and neurofibromatosis 
type 2 [96]. Unlike neurofibromas, schwannomas are eccentric 
and at surgical excision are separable from the nerve [92]. In the 
paraspinal location, these lesions may acquire a dumbbell shape 
by growing into the spinal canal through the neural foramen 
[97]. Schwannomas share many of the same MR imaging signal 
characteristics described above for neurofibromas [92, 96]. 
However, some schwannomas can be large and undergo internal 
necrosis or hemorrhage, leading to loss of the target sign and 
mimicking the appearance of a sarcoma [8, 92, 96, 97].

Benign Primary Osseous Neoplasms of the Chest 
Wall

Osteoid Osteoma and Osteoblastoma
Osteoid osteoma (OO) is a benign osteoblastic tumor with a 
central osteoid-rich nidus surrounded by vascular connective 
tissue and reactive sclerotic bone [100, 101]. It invariably 
presents with pain, which is classically nocturnal and relieved 
with aspirin or non-steroidal anti-inflammatory drugs. Most 
are seen in the lower extremities, although they can occur in 
any part of the skeleton; 10–20% occur in the spine with pre-
dilection for the posterior elements [100]. OO of the ribs can 
occur but is rare [102, 103]. OO of the spine or rib can cause 
painful scoliosis in children [102].

On MR imaging, calcification of the nidus as well as the 
surrounding osteosclerosis may be seen as low signal on 
both T1- and T2-weighted MR imaging [100] (Fig.  6.32). 
However, the nidus can be difficult to recognize on MR 

imaging, and CT is usually required. MR imaging demon-
strates perilesional and soft tissue edema, which may mimic 
a more aggressive tumor. Location in the lamina or pedicle 
of the vertebrae should raise suspicion for OO [101].

Osteoblastoma is histologically similar to OO, but is 
larger (>2.0  cm), and can be locally aggressive [101]. 
Osteoblastomas also have predilection for the posterior ele-
ments of the spine and can rarely affect the ribs and sternum 
[102, 104, 105]. Osteoblastoma may resemble a large OO, 
but some aggressive lesions are also characterized by lytic 
expansion and/or a soft tissue component [106]. The signal 
on T2-weighted MR imaging can be variable or mixed, 
depending on the degree of internal matrix mineralization. 
As with osteoid osteoma, the perilesional edema and 
enhancement can be striking on MR imaging, making it dif-
ficult to distinguish the lesion boundaries from the inflam-
matory response or “flare phenomenon” [101, 106].

Osteochondroma
Osteochondroma or exostosis is the most common benign 
bone tumor, although it is rare in the chest wall unless part of 
the multiple hereditary exostoses syndrome [107]. These 
lesions can arise from any bone with an epiphysis or apophy-
sis, including the ribs and scapula. In the ribs, they are often 
seen at the costochondral junction [16, 108]. They consist of 
an osseous protuberance continuous with the cortex and 
medulla of the parent bone, with an overlying cap of hyaline 
cartilage. Chest wall osteochondromas can present with cos-
metic deformity or pain and sometimes intrathoracic compli-
cations such as pleural effusion or pneumothorax [107]. 
Thickness of the cartilage cap greater than 2 cm raises suspi-
cion for malignant degeneration to chondrosarcoma [109].

a b

Fig. 6.32 Osteoid osteoma in an 8-year-old boy who presented with 
painful scoliosis. (a) Axial non-enhanced T2-weighted MR image dem-
onstrates edema surrounding a low-signal region (arrow) in the poste-
rior vertebral body. There is edema of the posterior elements, ribs, and 

paraspinal soft tissue. (b) Axial non-enhanced CT image at the same 
level demonstrates the calcified nidus of osteoid osteoma (arrow), with 
surrounding osteosclerosis
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MR imaging is useful for demonstrating corticomedullary 
continuity, the thickness of the cartilage cap which is hyper-
intense on fluid-sensitive sequences, and the presence of 
bursa formation or compression of neurovascular structures 
[16, 107] (Fig. 6.33).

Mesenchymal Hamartoma
Mesenchymal hamartoma of the chest wall is a rare lesion 
arising from the rib in newborns and infants and may be 
detected prenatally [110]. These are not true neoplasms but 
rather a benign proliferation of skeletal tissue with a large 
cartilaginous component, as well as hemorrhagic cavities in 
the form of secondary aneurysmal bone cyst (ABC) [111]. 
Mesenchymal hamartoma manifests as a large partially cal-
cified chest wall mass, involving one or more ribs, with intra-
thoracic projection of an extrapleural soft tissue component 
[110, 111].

MR imaging demonstrates heterogeneous signal inten-
sity, enhancement of solid portions, and foci of high signal 
intensity on T1-weighted MR images and/or fluid-fluid lev-
els representing the hemorrhagic cavities [111]. Although 
the imaging appearance can mimic a malignancy, the new-
born age, rib origin, and presence of secondary ABC forma-
tion are highly suggestive of this diagnosis [111].

Fibrous Dysplasia
Fibrous dysplasia (FD) is the most common primary bone 
lesion of the chest wall. It is a fibro-osseous lesion thought to 
represent primitive bone-forming mesenchyme that fails to 

remodel into mature bone [8, 108]. Seventy to 80% are 
monostotic, and 20–30% are polyostotic; polyostotic FD 
may be seen as part of McCune-Albright syndrome. Affected 
pediatric patients may present with chest wall deformity or 
pathologic fracture.

On MR imaging, FD is a sharply defined sometimes 
expansile medullary lesion, with a low-signal-intensity (scle-
rotic) rim (Fig. 6.34). It does not always follow the signal char-
acteristics of pure fibrous tissue [112]. Internal signal intensity 
can be variable on T2-weighted MR images (low, intermedi-

H

S

Fig. 6.33 Multiple hereditary exostoses in a 6-year-old boy with chest 
wall deformity. Axial non-enhanced T2-weighted fat-suppressed MR 
image demonstrates a protuberant lesion arising from the medial aspect 
of the body of the scapula (S), which is continuous with the medullary 
cavity and has a thin hyperintense cartilage cap (arrow), consistent with 
osteochondroma. There is mild edema adjacent to the cap which may 
represent early adventitial bursa formation. Additional smaller osteo-
chondromas are seen arising from the posterior scapula (white arrow-
head) and humerus (H; black arrowhead)

a

b

Fig. 6.34 Polyostotic fibrous dysplasia in a 17-year-old girl. (a) 
Coronal non-enhanced T1-weighted MR image shows an expansile 
hypointense rib lesion (white arrow). Additional hypointense lesions 
(arrowheads) with low-signal rims are present in the thoracic vertebrae. 
(b) Axial enhanced T1-weighted fat-suppressed MR image shows 
hypointensity of the lesion with minimal peripheral enhancement 
(black arrow), consistent with fibrous dysplasia
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ate, or high) depending on the degree of calcification, fat, and 
cystic degeneration and low on T1-weighted MR images [108, 
112]. Most lesions demonstrate enhancement, but the pattern 
may vary from peripheral to patchy to homogeneous [112].

Aneurysmal Bone Cyst
Aneurysmal bone cysts (ABCs) are benign osteolytic lesions 
that cause bone expansion and cortical thinning and contain 
multiple blood-filled cavities lined by osteoclastic giant cells 
[16]. ABC may arise as a primary lesion or secondary as a 
reaction to another lesion. In the chest wall, ABCs are found in 
the posterior elements of the spine and less commonly the ribs 
[16, 108]. Suggestive MR imaging features are a thin-walled 
septated lesion with a low-signal rim and fluid-fluid levels cor-
responding to the hemorrhagic components [8, 108].

Solid ABC is a rare subtype which demonstrates the histo-
logic features found in the solid portions of a classic ABC 
[113]. This lesion is essentially the same as the giant cell repar-
ative granuloma, which classically presents in the jaw [114]. 
Solid ABC is most often seen in the hands or feet and rarely in 
the long bones, and there are isolated reports in the ribs [113–
115]. MR imaging is nonspecific, demonstrating a solid-
enhancing lesion, with or without a cystic component and 
typically without the fluid-fluid levels of a classic ABC [114].

Langerhans Cell Histiocytosis
Langerhans cell histiocytosis (LCH) is a spectrum of focal and 
systemic diseases characterized by proliferation of histiocytes. 
LCH confined to the bone was formerly called eosinophilic 
granuloma and most commonly presents as a solitary lesion 
[16, 102]. The imaging appearance of LCH varies based on 
disease activity. In the acute phase, lesions appear more 
aggressive with ill-defined borders, cortical destruction, and a 
soft tissue component [116] (Fig. 6.35). In the late or healing 
phase, lesions are better defined, with sclerotic margins.

MR imaging is particularly helpful in identifying the soft 
tissue component and can be used to monitor patients who 
are given therapy [117]. Lesions are hypointense on T1- and 
hyperintense on T2-weighted MR images, demonstrate dif-
fuse enhancement, and are associated with adjacent bone 
marrow and soft tissue edema [102, 116]. Vertebral lesions 
may progress to uniform collapse (“vertebra plana”) [118]. 
While skeletal survey or bone scan was traditionally used for 
extent-of-disease workup, whole-body MRI has been shown 
to identify more skeletal lesions as well as extraskeletal man-
ifestations of LCH [119].

Malignant Primary Soft Tissue Neoplasms 
of the Chest Wall

Sarcoma
Soft tissue sarcomas of the pediatric chest wall are rare, 
including tumors such as rhabdomyosarcoma, fibrosarcoma, 
synovial sarcoma, hemangiopericytoma, malignant fibrous 

histiocytoma, malignant peripheral nerve sheath tumor 
(MPNST), and others [108, 120]. These tumors are generally 
difficult to distinguish from one another by imaging, and the 
role of MR imaging is to assess tumor size, origin, and 
resectability [121]. Most sarcomas are large (>5 cm), hypoin-
tense on T1-weighted MR images, and hyperintense on 
T2-weighted MR images, with enhancement and peritumoral 
soft tissue edema [121]. Patient age and clinical presentation 
can assist with the differential diagnosis.

Rhabdomyosarcoma (RMS) is the most common child-
hood soft tissue sarcoma. It arises from primitive mesenchy-
mal cells related to striated muscle, although it can occur in 
any body part excluding the bone [7, 120]. Most pediatric 
chest wall RMS are alveolar or embryonal type [120, 121]. 
On MR imaging, RMS is a nonspecific-appearing soft tissue 
mass, which enhances heterogeneously, and often demon-
strates necrosis (Fig. 6.36).

Infantile Fibrosarcoma
Infantile fibrosarcoma (IF), also known as congenital fibro-
sarcoma, is a rare malignant tumor of spindled fibroblasts 
that falls within the spectrum of pediatric fibroblastic-myofi-
broblastic tumors, some of which have been discussed in the 
above section on benign neoplasms [122]. IF occurs in the 
extremities (especially the shoulder girdle), head-neck, and 
trunk, and is histologically similar to its adult counterpart but 
with more favorable prognosis. It presents in neonates and 

Fig. 6.35 Langerhans cell histiocytosis of the bone in a 12-month-old 
boy who presented with back and shoulder swelling. Axial non- 
enhanced T2-weighted fat-suppressed MR image demonstrates an 
aggressive-appearing, expansile lesion (∗) of the left scapula, with cor-
tical destruction and soft tissue mass (arrow). There is edema of the 
surrounding musculature
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infants under the age of 1  year as a large mass that may 
undergo hemorrhage or necrosis [120, 123].

MR imaging of IF is nonspecific and demonstrates an infil-
trative mass with heterogeneous contrast enhancement [121, 
123] (Fig. 6.37). Blood products, foci of fibrous tissue, and 
calcification are sometimes present [123, 124]. The heteroge-
neous enhancement pattern helps distinguish this lesion from 
hemangioma of infancy, which has more homogeneous 

enhancement or is highly vascularized with visible flow voids 
[7, 123]. Both lesions may result in skin discoloration [7, 121].

Malignant Peripheral Nerve Sheath Tumors
Malignant peripheral nerve sheath tumors (MPNST) are 
rare, particular within the thorax. MPNST is a high-grade 
spindle cell sarcoma of the nerve sheath, which may be spo-
radic but is associated with neurofibromatosis type 1 in 50% 
of cases [125]. MPNST often arises in a preexisting plexi-
form neurofibroma and is characterized by pain, rapid 
growth, and large size (>5 cm) [92, 97].

On MR imaging, it is variable in appearance depending 
on size and presence of hemorrhage or necrosis [97] 
(Fig. 6.38). MR imaging features that are more suggestive 
of MPNST over benign neurogenic tumors include a periph-
eral enhancement pattern, perilesional edema-like zone, 
intratumoral cysts, and lack of the target sign [125, 126]. 
Heterogeneity on T1-weighted MR images and substan-
tially restricted diffusion favor a MPNST over neurofibroma 
[96, 126].

Malignant Primary Osseous Neoplasms 
of the Chest Wall

Ewing Sarcoma
The Ewing sarcoma (ES) family of tumors are the most 
common malignant chest wall malignancies in children and 
include classic Ewing sarcoma of bone, extraosseous Ewing 
sarcoma, and primitive neuroectodermal tumor (PNET) of the 

Fig. 6.36 Rhabdomyosarcoma in a 15-year-old girl who presented 
with a painful and rapidly growing chest wall mass. Axial enhanced 
T1-weighted MR image shows a large enhancing mass in the upper 
right chest wall and axilla, with ill-defined margins. There are small 
areas of necrosis (arrowhead) in the anterior margin of the tumor

a b

Fig. 6.37 Mixed fibrosarcoma and fibromatosis, partially treated, in a 
3-month-old boy. (a) Axial enhanced T1-weighted MR image demon-
strates an infiltrative, heterogeneously enhancing soft tissue mass 
(arrowheads) in the paraspinal region, with involvement of the rib and 
posterior elements (arrow). (b) Axial non- enhanced T2-weighted MR 

image demonstrates punctate low-signal foci throughout the lesion 
(arrowheads) which may be due to fibrous tissue and/or calcification. 
There are no large flow voids to suggest a vascular anomaly. (Case 
courtesy of Benjamin H.  Taragin, MD, Soroka Medical Center, 
Beersheba, Negev, Israel)
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chest wall or Askin tumor [127]. ES tumors are aggressive 
small round blue cell tumors, thought to arise from embry-
onal neural crest cells, and are characterized by a balanced 
11;22 chromosomal translocation [128]. Typical chest wall 
sites include the ribs, sternum, scapula, and clavicles [127]. 
Paravertebral lesions may have neural foraminal extension [8].

Soft tissue masses of ES are eccentric, large, and heteroge-
neous with necrosis and sometimes hemorrhage and only rarely 
calcify [108, 124, 127]. MR imaging demonstrates signal that is 

isointense or hyperintense to the muscle on T1-weighted MR 
images and hyperintense on T2-weighted MR images [108, 
127] (Fig.  6.39). Post-contrast images demonstrate enhance-
ment and areas of necrosis. The soft tissue component is typi-
cally larger than the intraosseous portion of the tumor [34].

Osteosarcoma
Osteosarcoma (OS) is a high-grade malignant bone-forming 
mesenchymal tumor seen in adolescents and young adults. 

a b

Fig. 6.38 Malignant peripheral nerve sheath tumor in an 18-year-old 
girl with neurofibromatosis type 1 who presented with an enlarging and 
palpable chest wall mass. (a) Axial non-enhanced T2-weighted fat- 
suppressed MR image demonstrates a dominant mass (arrow) in the 
upper right chest wall, which is T2 hyperintense but heterogeneous. 

Smaller neurofibromas (arrowhead) are seen in the nearby vicinity. (b) 
Axial enhanced T1-weighted fat-suppressed MR image shows periph-
eral enhancement of the dominant mass (arrow), which suggests malig-
nancy. The nearby benign neurofibroma (arrowhead) demonstrates 
more homogeneous enhancement

a b

Fig. 6.39 Ewing sarcoma in an 8-year-old boy who presented with a 
chest wall mass. (a) Axial non-enhanced T2-weighted fat-suppressed 
MR image shows a hyperintense mass in the chest wall centered at the 
eighth rib, with cortical destruction but a large extraosseous compo-

nent, typical of Ewing sarcoma. (b) Axial enhanced T1-weighted fat- 
suppressed MR image demonstrates diffuse enhancement of the mass 
with areas of faint hypoenhancement due to early necrosis
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OS of the chest wall is rare, and sites of origin can include 
the ribs, sternum, scapula, and clavicles [8, 127, 128]. The 
rare extraosseous form can also present in the chest wall but 
is typically seen after radiation therapy in older adults [125]. 
OS of the chest wall is associated with greater recurrence and 
metastatic disease compared to OS of the extremities.

MR imaging is aimed at delineation of tumor extent 
[8]. OS is a large destructive soft tissue mass that is 
hypointense on T1-weighted MR images and hyperintense 
on T2-weighted MR images, although it may have hetero-
geneous signal due to hemorrhage or cystic change [127] 
(Fig. 6.40). Calcification in the lesion is hypointense on 
both T1- and T2-weighted MR imaging [124]. Contrast 
enhancement is heterogeneous and may demonstrate 
central necrosis, particularly after chemotherapy [125]. 
Correlation with radiograph and/or CT is important for 
appreciation of the osteoid matrix. The telangiectatic form 
of OS is rare in the chest wall but has a distinct appear-
ance, being lytic on radiographs, and containing cystic 
spaces with fluid-fluid levels on MR imaging [8, 127].

Metastatic Disease of the Chest Wall
Metastatic disease constitutes a minority of chest wall 
lesions in children [124]. Metastases to the bones or soft 

tissues of the chest wall are usually seen in cases where 
widespread metastases are already present [127, 129]. The 
primary diagnostic consideration is neuroblastoma, which 
can directly extend to the chest wall from primary lesions 
of the posterior mediastinum but can also spread hematoge-
neously to form lytic lesions in the ribs and spine [124]. 
Additional tumors that can metastasize to the chest wall are 
rhabdomyosarcoma, lymphoma, and leukemia, among oth-
ers. On MR imaging, osseous or soft tissue metastases gen-
erally demonstrate signal characteristics specific to the 
primary tumor from which they originate [127].

Vascular Anomalies of the Chest Wall

The classification scheme from the International Society for 
the Study of Vascular Anomalies (ISSVA) divides vascular 
lesions into two major categories: tumors and malformations 
[130]. Vascular tumors are subdivided into benign, locally 
aggressive or borderline, and malignant groups. Vascular 
malformations are subdivided into simple, combined, those 
of major named vessels, and those associated with other 
anomalies. A third broad category of provisionally unclassi-
fied vascular anomalies includes lesions with overlapping 
features of tumor and malformation. The following sections 
describe some of the important vascular lesions that may be 
encountered in MR imaging of the pediatric chest well.

Chest wall MR imaging examinations performed 
for suspected vascular lesions should include basic T1- 
and fat-suppressed T2-weighted or STIR MR imaging 
sequences for anatomic evaluation, heavily T2-weighted 
MR images to delineate lesion extent, and either contrast-
enhanced MR angiography or dynamic time-resolved 
MR angiography using 3D fast gradient echo. The time-
resolved technique is preferred because of its high tempo-
ral resolution [131].

Hemangioma
Hemangiomas are benign high-flow vascular neoplasms that 
can occur in two forms: infantile and congenital. Congenital 
hemangiomas are subdivided into rapidly involuting (RICH), 
noninvoluting (NICH), and partially involuting (PICH). Infantile 
hemangioma (IH) is the most common vascular anomaly in 
children and is more likely than a congenital hemangioma to 
present as a soft tissue lesion of the chest wall [132].

IH appears after birth as blue-red lesion, undergoes a pro-
liferative phase of rapid growth in the first few months, and 
gradually involutes over the next few years with small resid-
ual fibrofatty tissue remaining [124, 132]. If IH is multiple 
with five or more skin lesions identified, affected pediatric 
patients must be screened for presence of liver hemangiomas 
[132]. IH stains positive for glucose transporter 1 (GLUT-1).

Diagnosis of IH can typically be made based on clinical 
grounds or on ultrasound with Doppler evaluation which 

Fig. 6.40 Osteosarcoma in an 18-year-old girl who presented with left 
chest wall mass. Axial non-enhanced-T2-weighted fat-suppressed MR 
image shows a hyperintense mass arising from the left sixth rib. There 
are low- signal foci scattered throughout the lesion due to osteoid matrix
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demonstrates an echogenic lesion with diffuse vascularity 
[132]. At MR imaging during the proliferative phase, IH is 
hyperintense on T2-weighted MR imaging but less bright 
than fluid, may demonstrate internal flow voids, and has early 
avid enhancement [124, 132] (Fig. 6.41). During the involu-
tional phase, enhancement decreases, and the lesion becomes 
heterogeneous with a more prominent fatty component [132].

Kaposiform Hemangioendothelioma
Kaposiform hemangioendothelioma (KHE) is a vascular 
neoplasm of borderline malignancy which presents in infants 

[132]. KHE can mimic IH clinically; however, unlike IH, it 
is an aggressive lesion, locally invasive, and strongly associ-
ated with Kasabach-Merritt phenomenon (70%) which 
causes thrombocytopenia, hemolytic anemia, and coagulop-
athy [132, 133]. KHE is immunonegative for GLUT-1.

On MR imaging, KHE is typically an infiltrative pro-
cess with heterogeneous hyperintensity on T2-weighted 
MR images and shows intense enhancement [132, 133] 
(Fig. 6.42). KHE often demonstrates prominent vessels and/
or flow voids, multi-compartment involvement, fat strand-
ing, and sometimes bone destruction [124, 133].

a b

Fig. 6.41 Hemangioma in a 17-year-old boy who presented with left 
chest wall mass. (a) Axial non-enhanced T2-weighted fat-suppressed 
MR image demonstrates a T2 hyperintense, lobular mass within the left 
pectoralis musculature, with no surrounding edema. (b) Axial enhanced 

T1-weighted fat-suppressed MR image demonstrates enhancement of 
the mass; however, the pattern is somewhat heterogeneous rather than 
avidly homogeneous. This prompted biopsy of the lesion which con-
firmed a diagnosis of hemangioma

a b

Fig. 6.42 Kaposiform hemangioendothelioma in a 5-month-old boy 
who presented with swelling and thrombocytopenia. (a) Axial non- 
enhanced T2-weighted MR image demonstrates a multi-compartmental 
infiltrative lesion (arrows) involving the right back and paraspinal 

region, extending to the posterior mediastinum, with destruction of the 
ribs and vertebrae. (b) Axial enhanced T1-weighted fat-suppressed MR 
image shows mostly intense, somewhat heterogeneous enhancement of 
the lesion (arrows)
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Venous Malformation
Venous malformations (VM) are low-flow simple vascu-
lar malformations comprised of dysplastic blood-filled 
channels [131, 132]. Lesions may demonstrate bluish skin 

 discoloration and enlarge with Valsalva or change in posi-
tioning [134]. VM can be found in subcutaneous tissue or 
in deeper structures such as the muscle, bone, and internal 
organs [128].

On MR imaging, VM appears as a lobulated or tubular 
lesion with fluid signal intensity on T1- and T2-weighted MR 
images, with thin septa, and sometimes with fluid-fluid levels 
from stagnant blood indicative of a low-flow lesion [132]. VM 
characteristically forms calcified phleboliths that are dark on 
all sequences, conspicuous on gradient sequences, and can be 
confirmed on radiographs [131]. On MR angiography, there is 
“puddling” of contrast over time resulting in near-complete 
enhancement of the lesion, with non-enhancement of venous 
channels that have undergone thrombosis [132] (Fig. 6.43).

Lymphatic Malformation
Lymphatic malformation (LM) is another low-flow simple vas-
cular malformation consisting of dilated endothelial-lined 
channels or cysts [132]. LM are variable in overall size as well 
as in the size of the individual locules, which can be macrocys-
tic (locules >1 cm), microcystic (locules <1 cm, solid-appear-
ing), or combined [135]. LM can be confined to the 
subcutaneous tissue or extend transpatially into deeper struc-
tures. LM may grow in size in response to systemic viral infec-
tion, hemorrhage, or infection of the lesion itself.

On MR imaging, LM demonstrate multiple thin-walled 
fluid-filled cysts with minimal septal enhancement and no 
solid tissue [132, 135] (Fig.  6.44). Internal hemorrhage 
results in development of fluid-fluid levels, and T1 bright 
components may be present representing blood products 
and/or proteinaceous material [47]. Microcystic LM demon-
strates mild diffuse solid-appearing enhancement due to high 
density of cyst walls [132].

b

a

Fig. 6.43 Venous malformation in an 18-year-old girl who presented 
with chest wall mass. (a) Axial non-enhanced T2-weighted fat- 
suppressed MR image shows a lesion of the right chest wall with mul-
tiple lobular and tubular hyperintense components (black arrows) and 
an enlarged vein in the right arm (white arrow). (b) Coronal enhanced 
maximum intensity projection MR image from time-resolved MR angi-
ography shows “puddling” of contrast throughout the lesion, consistent 
with a venous malformation

Fig. 6.44 Lymphatic malformation in an 11-month-old boy who pre-
sented with a mass of the chest and neck. Axial non-enhanced 
T2-weighted fat-suppressed MR image demonstrates a thin-walled 
hyperintense cystic lesion (arrows) in the anterior chest wall and base 
of the neck. Thin septations are present
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Spectrum of Diaphragmatic Disorders

Congenital and Developmental Diaphragmatic 
Disorders

MR imaging is useful for prenatal and postnatal assessment 
of diaphragm morphology, particularly with regard to her-
nias. The following sections describe the spectrum of con-
genital and developmental disorders of the diaphragm.

Diaphragmatic Hernia
Congenital diaphragmatic hernias (CDH) are classified 
according to their location and include Bochdalek hernia 
(posterolateral), Morgagni hernia (parasternal), and hiatal 
hernia (central).

Bochdalek Hernia
Bochdalek-type hernias (BH) account for 90–95% of cases 
of congenital diaphragmatic hernias and have an incidence 
of 1  in 2000 to 1  in 5000 [2, 136]. The majority of BH 
(80–85%) are left-sided, and a minority are right-sided or 
bilateral. BH results from failure of the pleuroperitoneal 
fold and transverse septum to fuse with the intercostal 
muscles to form the posterolateral portion of the primor-
dial diaphragm [137]. This leaves a “hole” in the dia-
phragm through which the abdominal viscera can herniate 
into the thoracic cavity and impede development of the 
lungs. The resultant pulmonary hypoplasia and subsequent 
development of pulmonary hypertension are key factors in 
the high morbidity associated with CDH. Pulmonary hypo-
plasia that is seen in these patients is likely in part due to 
genetic defects in pulmonary vascularization and alveolar-
ization, rather than just the mechanical effects of the her-
nia [138].

MR imaging for CDH is performed primarily during fetal 
assessment but may also be used postnatally in patients with 
late presentation of CDH [21, 139]. Sonography is the main-
stay of CDH imaging in the fetus; however, MR imaging is 
often recommended as adjunctive imaging to assess for fetal 
lung volumes, position of the liver, and other anomalies 
[136]. The additional information provided by fetal MR 
imaging is important for patient counseling and for guidance 
of potential therapies such as extracorporeal membrane oxy-
genation (ECMO) [21, 140].

Routine MR imaging protocols for assessments of the fetal 
chest and abdomen for CDH include axial, sagittal, and coro-
nal T2-weighted rapid single-shot sequences, true fast imag-
ing with steady-state precession (SSFP), and T1-weighted MR 
images. MR imaging should first be assessed to confirm the 
diagnosis of CDH and then to provide anatomic detail of the 
anomaly, including the location of the stomach (typically 
intrathoracic), small bowel loops and colon, spleen, and kid-
neys [140] (Fig. 6.45). The T1-weighted MR imaging sequence 

is important for identifying presence of liver tissue in the her-
nia, as the quantity of herniated liver correlates with patient 
outcome. The presence of a hernia “sac” portends a favorable 
prognosis and can be suggested by a sharp border between the 
hernia and the lung [140, 141].

Fetal MR imaging for CDH should include volumetric 
lung analysis based on the T2-weighted axial or coronal MR 
images, either by utilizing automated calculation on 3D 
workstation software or by freehand outline of lung tissue 
area on each slice multiplied by slice thickness [140, 142]. 
Typically the fetal lung volume is expressed as a ratio of 
“observed-to-expected total fetal lung volume” (“o/e TFLV”) 
or “relative fetal lung volume,” which can be obtained by 
measuring the fetal lung volumes against cited biometric for-
mulas. Numerous studies have shown correlation between 
the o/e ratio, survival, and need for extracorporeal membrane 
oxygenation (ECMO) [140, 142–144].

MR imaging is also important for postoperative imaging 
of CDH [21]. CDH recurrence rates range from 3% to 22%, 
and CDH recurrence usually occurs within the first 6 months 
after surgery [145]. In cases of suspected recurrence, MR 
imaging can assess the integrity of the diaphragm patch or 
muscle flap repair and quantify the defect size and organ her-
niation [21, 146]. Expected findings after CDH repair include 
chest wall deformity, scoliosis, and decreased size and vas-
cularity of the ipsilateral lung [147–149].

A minority (5–20%) of cases of CDH have a delayed pre-
sentation beyond the neonatal period [150]. MR imaging is 
often used to assess the diaphragm in these patients, as the 
diagnosis is challenging due to variability of both clinical 
presentation and radiographic appearance (Fig. 6.46).

Morgagni Hernia
Morgagni hernias (MH) account for 9–12% of cases of con-
genital diaphragmatic hernias [136]. The majority of MH are 
right-sided [2]. The foramen of Morgagni lies between the 
sternal and costal attachments of the diaphragm at the level of 
the eighth rib, and hernias at this location result from absence 
of fusion between the transverse septum and the lateral body 
wall, at the anteromedial portion of the diaphragm. Associated 
anomalies include pentalogy of Cantrell, congenital heart dis-
ease, and chromosomal abnormalities [2, 136].

Prenatal and postnatal MR imaging for Morgagni hernias 
is similar in use and methodology as described above for 
Bochdalek-type CDH. Most Morgagni hernias are detected 
in older children or adults and may be incidental [21]. The 
expected MR imaging findings include herniation of bowel 
and sometimes other viscera including the liver, spleen, and 
omentum.

Hiatal Hernia
Hiatal hernia occurs when a portion of the stomach ascends 
through the esophageal hiatus of the diaphragm into the 
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mediastinum. Three forms of hiatal hernia are recognized 
which may be acquired (most common) or congenital [21, 
136]. In a sliding hernia, the widened hiatus allows the gas-
troesophageal (GE) junction and proximal stomach to move 
freely into the chest (Fig. 6.47). In a paraesophageal hernia, 
the GE junction maintains its normal position, and a portion 
of stomach ascends into the chest through the hiatus. In con-
genital short esophagus, the stomach is fixed in the chest 
above the diaphragm. While MR imaging can usually iden-
tify a hiatal hernia and its contents, the role of MR imaging 
is limited as the condition is usually diagnosed on plain 
radiograph or upper gastrointestinal series [21].

Diaphragmatic Eventration
Diaphragmatic eventration is a congenital weakening of 
the diaphragm due to deficiency of the muscle, leaving 
behind a layer of fibroelastic tissue [151]. The etiology is 
likely abnormal migration of myoblasts into the compo-
nents of the fetal diaphragm. The body wall attachments of 
the diaphragm may also be deficient, and the affected por-
tion of the diaphragm is elevated. While eventration can be 

diffuse, it is most commonly focal and involves the antero-
medial aspect of the right side [21]. Eventration is usually 
asymptomatic, but it can impair ventilation causing respi-
ratory distress as well as chronic atelectasis and pneumo-
nia [151].

On MR imaging, a focal eventration demonstrates a bulge 
of the diaphragmatic contour, and a diffuse eventration dem-
onstrates elevation of an entire hemidiaphragm (Fig. 6.48). 
Eventration may result in hypokinesis, akinesis, or paradoxi-
cal motion of the diaphragm which can make it difficult to 
distinguish from paralysis [2, 151]. The finding may also be 
difficult to distinguish from diaphragmatic hernia. In such 
cases, MR imaging can help determine whether the dia-
phragm is intact but elevated, indicating eventration, or if 
abdominal viscera have herniated through an opening in the 
diaphragm as would be seen in CDH.

Diaphragm Duplication
Duplication of the diaphragm or accessory diaphragm occurs 
on the right side in frequent association with lobar agenesis-
aplasia complex [152]. The duplicated diaphragm extends 

a b

H

L
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LK

Fig. 6.45 Congenital left-sided diaphragmatic hernia in a 22-week 
gestation fetus referred for fetal lung volume assessment. (a) Sagittal 
non- enhanced T2-weighted MR image through the normal right hemi-
thorax of the fetus demonstrates the intact diaphragm (black arrow) 
separating the liver (L) from the lung. RK right kidney, H heart. (b) 

Sagittal non- enhanced T2-weighted MR image through the left hemi-
thorax of the fetus demonstrates a large posterior diaphragmatic defect 
with bowel loops (white arrows) in the chest, consistent with a 
Bochdalek hernia. The liver (L), stomach (S), and kidney (LK) are in 
the abdomen
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crescentically from the anterior aspect of the main diaphragm 
to the posterior chest wall. It consists of a thin fibromuscular 
band with a serosal lining and often has a central hiatus at its 
medial aspect [21, 152]. If the central hiatus is narrow and 
the separated lung is not aerated, the findings may appear as 
a mass on imaging. If the separated lung is aerated, the dupli-
cated diaphragm appears as a band-like fissure.

Infectious Diaphragmatic Disorders

Subphrenic Abscess
Infectious conditions of the chest or abdomen can result 
in abscess formations associated with the diaphragm. 
Subphrenic abscess is an important condition to recog-
nize, as the imaging appearance can be confused with other 
causes of diaphragm elevation [153]. The right subphrenic 
space is a potential space between the right hepatic lobe and 
inferior surface of the diaphragm. Abscesses in this location 
typically arise from abdominopelvic infections, most com-
monly ruptured appendicitis, although they are less frequent 
in children than in adults [154]. MR imaging findings are 
similar to that of abscesses in other locations (Fig. 6.49). On 
axial MR imaging, the presence of aerated lung  posterior 

Fig. 6.47 Hiatal hernia in an 18-year-old girl. Axial non-enhanced 
T2-weighted MR image shows a widening of the diaphragmatic hiatus 
with stomach (S) projecting into the chest

Fig. 6.48 Diaphragmatic eventration in a 17-year-old boy. Coronal 
enhanced T1-weighted fat-suppressed MR image shows a focal bulge 
(arrow) of the diaphragmatic contour consistent with a small eventration

Fig. 6.49 Subphrenic abscess in a 9-year-old boy who presented with 
fever and chest pain after liver transplantation. Coronal non-enhanced 
T2-weighted MR image demonstrates a large thick-walled fluid collec-
tion (asterisk) in the right subphrenic space, causing elevation of the 
right hemidiaphragm

C

Fig. 6.46 Bochdalek hernia in a 17-year-old girl. Coronal non- 
enhanced T2-weighted MR image shows a large left posterior diaphrag-
matic hernia, containing colon (C) and fat (∗). There is discontinuity of 
the low-signal band of the diaphragm (arrow) consistent with the dia-
phragmatic defect
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to the abscess indicates that the collection is subphrenic 
in location [153].

Neoplastic Diaphragmatic Disorders

Neoplasms of the diaphragm are exceedingly rare in the 
pediatric population, and the majority are malignant [21]. 
MR imaging can play an important role in determining the 
site of origin of diaphragm lesions and distinguishing them 
from lesions of the liver, lung, spleen, and pericardium. 
Features of pediatric diaphragm masses are described in the 
following sections.

Benign Primary Neoplasms of the Diaphragm

Benign Cystic Lesions

Diaphragmatic mesothelial cysts are rare congenital benign 
cysts that are thought to arise from coelomic remnants [155]. 
On MR imaging, these lesions typically present as a thin-
walled non-enhancing fluid-signal structure, located in the 
right posterolateral costophrenic angle attached to the dia-
phragm [156, 157] (Fig. 6.50). The origin may be difficult to 
determine given its proximity to the lung, pleura, and liver; 
however, diaphragmatic mesothelial cysts classically have a 
bi-lobulated configuration [156].

Bronchogenic cysts are congenital foregut duplication 
anomalies that are usually found in the mediastinum but 
rarely may occur in the diaphragm [157, 158]. On imaging, 
these lesions are similar to bronchogenic cysts of the medi-
astinum; however, resection is usually performed for diag-
nosis given their rarity. Diaphragmatic bronchogenic cysts 
are often found at the crus and appear as well-defined thin-
walled and non-enhancing lesions [158–160]. Fluid signal 
intensity is seen on T2-weighted MR images, but the cyst 
may be intermediate or hyperintense on T1-weighted MR 
images due to proteinaceous or hemorrhagic material [160].

Benign Solid Lesions
Benign solid lesions of the diaphragm are rare and include hem-
angioma, lymphangioma, lipoma, myofibroma, and neurofi-
broma [21, 157]. The MR imaging characteristics of these lesions 
have been described in the prior section on chest wall imaging. 
Lipoma of the diaphragm occurs in two varieties. Sessile lipo-
mas arise from mature fatty tissue, and hourglass-shaped lipo-
mas arise from embryological undifferentiated tissue [157]. As 
with lipomas in other parts of the body, these lesions follow fat 
signal on all MR sequences. On imaging, a diaphragmatic 
lipoma can mimic a diaphragmatic hernia containing fat [157].

Malignant Primary Neoplasms of the Diaphragm
Malignant tumors that have been reported to affect the dia-
phragm include rhabdomyosarcoma, undifferentiated sar-
coma, germ cell tumor, and extraosseous Ewing sarcoma [21, 
161]. The most common of these is rhabdomyosarcoma. As 
discussed in the chest wall section of this chapter, rhabdomyo-
sarcoma is a malignant neoplasm of embryonal mesenchymal 
cells related to skeletal muscle. Children with rhabdomyosar-
coma of the diaphragm present more commonly with chest-
associated symptoms (e.g., chest pain, shortness of breath) 
than abdomen-associated symptoms (e.g., abdominal pain, 
distention) [162]. The major challenge in MR imaging of 
these pediatric patients is correctly identifying the tumor ori-
gin site as being the diaphragm. The pattern of organ displace-
ment and obtuse angle between the tumor and the diaphragm 
are clues leading toward the diaphragm as the site of origin.

Metastatic Disease of the Diaphragm
Metastases of the diaphragm include malignant thymoma of 
the anterior mediastinum and ovarian cancer, both of which 
are exceedingly rare in the pediatric population [157]. Direct 
extension of tumors into the diaphragm can occur with malig-
nancies of the liver, kidneys, or retroperitoneum.

Diaphragmatic Movement Disorders

Abnormality of diaphragmatic motion can be caused by 
numerous conditions affecting the neuromuscular axis [1]. 
Examples include disorders affecting the cervical cord (e.g., 

Fig. 6.50 Diaphragmatic mesothelial cyst in a 16-year-old girl. 
Coronal non-enhanced T2-weighted MR image demonstrates a small 
cyst (arrow) between the liver and pleura at the posterior aspect of the 
right hemidiaphragm, in a location typical for a mesothelial cyst
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trauma, tumors, amyotrophic lateral sclerosis, and others), 
phrenic nerve injuries (most commonly due to cardiac sur-
gery or direct invasion by tumors), viral infections (e.g., 
West Nile virus), neuromuscular diseases such as myasthe-
nia gravis, and myopathies such as muscular dystrophy.

Imaging of diaphragm motion was traditionally per-
formed using fluoroscopy and more recently with ultraso-
nography. During real-time imaging, a paralyzed diaphragm 
exhibits absent or paradoxical motion, and a weak diaphragm 
exhibits lag in motion or hypokinesis. Dynamic MR imaging 
of the chest is not yet part of routine practice but is a promis-
ing tool for functional imaging assessment of the diaphragm. 
Some of the technical details of dynamic chest MR imaging 
have been described in the MR imaging protocol section at 
the beginning of this chapter. In general, fast dynamic GRE 
sequences performed in coronal and sagittal planes and 
viewed as cine loops are obtained to allow subjective or 
quantitative assessment of diaphragm motion. The technique 
is similar in principle to fluoroscopy; however, MR imaging 
is not “continuous,” and temporal resolution is governed by 
the rate of image acquisition. Frequency of acquisition must 
be at least twice the respiratory rate in order to accurately 
represent diaphragmatic motion [10]. Quantitative assess-
ment of motion can be obtained by measurement of dia-
phragmatic excursion on end-expiratory and end-inspiratory 
MR images (Fig. 6.51).

Diaphragmatic dysfunction typically causes an elevated 
appearance of the diaphragm on imaging [1] (Fig.  6.52). 
Diaphragmatic eventration is also associated with dysfunc-
tion but usually causes elevation of only a portion of a hemi-

a b

Fig. 6.51 Normal diaphragmatic motion on cinegraphic MR imaging 
in a 14-year-old boy. (a) Coronal non-enhanced balanced FFE MR 
image obtained in expiration shows the expected elevation of the dia-
phragm. (b) Coronal non-enhanced balanced FFE MR imaging obtained 

in inspiration shows the expected contraction of the diaphragm. By 
comparing this to the expiratory image, the diaphragmatic excursion 
can be measured (double-headed arrow)

Fig. 6.52 Diaphragmatic paralysis in an 18-year-old boy with phrenic 
nerve impairment from a mediastinal tumor. Coronal T2-weighted MR 
image shows elevation of the left hemidiaphragm. The low-signal band 
of the diaphragmatic muscle (arrow) is noted to be intact
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diaphragm. Dysfunction can affect one hemidiaphragm or 
less commonly both hemidiaphragms. The condition may be 
asymptomatic or cause dyspnea on exertion, with restrictive 
pattern on pulmonary function test [1, 163].

Conclusion

The chest wall and diaphragm consist of multiple compo-
nents and, therefore, are subject to a wide variety of patholo-
gies in the pediatric population. MR imaging is a high-yield 
modality with the benefits of high contrast resolution and 
multiplanar capability. As discussed in this chapter, rela-
tively basic MR imaging sequences can provide sufficient 
diagnostic information of chest wall and diaphragmatic 
disorders. MR imaging is particularly useful in delineat-
ing the anatomic extent and tissue characteristics of various 
benign and malignant lesions of the pediatric chest wall and 
diaphragm and for assessment of diaphragmatic motion. 
Familiarity with the typical clinical features and MR imag-
ing characteristics of these conditions allows the practicing 
radiologist to make important contributions to the accurate 
diagnosis and optimal management of pediatric chest wall 
and diaphragmatic disorders.
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 Introduction

Magnetic resonance (MR) imaging is now commonly used in 
pediatric patients to evaluate focal and diffuse hepatic disor-
ders. Various MR imaging techniques can greatly improve 
lesion detection and characterization compared to other imag-
ing modalities without potentially harmful ionizing radiation 
exposure. In recent years, other technical advances have also 
helped minimize MR imaging acquisition time and motion-
related image degradation.

This chapter reviews clinically important concepts related 
to up-to-date hepatic MR imaging techniques and MR imag-
ing findings in a spectrum of congenital and acquired hepatic 
disorders. In addition, preoperative assessment and postop-
erative complications of liver transplantation in the pediatric 
population are also discussed.

 Magnetic Resonance Imaging Techniques

 Intravenous Contrast Agents

There are two main categories of intravenous contrast agents 
used in hepatic MR imaging: extracellular agents and hepa-
tobiliary agents. Both categories are gadolinium-based.

Extracellular Contrast Agents Extracellular agents dis-
tribute within the intravascular and extracellular spaces. 
There is no hepatocyte uptake and the agents are renally 
excreted [1]. These agents are excellent for both vascular and 
hepatic parenchymal evaluations, including in multiphase 
post-contrast imaging. Examples of FDA-approved extracel-
lular agents include linear agents such as gadopentetate 
dimeglumine (Magnevist; Bayer, Whippany, NJ), gadoverse-
tamide (Optimark; Guerbet, Villepinte, France), and gadodi-
amide (Omniscan; General Electric Healthcare, Waukesha, 
WI) as well as macrocyclic agents such as gadoterate meglu-
mine (Dotarem; Guerbet, Villepinte, France), gadoteridol 
(Prohance; Bracco Diagnostics, Monroe Township, NJ), and 
gadobutrol (Gadavist; Bayer, Whippany, NJ).

Several recent studies have associated the use of gadolinium- 
based contrast agents with gadolinium tissue deposition within 
the central nervous system (CNS) in both adults and children, 
even in the setting of normal renal function [2]. The risk of 
CNS gadolinium deposition appears to be correlated with the 
number of contrast-enhanced MR examinations. Additionally, 
the risk appears increased with linear gadolinium-based con-
trast agents compared to macrocyclic agents, which is possibly 
related to the greater kinetic inertness of the latter [2]. Currently, 
the clinical significance of CNS gadolinium deposition remains 
unclear. However, concerns regarding potential effects of gado-
linium deposition have led to reduced gadolinium use in MR 
imaging overall, with a shift toward use of macrocyclic agents 
when contrast is indicated.

Hepatobiliary Contrast Agents Hepatobiliary agents dis-
tribute within the extracellular space and can be used simi-
larly to the extracellular agents [3, 4]. Additionally, they 
demonstrate uptake by hepatocytes and partial excretion 
into the biliary system. Consequently, hepatobiliary agents 
offer the added benefit of improved biliary system evalua-
tion and can help further characterize hepatic lesions based 
upon hepatobiliary agent retention. For example, nearly all 
focal  nodular hyperplasia lesions demonstrate hepatobi-
liary agent uptake, whereas most hepatic adenomas do not 
[5, 6]. Available agents include gadobenate dimeglumine 
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(MultiHance; Bracco Diagnostics, Monroe Township, NJ) 
and gadoxetate disodium (Eovist; Bayer, Whippany, NJ). 
Both agents are approved in the United States for use in the 
pediatric population, with gadoxetate approved for all ages 
and gadobenate approved for children 2 years of age and older 
[7–9]. Available studies have demonstrated a safety profile 
that is similar to extracellular agents [10]. The hepatobiliary 
phase is typically imaged between 60 and 90 minutes post-
injection for gadobenate and 20 minutes for gadoxetate using 
T1-weighted fat-suppressed gradient echo (GRE) sequences.

 MR Imaging Pulse Sequences and Protocols

Commonly used MR imaging protocols for evaluation of the 
liver are shown in Table 7.1. T2-weighted sequences form an 
important component of MR liver evaluations. Commonly 
acquired T2-weighted sequences in pediatric patients include 
fat-suppressed fast spin echo sequences acquired with respi-
ratory triggering and single-shot fast spin echo sequences 
that can be acquired either free-breathing or with respiratory 
suspension. Diffusion-weighted and multiphase T1-weighted 
fat-suppressed post-contrast imaging are helpful for focal 
hepatic lesion characterization, while magnetic resonance 
cholangiopancreatography (MRCP) is a heavily T2-weighted 

sequence used to evaluate the biliary tree. A number of other 
sequences also have an important role in MR liver exami-
nations that are less commonly used in other MR imaging 
protocols. These include T1-weighted in-phase and opposed-
phase chemical shift GRE sequences for hepatic fat detection, 
multi-echo chemical shift GRE sequences for iron quantita-
tion, proton density fat fraction imaging for fat quantitation, 
and MR elastography for fibrosis assessment.

Multiphase T1-Weighted Fat-Suppressed Post-Contrast 
Imaging The liver has a dual blood supply from the hepatic 
artery and portal vein. Focal hepatic lesions often demonstrate 
characteristic enhancement patterns at various time points fol-
lowing contrast administration based upon the blood supply 
to the lesion. Multiphasic post-contrast imaging permits the 
evaluation of these enhancement characteristics using volu-
metric GRE pulse sequences, including THRIVE (Philips, 
Best, Netherlands), LAVA (GE, Waukesha, WI), and VIBE 
(Siemens, Malvern, PA), which can be performed in a single 
breath-hold (10–20 seconds). In pediatric patients who cannot 
breath-hold, these sequences can be acquired free breathing 
using standard techniques such as signal averaging or respi-
ratory triggering, with resultant loss of temporal resolution. 
Standard phases of image acquisition are timed relative to the 
start of injection and include pre- contrast, late hepatic arterial 
(25–35 seconds), portal venous (60–70 seconds when the liver 
parenchyma is uniformly enhanced), and equilibrium (120–
180 seconds; contrast located in both vascular and extracellu-
lar compartments) phases (Fig. 7.1). A delayed hepatobiliary 
phase is also included if a hepatobiliary agent is used.

Liver Fat Quantitation Noninvasive quantification of hepatic 
steatosis can be helpful in a number of different clinical sce-
narios, including the detection and monitoring of nonalcoholic 
fatty liver disease and the assessment of hepatic fat content to 
monitor obesity and insulin resistance [11]. Chemical shift 
imaging is the most commonly used MR imaging technique for 
fat detection and is based on the difference in precessional fre-
quencies of fat and water protons in a magnetic field [11]. A 
T1-weighted GRE sequence is performed at two echo times 
(corresponding to when fat and water protons are in the same 
phase or in an opposed phase), with signal loss on the opposed 
phase indicative of steatosis (Fig. 7.2).

Traditional chemical shift imaging provides a qualitative 
assessment of liver fat. A variant of the chemical shift tech-
nique, known as the Dixon method, separates the relative sig-
nal contributions of water and fat based on signal changes 
from the in- and opposed-phase sequences to generate water- 
and fat-only images [12, 13]. Dixon images can be interpreted 
visually to assess liver fat qualitatively, while quantitative 
assessment of hepatic fat can be performed using proton den-
sity fat fraction (PDFF): a more robust fat- only Dixon image 
that has been corrected for confounding factors such as T1 
bias, T2* decay, and spectral complexity of fat. PDFF is FDA-
approved for liver fat quantitation [14, 15] (Fig. 7.3). A unique 

Table 7.1 Common MR imaging sequences used in pediatric hepatic 
imaging

Sequence Plane Motion correction Acquisition 
time

2D radial or 
Cartesian 
T2-weighted 
fat-suppressed fast 
spin echo

Axial 
+/− 
coronal

Respiratory triggered 
+/− prospective 
motion correction

~3–5 minutes

Single-shot 
T2-weighted fast 
spin echo +/− fat 
suppression

Axial 
+/− 
coronal

Free breathing, 
breath-hold, or 
respiratory triggered

~30 seconds

3D heavily 
T2-weighted fast 
spin echo MRCP

Coronal Respiratory triggered ~ 5 minutes

3D T1-weighted 
in-phase and 
opposed-phase 
gradient echo

Axial Free breathing, 
breath-hold, or 
respiratory triggered

~20 seconds

PDFF/R2* 
relaxometry

Axial Breath-hold ~20 seconds

Diffusion Axial Respiratory triggered 
or free breathing

~ 3–5 minutes

3D T1-weighted 
fat-suppressed 
multiphase 
post-contrast 
gradient echo

Axial Free breathing, 
breath-hold, or 
respiratory triggered

~ 10–20 
seconds per 
phase

MR elastography Axial Free breathing, 
breath-hold, or 
respiratory triggered

~ 1–2 minutes 
(~15 seconds 
per section)

B. M. Kozak et al.
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a b

c

Fig. 7.1 Normal liver MR imaging in a 14-year-old girl. (a) Axial 
enhanced T1-weighted fat-suppressed GRE MR image acquired during the 
late arterial phase (35-second delay) shows contrast material within the 
arterial system and portal vein but not the hepatic veins. (b) Corresponding 

portal venous phase (70-second delay) MR image shows contrast material 
within the arterial system, portal vein, and hepatic veins. (c) Corresponding 
post-contrast MR image acquired during the equilibrium phase (180-sec-
ond delay) MR image shows uniform parenchymal enhancement

a b

Fig. 7.2 Hepatic steatosis in a 17-year-old boy who presented after an abnormal abdominal ultrasound study. Axial T1-weighted GRE in-phase 
(a) and opposed-phase (b) MR images show loss of signal throughout the liver on the opposed-phase image consistent with diffuse hepatic steatosis

7 Liver
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a b

c d

e f

g h

Fig. 7.3 Secondary hemosiderosis and hepatic steatosis in a 17-year-old 
boy with aplastic anemia and elevated serum ferritin following bone mar-
row transplant. (a–f) Axial non-enhanced T1-weighted GRE MR images 
obtained at multiple echo times (TE, measured in milliseconds) show 
progressively decreasing signal within the liver and spleen consistent 
with iron overload. Generated R2* (g) and PDFF maps (h) based on the 

sequence acquired in (a–f) confirm hepatic iron overload with a R2* value 
of 354 Hz within the segmented liver volume, which correlates with an 
estimated iron dry weight of 6 mg/g. Additionally, hepatic steatosis is 
present with an estimated fat fraction of 11% within the segmented liver 
volume. Of note, hepatic steatosis was not definitively evident when visu-
ally comparing the in-phase (b) and out-of-phase (a) images

B. M. Kozak et al.
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artifact referred to as “fat-water swap” can occur with chemi-
cal shift-based water-fat separation methods. This artifact 
manifests as the incorrect assignment or “swapping” of fat and 
water signals in the generated fat-only and water-only images 
as a consequence of a computational phase error in areas of 
magnetic field inhomogeneity [16–18]. As this is a computa-
tional error, the original in- and opposed-phase images are 
unaffected and can be used for interpretation (Fig. 7.4).

Liver Iron Quantitation The liver is the primary storage 
organ for iron, and as total body iron increases in conditions 
such as hereditary hemochromatosis or hemosiderosis, a con-
stant proportion of iron accumulates within the liver. Hepatic 
iron concentration is thus a good estimate of total body iron. 
Iron is paramagnetic and causes susceptibility- associated sig-
nal loss that is visible on T2*-weighted imaging and increases 
with increased echo time (TE) [19] (Fig. 7.5). Relaxometry is 
a multi-echo MR imaging technique for quantifying liver iron 
concentration based on this principle. R2 relaxometry utilizes 
a free breathing spin echo sequence, while R2∗ relaxometry 
utilizes a breath-hold GRE sequence, with the rate of signal 
decay with increasing TE directly correlated with hepatic iron 

concentration [20, 21]. Multi-echo GRE sequences are com-
mercially available and can simultaneously quantify fat via 
PDFF and iron using R2* relaxometry [trade names include 
LiverLab (Siemens), IDEAL-IQ (GE), and mDixon Quant 
(Philips)] (see Fig. 7.3) [21, 22]. R2 relaxometry is the only 
FDA-approved MR-based iron quantitation method [20]. 
However, acquisition times (15–20 minutes) are longer than 
R2* relaxometry, and commercial off-site analysis is required 
with an average turnaround time of 2–3 days.

MR Elastography Chronic liver disease, regardless of etiol-
ogy, can lead to hepatic fibrosis. If progressive, hepatic fibrosis 
can lead to cirrhosis. There is some evidence that early hepatic 
fibrosis is reversible, and therefore early detection may aid in 
the clinical management of these patients [23]. In recent years, 
MR elastography has emerged as an imaging technique for 
noninvasive measurement of hepatic fibrosis based on fibrosis-
associated hepatic parenchymal stiffening causing increased 
velocity of propagated mechanical shear waves. A continuous 
acoustic vibration is generated outside of the scanner and 
transmitted through a passive driver resting on a patient over 
the liver, leading to propagation of shear waves through the 

a b

c d

Fig. 7.4 Mild hepatic iron deposition and splenic fat-water swap arti-
fact in a 16-year-old boy with chronic anemia related to chemotherapy. 
T1-weighted in-phase (a), out-of-phase (b), fat (c), and water (d) MR 
images were produced using the Dixon method. Mild signal loss is seen 
within the liver on the in-phase compared to the out-of-phase image 

consistent with mild hepatic iron deposition. Additionally, fat-water 
swap artifact is seen within the spleen (arrows) with abnormally high 
splenic signal on the fat image and low signal on the water image that 
resulted from a computation error. Note that the in-phase and out-of- 
phase images were not affected by this artifact
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liver. The spatial location of the shear waves is encoded using 
a MR elastography sequence, most commonly a gradient-
recalled echo sequence with motion-encoding gradients [24]. 
Magnitude and phase image sets are then generated and post-
processed to yield a map of liver stiffness values (Fig. 7.6). 
Multiple studies have shown excellent correlation between 
MR elastographic stiffness values and the degree of fibrosis on 
biopsy in adults and children [24, 25].

Radial Non-Cartesian Techniques Degradation of images 
due to respiratory motion can be an important limitation in 
abdominal MR imaging, including evaluation of the liver. This 
is particularly true in young children who have more irregular 
and shallow respirations that can interfere with respiratory 
triggering. One strategy to minimize motion- related artifact is 
the use of radial K-space sampling, in which a series of radi-
ally oriented segments of K-space are acquired instead of the 
usual Cartesian linear order [26] (Fig. 7.7). This method overs-
amples the center of K-space, which encodes image contrast, 

a

b

Fig. 7.5 Secondary hemosiderosis in a 15-year-old boy who pre-
sented with chronic pancytopenia related to chemotherapy for a 
hematologic malignancy. Axial non-enhanced T1-weighted GRE in-
phase (a) and opposed-phase (b) MR images demonstrate diffuse 
loss of signal within the liver and spleen on the in-phase image com-
pared to the opposed-phase image consistent with diffuse hemosid-
erosis from repeated blood transfusions

a

b

c

Fig. 7.6 Hepatic fibrosis in a 16-year-old girl with chronic viral hepa-
titis assessed by MR elastography. Wave (a) and elastogram (b) images 
were generated as part of an axial non-enhanced MR elastogram acqui-
sition. The wave image shows propagation of shear waves through the 
liver with displacement of parenchymal tissue color coded with light 
blue representing the highest magnitudes of negative displacement and 
yellow representing highest magnitudes of positive displacement. The 
gray-scale elastogram represents hepatic stiffness in units of kilopas-
cals (kPa). A region of interest drawn over the liver elastogram yields an 
average stiffness of 3.5 kPa. With MR elastography, clinically signifi-
cant fibrosis (METAVIR stage ≥ F2) is considered when kPa is greater 
than 3  kPa. An axial non-enhanced T2-weighted fat-suppressed fast 
spin echo sequence acquired in the same study (c) demonstrates the 
anatomical correlate to the elastogram and wave images
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199

resulting in a high signal-to-noise ratio and tissue contrast 
[19]. More importantly, in-plane respiratory motion is dis-
persed along the multiple radial axes rather than a single phase 
encoding direction, leading to less motion-related artifact 
(Fig. 7.8) [27]. Radial acquisitions are most commonly applied 
to T2-weighted sequences in liver imaging, although their 
applicability to multiphase enhanced T1-weighted acquisi-
tions has also been demonstrated [28].

 Anatomy

 Embryology

The liver, biliary system, and gallbladder form during the 
fourth week of gestation. They originate from the caudal 
aspect of the foregut near the duodenum as a ventral out-
pouching (hepatic diverticulum) (Fig.  7.9) [29]. The 
hepatic diverticulum grows rapidly and forms a cranial 
and caudal division. The larger cranial division forms the 
liver. The smaller caudal division forms the gallbladder 
and cystic duct. Hematopoietic cells, Kupffer cells, and 
the connective tissue of the liver develop from the meso-
derm of the primitive diaphragm. The liver grows rapidly, 
and the biliary ductal system is complete by the 12th week 
of gestation [30].

a

b

Fig. 7.7 Cartesian versus radial K-space sampling. (a) Conventional 
Cartesian K-space sampling results in line-by-line acquisition of 
K-space data. (b) Radial K-space sampling results in acquisition of 
radially oriented blades of K-space data that pass through central 
K-space

a

b

Fig. 7.8 Cartesian versus radial T2-weighted liver MR imaging in a 
12-year- old boy. (a) T2-weighted fat-suppressed fast spin echo (FSE) 
image of the upper abdomen with respiratory triggering and standard 
Cartesian- based K-space sampling. (b) Axial T2-weighted fat-sup-
pressed FSE image of the upper abdomen with respiratory triggering 
and radial- based K-space sampling. There is much less motion degrada-
tion with radial K-space sampling than Cartesian sampling
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 Normal Development and Anatomy

The liver is located in the superior right aspect of the abdo-
men. It is nearly entirely covered by visceral peritoneum 
except at its posterosuperior portion, which directly contacts 
the diaphragm (bare area). The inferior aspect of the liver 
contains the porta hepatis through which the main portal 
vein, right and left branches of the hepatic artery, and right 
and left hepatic ducts enter or leave the liver. A unique fea-
ture of the liver is that it has a dual blood supply with approx-
imately 25% supplied by the hepatic artery and 75% supplied 
by the portal vein.

Hepatic anatomy is commonly described in terms of 
segments. The Couinaud classification system is currently 
the most commonly used segmental classification scheme 

(Figs. 7.10 and 7.11) [29, 31]. The Couinaud system divides 
the liver into eight segments, each of which constitutes an 
independent functional unit with its own portal venous branch, 
hepatic arterial branch, and biliary and lymphatic drainage. 
The segments are delineated by vertical oblique planes drawn 
though the left, middle, and right hepatic veins as well as a 
horizontal plane through the portal vein at its bifurcation. The 
left hepatic and right hepatic lobes are separated by the middle 
hepatic vein as well as a plane drawn from the inferior vena 
cava to the gallbladder fossa (the Cantlie line).

The hepatic lobule serves as the basic functional unit of 
the liver, which is comprised of portal triads at the periphery 
(hepatic arteriole, portal venule, bile duct, lymphatics) and a 
central vein (Fig. 7.12) [32]. Sinusoids connect the portal tri-
ads to the central vein, which are surrounded by sheets of 
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Fig. 7.9 Normal embryologic development of the liver. (a) The liver, bili-
ary system, and gallbladder form during the fourth week of gestation from 
the hepatic diverticulum, which arises as a ventral outpouching from the 
caudal foregut. (b–d) The hepatic diverticulum grows to form a cranial and 
caudal division. The larger cranial division forms the liver. The smaller cau-

dal division forms the gallbladder and cystic duct. The stalk of the hepatic 
diverticulum forms the common bile duct. The liver grows rapidly, and the 
biliary ductal system is complete by the 12th week of gestation when bile 
formation begins. (Image: Susanne L. Loomis, MS, FBCA; Department of 
Radiology, Massachusetts General Hospital, Boston, Massachusetts, USA)
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a

b

Fig. 7.10 Liver segmentation based on the Couinaud system. Segments 
are separated by vertical oblique lines drawn through the right, middle, 
and left hepatic veins as well as a horizontal line drawn through the 
portal vein. (a) Liver segments above the level of the portal vein. (b) 

Liver segments below the level of the portal vein. (Image: Susanne 
L.  Loomis, MS, FBCA; Department of Radiology, Massachusetts 
General Hospital, Boston, Massachusetts, USA)

a b

Fig. 7.11 MR imaging depiction of liver segmental anatomy in a 17-year-
old boy. Axial enhanced T1-weighted fat-suppressed GRE images of the 
upper abdomen acquired in the portal venous phase above (a) and below 

(b) the level of the portal vein bifurcation demonstrate segmentation of the 
liver according to the Couinaud system. Oblique vertical planes repre-
sented as lines are drawn through the right, middle, and left hepatic veins
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hepatocytes. Blood flows from the hepatic arterioles and por-
tal venules into the sinusoids and then to the venules which 
drain to the hepatic veins.

There are four types of cells found within the liver: hepa-
tocytes, endothelial cells lining sinusoids, Kupffer cells, 
and stellate cells. Hepatocytes perform biosynthesis (bile, 
 proteins, glucose, biotransformation of toxins and drugs), 
Kupffer cells function as macrophages, and stellate cells 
store molecules such as fat and vitamin A [32, 33].

 Anatomic Variants

A Riedel lobe is an anatomic variant in which there is 
downward tongue-like elongation of the right hepatic lobe 
(Fig. 7.13). Awareness of this variant is important to pre-
vent misdiagnosis of a pathological mass. Prevalence of a 
Riedel lobe has been reported to be between 3% and 31% 
in different studies, and it is more commonly found in 
females [34].

Other anatomic variants are rare and include agenesis or 
hypoplasia of the left or right hepatic lobes, supradiaphrag-
matic liver, or the presence of additional hepatic lobes that 
may be connected to the liver or ectopic [30, 35].

 Spectrum of Hepatic Disorders

 Congenital Hepatic Disorders 

Alagille Syndrome Alagille syndrome is a rare autosomal 
dominant disorder due to mutations in the Jag 1 and Notch 
signaling pathways [36]. It is a multi-system disorder that is 
diagnosed in the presence of at least three of five clinical 
features: chronic cholestasis, skeletal findings, cardiac dis-
ease, ocular abnormalities, and involvement of the face [37]. 
Within the liver, it is pathologically defined as a paucity of 
intrahepatic bile ducts. Most affected patients present with 
jaundice in early infancy. Bile duct paucity and hepatic fibro-
sis can progress over time ultimately leading to the need for 
liver transplantation in 20–50% of patients prior to adult-
hood [38].

MR imaging can be helpful in excluding the possibility 
of other etiologies of cholestasis when Alagille syndrome 
is suspected. Early findings can include a diminished 
appearance of the intrahepatic and extrahepatic biliary sys-
tem. Differentiation between Alagille syndrome and bili-
ary atresia may be difficult on MR imaging alone, with 
diagnosis relying upon a combination of biochemical, 
genetic, pathologic, and imaging tests [38]. Over time, 
findings consistent with fibrosis and portal hypertension 
can develop. Large regenerative nodules may be present, 
which are characteristically adjacent to the right portal 
vein (Fig. 7.14) [36].

Congenital Hepatic Fibrosis Congenital hepatic fibrosis 
belongs to a spectrum of fibrocystic liver diseases that 
include choledochal cysts, Caroli disease/syndrome, biliary 
hamartomas, and autosomal dominant polycystic disease. 
These abnormalities can also be associated with renal dis-
ease including autosomal recessive polycystic kidney dis-
ease [39]. The fibrocystic liver diseases are caused by 
aberrances in embryonic ductal plate development and can 
coexist with one another [40].

Central Vein
(Hepatic Vein)

Kupffer cells

Bile Duct
Hepatic Artery

Portal Vein

Sinusoids

Hepatocytes

Portal Triad

Fig. 7.12 Diagrammatic representation of the hepatic lobule. 
(Image: Susanne L.  Loomis, MS, FBCA; Department of Radiology, 
Massachusetts General Hospital, Boston, Massachusetts, USA)

Fig. 7.13 Riedel lobe in a 16-year-old girl who presented following report 
of hepatic abnormality on a CT scan. A coronal balanced steady- state free 
precession MR image of the abdomen shows an inferior tongue- like elon-
gation (arrow) of the right hepatic lobe consistent with a Riedel lobe
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Histologically, the disease is characterized by progres-
sive fibrosis between the ductal plate remnants and the adja-
cent biliary ducts as well as the presence of irregularly 
shaped bile ducts [40]. Clinical presentation is variable, 
although many affected patients present with clinical fea-
tures of portal hypertension. Important complications 
include gastrointestinal bleeding from varices, hepatic fail-
ure, ascending cholangitis, hepatocellular carcinoma, and 
cholangiocarcinoma [36].

MR imaging can demonstrate morphologic features of the 
liver that can be suggestive of congenital hepatic fibrosis, 
including hypertrophy of the left lateral segment, normal 
size or hypertrophy of the left medial segment, and atrophy 
of the right hepatic lobe [41]. Enlargement or preservation in 
size of the left medial segment is less common in other 
causes of hepatic fibrosis. T2-weighted images may demon-
strate periportal or more extensive patchy hyperintensity 
reflective of fibrosis. Other suggestive findings include 
sequelae of portal hypertension and the presence of other 
ductal plate abnormalities (Figs. 7.15 and 7.16).

 Infectious Hepatic Disorders

Viral Hepatitis Viral hepatitis can be separated into acute 
and chronic (>6 months) stages. In the acute stage, disease 
severity can vary from subclinical infection to symptomatic 
disease. Less commonly, fulminant hepatitis can occur with 
diffuse immune-mediated destruction of infected hepato-
cytes. In pediatric patients who develop chronic hepatitis, 
cirrhosis can eventually develop.

In the neonatal period and early infancy, the most com-
mon etiologies of viral hepatitis are vertically transmitted 

infections including hepatitis B (HBV), cytomegalovirus 
(CMV), parvovirus, rubella, and herpes simplex virus (HSV). 
In childhood, the most common etiologies are hepatitis A 
(HAV), HBV, and hepatitis C (HCV) [42]. HBV, especially 
when acquired perinatally, and HCV infections are the most 
common etiologies that progress to chronic infection. Both 
chronic HBV and HCV infections independently increase 
the risk for hepatocellular carcinoma [43, 44].

MR imaging is not commonly used in the evaluation of 
acute hepatitis. Although imaging findings of acute hepatitis 
are non-specific but can include hepatomegaly, gallbladder 
wall thickening, heterogeneous signal on T2-weighted 
images, heterogeneous enhancement on arterial phase post- 
contrast images, and periportal edema [45]. In chronic viral 
hepatitis, imaging findings consistent with hepatic cirrhosis 
and portal hypertension can be present. Prior to the develop-
ment of cirrhosis, the liver may appear unremarkable, or 
there can be heterogeneous enhancement, parenchymal het-
erogeneity, and surrounding lymphadenopathy.

Bacterial Infections The clinical presentation of pyogenic 
hepatic infections varies and can include subclinical hepa-
titis, symptomatic hepatitis, cholestatic jaundice, hepatic 
abscesses, and fulminant necrosis. Perinatally, Escherichia 
coli is the most common causative organism with other eti-
ologies including streptococcus, Listeria, and syphilis [30]. 
Later in childhood, Staphylococcus aureus, Streptococcus 
pyogenes, and E. coli are the most common causes of 
hepatic abscesses [42] and are more common in the immu-
nosuppressed. Other risk factors for hepatic infection include 
biliary obstruction, abdominal infectious or inflammatory 
processes secondary to pylephlebitis or contiguous spread, 
and particular animal exposures that increase the risk for 

ba

Fig. 7.14 Regenerative nodule in an 18-year-old female with Alagille 
syndrome. (a) Axial T2-weighted fat-suppressed fast spin echo (FSE) MR 
image with radial K-space acquisition demonstrates a large hypointense 
nodular mass (arrow) adjacent to the right portal vein. (b) Axial T1-weighted 

fat-suppressed GRE MR image shows the same hepatic mass (arrow) is 
isointense to slightly hyperintense compared to the surrounding hepatic 
parenchyma. These findings are consistent with a regenerative nodule in a 
characteristic location in a patient with Alagille syndrome
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Fig. 7.15 Congenital hepatic fibrosis in an 18-year-old female who 
presented for surveillance imaging. (a) Coronal balanced steady-state 
free precession MR image shows a mildly nodular contour of the liver 
consistent with cirrhosis. Cystic dilation (arrow) of the bile ducts is seen 
at the hepatic dome, where there is geographic high signal intensity of 

the liver parenchyma consistent with confluent fibrosis. Innumerable 
cysts are also seen within both kidneys. (b) Coronal balanced steady-
state free precession MR image more anteriorly demonstrates upper 
abdominal varices (arrow) and splenomegaly consistent with portal 
hypertension

ba

Fig. 7.16 An 18-year-old male with congenital hepatic fibrosis 
who presented for surveillance imaging. (a) Axial T2-weighted fat- 
suppressed fast spin echo (FSE) MR image demonstrates patchy 
T2 hyperintensity (arrows) throughout the liver. (b) Axial contrast-

enhanced T1-weighted fat-suppressed GRE MR image acquired in the 
portal venous phase demonstrates decreased enhancement (arrows) in 
the same distribution as the patchy T2-weighted hyperintensity, consis-
tent with confluent hepatic fibrosis

B. M. Kozak et al.



205

rickettsial organisms, leptospirosis, and bartonella. S. aureus 
is the most common cause of hepatic abscess in childhood, 
although most pyogenic liver abscesses are polymicrobial 
[46]. In endemic areas, tuberculosis is also an important 
cause of hepatic abscess [42].

The MR imaging findings for the majority of the above 
clinical scenarios are non-specific and can be normal or simi-
lar to those described for acute viral hepatitis. Hepatic 
abscesses can appear as a single non-loculated fluid collection, 
a multi-loculated cystic mass, multifocal lesions, diffuse 
microabscesses (such as with tuberculosis), or a phlegmonous 
process [47]. Small clustered abscesses can aggregate into a 
single large abscess (cluster sign). Hepatic abscesses demon-
strate low internal signal on T1-weighted sequences, high 
internal signal intensity on T2-weighted sequences, and sur-
rounding T2-weighted hyperintensity due to hepatic paren-
chymal edema. A double target appearance of the abscess wall 
is characteristic on T2-weighted images with an iso- to hypoin-
tense inner layer and a hyper-intense outer layer (Fig. 7.17). 
Following contrast administration, the inner layer demon-
strates early and persistent enhancement, while the outer layer 
shows delayed enhancement. Restricted diffusion is often 
present [48]. Finally, air can be seen within the abscess.

Fungal Infections Hepatic fungal infections occur most 
frequently in the setting of disseminated infection in immu-
nocompromised pediatric patients. The most common fungal 
etiologies are Candida species followed by Aspergillus, 
Cryptococcus, Histoplasma, and Mucor [47].

MR imaging is the imaging modality of choice when fungal 
infection of solid organs is suspected in pediatric patients given 
its high sensitivity and lack of ionizing radiation [42]. Imaging 
may demonstrate hepatomegaly with possible splenomegaly 
but no focal lesions. However, diffuse microabscesses are com-
monly observed and demonstrate marked T2-weighted hyper-
intensity (Fig. 7.18). Arterial phase rim enhancement can be 
present depending on the degree of neutropenia [49]. Diffusion-
weighted restriction can also be seen [48].

Amebic Infections Amebic infections occur worldwide but 
are endemic in Africa, Southeast Asia, and Central and South 
America [47]. Entamoeba histolytica is the most commonly 
implicated amebic protozoan. Infection occurs after ingestion 
of contaminated food or water. The protozoan can disseminate 
via the portal vein to the liver, where abscesses can form. Most 
amebic hepatic abscesses occur in children less than 3 years old 
[30]. Amebic hepatic abscesses are usually unilocular and soli-
tary. They occur most commonly in the right hepatic lobe near 
the liver capsule. Extension through the diaphragm into the 
thorax is highly suggestive of an amebic hepatic abscess [50].

On MR imaging, an amebic hepatic abscess is usually 
centrally T1-weighted hypointense and T2-weighted hyper-
intense. Peri-abscess edema is frequently seen, and rim 
enhancement is often present [51] (Fig. 7.19).

Echinococcus Echinococcal (also referred to as hydatid) 
infections are caused by the tapeworm Echinococcus granu-
losus and less commonly by Echinococcus multilocularis 
[42]. The liver is the most commonly involved organ [47].

MR imaging can demonstrate a unilocular cyst or a 
cyst with adjacent smaller daughter cysts. On T1- and 
T2-weighted images, the pericyst (fibrous capsule formed 

a

c

b

Fig. 7.17 Hepatic abscess in a 17-year-old girl with nausea, fever, and 
back pain. (a) Axial T2-weighted fat-suppressed MR image shows a 
hyperintense lesion (arrow), an outer hyperintense layer (target sign), 
as well as surrounding parenchymal edema. (b) Axial contrast-enhanced 
T1-weighted fat-suppressed MR image demonstrates thick rim 
enhancement. (c) Axial diffusion-weighted MR image shows restricted 
diffusion within the lesion. These findings were suspicious for a hepatic 
abscess. Cultures from the lesion eventually grew Klebsiella

7 Liver



206

a

b

c

Fig. 7.18 Hepatic fungal microabscesses in a 14-year-old boy with acute 
myeloid leukemia undergoing treatment with fever and neutropenia. (a) 
Axial T2-weighted fat-suppressed MR image shows numerous small hyper-
intense lesions (arrows) within the liver. Diffusely low signal intensity of the 
liver and spleen is consistent with iron overload from repeated blood transfu-
sions. (b) Axial diffusion-weighted MR image demonstrates high signal 
intensity within the majority of the lesions (arrows) consistent with restricted 
diffusion. (c) Axial contrast- enhanced T1-weighted, fat-suppressed MR 
image acquired during the portal venous demonstrates rim enhancement of 
one of these small lesions (arrow). Beta-D-glucan levels were elevated, and 
fungal blood cultures eventually grew Trichophyton species

a

b

c

Fig. 7.19 Hepatic amebic abscess in an 18-year-old male who pre-
sented with fevers and abdominal pain. (a) Axial T2-weighted fat- 
suppressed MR image shows a large heterogeneous lesion in the right 
hepatic lobe with surrounding edema. (b) Axial contrast-enhanced 
T1-weighted fat-suppressed MR image acquired in the equilibrium 
phase demonstrates thick peripheral enhancement of the lesion. (c) Axial 
diffusion- weighted MR image shows high signal intensity within the 
lesion consistent with restricted diffusion. These findings were consid-
ered suspicious for a hepatic abscess, with cultures growing Entamoeba 
histolytica
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by host response) is hypointense due to its fibrous compo-
sition [52]. The cyst matrix typically has low to interme-
diate signal intensity on T1-weighted images and high to 
intermediate signal intensity on T2-weighted images [52]. 
Debris can be seen within the matrix from ruptured daugh-
ter cysts. Daughter cysts usually have lower signal inten-
sity on T1-weighted images and higher signal intensity on 
T2-weighted images compared to the cyst matrix. There is 
no enhancement of the cyst contents or septa following con-
trast administration, although some delayed enhancement of 
the pericyst may be present.

If the hydatid cyst ruptures into the pericyst, floating inter-
nal membranes can be identified, which is referred to as the 
water lily sign (Fig. 7.20). Chronic hydatid cysts demonstrate 
progressive calcification of their walls and internal contents 
with complete calcification indicative of a non- viable cyst [42].

 Diffuse Hepatic Parenchymal Disorders

 Metabolic Disorders

Glycogen Storage Disease Glycogen storage diseases (GSDs) 
are a collection of autosomal recessive diseases characterized 
by enzymatic defects involved in glycogen metabolism. In the 
GSDs that involve the liver, the enzymatic defects lead to the 
hepatic buildup of glycogen or its metabolites, hepatomegaly, 
and hypoglycemia. The most common GSD with hepatic 
involvement is type I GSD (von Gierke disease). It is caused by 
a deficiency in glucose 6-phosphatase. Other GSDs with 
hepatic involvement are type 0 (glycogen synthetase defect), 
type III (Cori disease, glycogen debranching enzyme defect), 

and type IV (Andersen disease, glycogen branching enzyme 
defect) [53].

Type I GSD manifests around 3 months of age with hypo-
glycemia and hepatomegaly [54]. Hepatic steatosis often 
develops, and hepatic adenomas are also common, with up 
to 75% of patients with type I GSD developing adenomas 
by the second decade of life (Fig.  7.21) [55]. The imag-
ing features of adenomas are discussed later in this chap-
ter. Routine surveillance imaging is recommended to assess 
for development of adenomas, usually ultrasound every 
1–2 years until 16 years of age [56]. If adenomas are pres-
ent, contrast- enhanced MR imaging or CT is recommended 
every 3–6 months to assess risk of adenoma hemorrhage or 
malignant transformation [53]. Progression to fibrosis and 
cirrhosis is not commonly observed in type I GSD but com-
mon with the other GSDs described above [53].

Gaucher Disease Gaucher disease is an autosomal reces-
sive lysosomal storage disease that results from a deficiency 
in the lysosomal enzyme glucocerebrosidase. This deficiency 
causes the accumulation of glucosylceramide within the 
lysosomes of reticuloendothelial cells. Three clinical sub-
types exist, with over 90% of cases classified as type I [57, 
58]. This subtype has no neurologic symptoms and occurs 
most commonly in people of Ashkenazi-Jewish descent. The 
age of presentation ranges from childhood to adulthood, and 
clinical manifestations include hepatosplenomegaly, anemia, 
thrombocytopenia, and bone disease (bone crises, avascular 
necrosis, and fractures) [58].

MR imaging of the liver in affected pediatric patients 
shows hepatomegaly, which is often less marked than the 
degree of splenomegaly (Fig. 7.22) [59]. Lipid-laden macro-

a b

Fig. 7.20 Echinococcal hepatic infection in a 12-year-old girl status 
post liver transplant who presented with fever and abdominal pain. (a) 
Axial T2-weighted fat-suppressed MR image show a hyperintense lesion 
in the liver with an internal hypointense floating membrane. There is no 

substantial surrounding hepatic parenchymal edema. (b) Axial enhanced 
T1-weighted non-fat-suppressed MR image shows mild peripheral 
enhancement but no internal enhancement within this lesion. Pathology 
following excision confirmed an echinococcal infection
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Fig. 7.21 Hepatic adenoma in an 18-year-old female with known von 
Gierke disease who presented with abdominal pain. (a) Coronal bal-
anced steady-state free precession MR image demonstrates hepatomeg-
aly. (b) Axial T2-weighted fat-suppressed MR image shows a mildly 
hyperintense mass in the right hepatic lobe with cystic change. (c) Axial 
enhanced T1-weighted fat-suppressed MR image obtained in the arterial 

phase shows heterogeneous hyperenhancement of the mass. (d) Axial 
enhanced T1-weighted fat-suppressed MR image obtained in the equi-
librium phase shows isointensity of the mass relative to the hepatic 
parenchyma. (e) Axial enhanced T1-weighted fat-suppressed MR image 
obtained in the hepatobiliary phase shows hypointensity of the mass. 
These MR imaging findings are suggestive of a hepatic adenoma
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phages (Gaucher cells) may form nodules that appear 
hypointense on T1-weighted images and hyperintense on 
T2-weighted images. Areas of fibrosis can also be seen.

 Iron Deposition in the Liver

Hereditary Hemosiderosis Hereditary hemochromatosis is 
an autosomal recessive disease that results in parenchymal 
iron deposition. It is caused by a mutation in the HFE (high 
iron Fe) gene resulting in increased gastrointestinal iron 

absorption. Eventually, this excess iron is deposited intracel-
lularly within various organs, particularly the liver, pancreas, 
heart, pituitary gland, synovium of joints, and skin. Within 
the cell, iron can catalyze the production of free radicals 
leading to cellular damage. Symptoms typically begin in 
adulthood; however, a neonatal form of hemosiderosis does 
exist that can present with hepatic failure along with pancre-
atic and cardiac abnormalities (Fig. 7.23) [59].

a

b

Fig. 7.22 Hepatosplenomegaly in an 18-year-old female with known 
Gaucher disease who presented with abdominal pain. Coronal (a) and 
axial (b) T1-weighted GRE MR images demonstrate hepatosplenomegaly

b

a

Fig. 7.23 Neonatal hemochromatosis in a 2-month-old boy who pre-
sented with liver function test abnormalities. Axial (a) and coronal (b) 
T2-weighted fat-suppressed MR images show cirrhotic morphology of 
the liver and ascites, with diffusely decreased intensity of the liver and 
pancreas (arrow) and sparing of the spleen suggestive of iron overload 
from hereditary hemochromatosis
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Within the liver, iron accumulation may lead to hepato-
megaly and eventual cirrhosis. Hepatocellular carcinoma and 
cholangiocarcinoma are late complications [60]. MR imag-
ing is the modality of choice to quantify parenchymal iron 
deposition [59] and assess the need for therapeutic phlebot-
omy (see Liver Iron Quantitation).

Secondary Hemosiderosis Secondary hemosiderosis refers 
to iron overload usually from frequent blood transfusions, 
iron-loading anemia, or frequent iron transfusions. In com-
parison to hereditary hemochromatosis where excess iron 
predominantly deposits within parenchymal cells, the iron in 
transfusions is primarily taken up by reticuloendothelial 
cells in the liver, bone marrow, and spleen. Hepatic dysfunc-
tion from secondary hemosiderosis is less common [61].

MR imaging findings in secondary hemosiderosis are simi-
lar to those with hereditary hemochromatosis with the excep-
tion of the typical organs involved. In secondary hemosiderosis, 
the liver, bone marrow, and spleen usually demonstrate iron 
overload (Fig. 7.24). Hereditary hemochromatosis, by contrast, 
tends to spare the spleen but involves the pancreas. MR-based 
liver iron quantitation is beginning to replace liver biopsy as a 
noninvasive diagnostic tool in determining which hemosidero-
sis patients are candidates for iron chelation therapy.

Hepatic Steatosis

Nonalcoholic fatty liver disease (NAFLD) is the most 
common form of hepatic steatosis in pediatric patients. It 
is also the most common cause of chronic hepatic disease 
in this patient population. NAFLD can manifest as hepatic 
steatosis, nonalcoholic steatohepatitis (NASH), fibrosis, 
and cirrhosis [62]. Other possible etiologies of hepatic 

steatosis include viral hepatitis, medication side effects 
(corticosteroids, valproic acid, amiodarone, methotrexate, 
various chemotherapy agents), total parental nutrition, 
extreme malnutrition, familial hyperlipoproteinemia, and 
glycogen storage diseases [63].

Hepatic steatosis is easily identified by MR imaging using 
T1-weighted in-phase and opposed-phase GRE sequences 
(Fig. 7.25). These sequences demonstrate loss of signal on 
the opposed-phase images in regions of hepatic steatosis. 
MR spectroscopy has also been demonstrated to be highly 
accurate for quantifying hepatic fat [11] but is limited by 
spatial coverage. MR-based proton density fat fraction 
(PDFF) is FDA-approved and provides whole liver fat quan-
titation (see Liver Fat Quantitation).

Hepatic steatosis can be diffuse or heterogeneous with 
focal areas of fatty deposition or fatty sparing. Typical loca-
tions for focal fatty deposition or fatty sparing include adja-
cent to the falciform ligament, gallbladder fossa, porta 
hepatis, or in subcapsular regions. In comparison to mass 
lesions, areas of focal fatty deposition or focal sparing do not 
exhibit mass effect, have a geographic distribution, and have 
ill-defined or angulated margins.

Hepatic Cirrhosis

Cirrhosis represents end-stage liver disease that can result 
from any chronic or repetitive hepatic injury. Etiologies 
include various infectious, metabolic, biliary, and vascular 
processes (Table  7.2) [64]. Hepatic cirrhosis is character-
ized by progressive hepatic fibrosis and the presence of 
regenerative nodules. Complications include sequelae of 
portal hypertension, coagulopathies, hepatorenal syndrome, 
and hepatocellular carcinoma.

a b

Fig. 7.24 Secondary hemosiderosis in a 16-year-old boy with acute 
myeloid leukemia requiring repeated transfusions for chronic ane-
mia who presented with abdominal pain. Axial T1-weighted GRE 
MR images obtained out-of-phase (a) and in-phase (b) demonstrate 

decreased signal in the liver and spleen on the in-phase image. There is 
no change in MR signal within the pancreas. These findings are consis-
tent with iron overload from secondary hemosiderosis
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The morphologic changes characteristic of cirrhosis are 
well demonstrated on MR imaging. These changes include a 
nodular liver contour, hypertrophy of the caudate lobe and 
left lateral segment, atrophy of the right hepatic lobe with 
posterior notching, and widening of the gallbladder fossa 
and other hepatic fissures. Sequelae of portal hypertension 
can be present.

Hepatic fibrosis manifests as areas of hyperintensity on 
T2-weighted images and hypointensity on T1-weighted 
images. Post-contrast images demonstrate reduced enhance-
ment in the arterial phase followed by increased enhance-
ment in the portal venous and equilibrium phases.

Nodules are usually present in the cirrhotic liver. The major-
ity of these nodules are benign regenerative nodules reflect-
ing reparative efforts of the hepatic parenchyma. They have 

variable signal on T1-weighted images and are usually isoin-
tense or hypointense on T2-weighted images. Regenerative 
nodules are isointense or hypointense to hepatic parenchyma 
on post-contrast images, without arterial hyperenhancement 
(Fig. 7.26) [65].

Dysplastic nodules contain abnormal but noncancer-
ous cells on histology. Low-grade dysplastic nodules can 
be indistinguishable from regenerative nodules on MR 
imaging. High-grade dysplastic nodules can be difficult 
to distinguish from well-differentiated hepatocellular 
carcinoma. They are often hyperintense on T2-weighted 
images and may demonstrate arterial phase enhancement 
without washout on the portal venous on post-contrast 
imaging. Dysplastic nodules are also more likely to dem-
onstrate microscopic fat or siderosis. Siderotic nodules 
refer to the presence of iron in regenerative and dysplastic 
nodules, which are associated with low signal intensity on 
T1-weighted GRE and T2-weighted fast spin echo (FSE) 
imaging.

 Neoplastic Hepatic Disorders

 Benign Hepatic Neoplasms

Hepatic Hemangioma Hepatic hemangiomas (previously 
called infantile hemangioendotheliomas) are vascular 
tumors that are the most common benign liver masses in 
children. They are divided into congenital and infantile 
subtypes. Congenital hemangiomas develop perinatally 
and do not proliferate after birth. Congenital hemangio-
mas are further divided into rapidly involuting congenital 
hemangiomas (RICH) and non-involuting congenital 
hemangiomas (NICH). The former involute entirely, usu-

a b

Fig. 7.25 Hepatic steatosis in a 17-year-old boy with obesity who pre-
sented with abnormal liver function tests. Axial T1-weighted GRE MR 
images obtained in-phase (a) and out-of-phase (b) demonstrate diffuse 

loss of signal intensity in the liver parenchyma on opposed-phase 
images consistent with steatosis

Table 7.2 Etiologies of hepatic cirrhosis in pediatric patients

Nonalcoholic fatty liver disease
Biliary atresia
Primary biliary cirrhosis
Primary sclerosing cholangitis
Budd-Chiari syndrome
Alagille syndrome
Congenital hepatic fibrosis
Hereditary hemochromatosis or secondary hemosiderosis
Chronic viral hepatitis
Glycogen storage disease
Wilson disease
Tyrosinemia
Galactosemia
Fructosemia
Cystic fibrosis
Autosomal recessive polycystic kidney disease
Drugs and toxins
Total parental nutrition
Cardiomyopathies and constrictive pericarditis
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Fig. 7.26 Hepatic cirrhosis in a 10-year-old boy with secondary scleros-
ing cholangitis. (a) Coronal T2-weighted MR image demonstrates nodular 
contour of the liver and splenomegaly consistent with hepatic cirrhosis with 
multiple hypointense nodules. There is gallbladder wall thickening and 
pericholecystic fluid, which are likely reactive changes related to cirrhosis. 
(b) Axial T2-weighted fat-suppressed MR image redemonstrates hypoin-
tense nodules within the liver with small-volume ascites adjacent to the 
liver. (c) Axial T1-weighted GRE MR image demonstrates mildly increased 

signal intensity to the liver nodules. (d) Axial enhanced T1-weighted fat-
suppressed MR image acquired during the arterial phase shows no enhance-
ment of the liver nodules. (e) Axial enhanced T1-weighted fat-suppressed 
MR image acquired during the portal venous phase again shows no 
enhancement or washout of the liver nodules. Together, the imaging fea-
tures of the liver nodules are consistent with regenerative nodules. Upper 
abdominal varices (arrow) are evident. Irregular dilation of bile ducts in the 
left hepatic lobe is consistent with sclerosing cholangitis
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ally by 14 months of age [66]. The latter does not involute 
and may grow proportionally to the patient. Infantile hem-
angiomas develop shortly after birth and can grow rapidly 
in the first few months of life. An involuting phase then 
ensues, typically beginning around 12 months of life. The 
majority of hemangiomas are clinically occult. Infantile 
hemangiomas are often associated with cutaneous heman-
giomas [67].

Congenital hemangiomas are usually solitary lesions. On 
MR imaging, they demonstrate T1-weighted hypointensity and 
T2-weighted hyperintensity, although hemorrhage and calcifi-
cation can alter signal intensity on both sequences. Post-contrast 
images demonstrate early peripheral nodular enhancement and 
classically exhibit progressive centripetal enhancement on 
delayed images [68, 69]. Infantile hemangiomas are usually 
multifocal or diffuse. Hepatomegaly may be present. Signal 
intensity and enhancement patterns are similar to those for 
congenital hemangiomas, although lesions can show more 
homogeneous enhancement (Figs. 7.27 and 7.28). Flow voids 
can be present within or adjacent to these lesions reflecting 
enlarged contributory hepatic arteries and veins. Enlargement 
of the upper abdominal aorta, celiac trunk, hepatic arteries, and 
inferior vena cava may be evident [68, 69].

Mesenchymal Hamartoma Mesenchymal hamartomas are 
the second most common benign liver mass in children [70]. 

These tumors reflect uncoordinated mesenchymal prolifera-
tion that also contain unencapsulated cysts, bile ducts, and 
hepatocytes [71]. The majority of mesenchymal hamartomas 
are identified in pediatric patients younger than 2 years of 
age with 95% discovered by 5 years of age [68].

On MR imaging, mesenchymal hamartomas can range 
from predominantly cystic masses to predominantly solid 
masses. The solid portions of the tumor tend to have decreased 
signal intensity on both T1-weighted and T2-weighted 
images because of fibrosis [68]. Solid components and septa 
demonstrate mild enhancement (Fig. 7.29). Calcification and 
hemorrhage are uncommon.

Focal Nodular Hyperplasia Focal nodular hyperplasia (FNH) 
is uncommonly seen in pediatric patients [71]. The average age 
of diagnosis is between 2 and 5 years [72]. FNH is comprised 
of hyperplastic hepatocytes, biliary ductules that do not con-
nect to the biliary tree, Kupffer cells, and a central stellate 
fibrous scar that contains malformed vessels [71]. Necrosis and 
hemorrhage are uncommon.

On MR imaging, FNH is commonly homogeneous in 
appearance with iso- to slight hypointensity on T1-weighted 
images and iso- to slight hyperintensity on T2-weighted 
images. The central scar, if present, is hypointense on 
T1-weighted images and hyperintense on T2-weighted images. 
Post-contrast images demonstrate uniform  hyperenhancement 

a b c

Fig. 7.27 Hepatic infantile hemangiomas in a 2-month-old boy who 
presented with multiple cutaneous hemangiomas and increasing hepa-
tomegaly. (a) Coronal T2-weighted fat-suppressed MR image shows 
multiple large hyperintense masses within an enlarged liver containing 
flow voids. (b) Coronal T1-weighted fat-suppressed MR image shows 

the masses to be hypointense to surrounding liver. (c) Coronal fast spin 
echo (FSE) inversion recovery MR image redemonstrates multiple flow 
voids within the hepatic masses. Additionally, there is abrupt decrease 
in caliber of the aorta following the takeoff of the celiac trunk
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Hepatobiliary
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Fig. 7.28 Common MR imaging characteristics for different benign 
and malignant hepatic lesions. T2-weighted, pre-contrast T1-weighted, 
post-contrast arterial phase, and hepatobiliary phase signal characteris-
tics are shown for a simple cyst, hemangioma, adenoma, focal nodular 

hyperplasia, fibrolamellar hepatocellular carcinoma, metastasis, and 
hepatocellular carcinoma. Note that while these lesions commonly have 
these MR imaging patterns, their signal characteristics can be variable
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on the arterial phase as well as isointensity on the portal 
venous and equilibrium phases. On the equilibrium phase, 
there is enhancement of the central scar [68]. If a hepatobili-
ary contrast agent is used, hepatobiliary phase images show 
retention of contrast within the lesion, often in a spoked wheel 
configuration because of the central scar (Fig. 7.30 and see 
Fig. 7.28) [71]. Pediatric patients with a prior history of malig-
nancy treated with chemotherapy are known to have a higher 
likelihood of developing FNH or FNH-like lesions in the 
years following treatment, possibly as a response to therapy-
induced hepatic vascular injury. It is important to distinguish 
delayed  FNH development from metastatic disease in this 
population [73].

Hepatocellular Adenoma Hepatocellular adenomas are uncom-
mon benign tumors in the pediatric population composed of 
hepatocytes arranged in sheets or cords that can have 
increased concentrations of fat and glycogen. Large peritu-
moral arteries supply the sinusoids within the mass, which 
are believed to increase the risk for hemorrhage [68]. Several 
different subtypes of adenomas have been described based 
on genetic and histopathologic features. These subtypes can 
have different biological behavior as well as imaging charac-
teristics [74].

Inflammatory adenomas are the most common subtype 
and mainly seen in females with obesity/metabolic syndrome 
or oral contraceptive (OCP) use. They have the highest risk 
for bleeding. The most common MR imaging features are 
T2-weighted hyperintensity (which can be marked and more 
prominent peripherally) and arterial phase hyperenhance-
ment that persists on the portal venous phase. Delayed wash-
out is not typical. Inflammatory adenomas can have variable 
degrees of intralesional fat and variable contrast uptake on 
the hepatobiliary phase [74, 75] (Fig. 7.31 and see Fig. 7.28).

Hepatocyte nuclear factor 1-α (alpha) inactivated (HNF-1α) 
adenomas are the second most common subtype and are 
almost exclusively seen in females with oral contraceptive 
use. They have the lowest risk of malignant transformation 
to hepatocellular carcinoma. MR imaging features include 
T2-weighted isointensity, arterial phase hyperenhancement 
that does not persist on the portal venous phase, and with-
out delayed washout. The presence of intralesional lipid 

a

b

c

Fig. 7.29 Mesenchymal hamartoma in an 11-month-old boy who pre-
sented with abdominal distension. (a) Coronal T1-weighted fat-sup-
pressed MR image shows a large multi-cystic mass in the left hepatic 
lobe. (b) Axial T2-weighted fat-suppressed MR image redemonstrates 
the predominantly cystic mass with multiple septa. (c) Axial contrast-
enhanced T1-weighted fat-suppressed MR image shows enhancement 
of the solid components of the cystic mass. These findings are consis-
tent with a mesenchymal hamartoma
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 exhibiting signal loss on opposed-phase chemical shift 
 imaging is the most specific MR imaging feature [74, 75]. 
This subtype is almost always hypointense on the hepatobili-
ary phase.

The β (beta)-catenin-mutated adenomas are the least 
common subtype. They occur more frequently in males with 
glycogen storage diseases or anabolic steroid use. They have 
the highest risk for malignant transformation. There are no 
characteristic imaging features that help distinguish this 
subtype from the others, but they are more likely to demon-
strate  suspicious imaging features such as delayed contrast 
washout or pseudocapsule (Table 7.3) [74, 75].

Angiomyolipoma The liver is the second most common site 
for angiomyolipomas (AMLs) following the kidney. There is 
an association with tuberous sclerosis, although not as strong 
as with renal AMLs [76]. Histologically, AMLs reflect an 

unencapsulated lesion comprised of varying amounts of fat, 
smooth muscle, and vascular tissue.

On MR imaging, AMLs are typically T1-weighted hyper-
intense due to intra-tumoral fat. The diagnosis of AML on 
MR imaging is based on signal loss within the lesion on 
T1-weighted or T2-weighted images with fat suppression, 
although lipid-poor AMLs without detectable fat are com-
mon. Signal loss on opposed-phase T1-weighted imaging 
is not sufficient to diagnose AMLs, as hepatocellular car-
cinomas can also demonstrate intracellular lipid. AMLs are 
 typically hyperintense on T2-weighted images, although 
lipid-poor AMLs often show low T2-weighted signal inten-
sity (Fig.  7.32). Post-contrast imaging most commonly 
demonstrates arterial phase hyperenhancement with portal 
venous and equilibrium phase washout [77]. There is usu-
ally no retention of hepatobiliary contrast agents during the 
hepatocyte phase.

a b

c d

Fig. 7.30 Focal nodular hyperplasia in a 15-year-old boy who pre-
sented after incidental detection of a hepatic mass on a spine MR 
imaging. (a) Axial T2-weighted fat-suppressed MR image shows a 
hyperintense focus in the right hepatic lobe. (b) Axial enhanced 
T1-weighted fat- suppressed MR image acquired in the late arterial 
phase shows the lesion to be hyperenhancing. (c) Axial enhanced 

T1-weighted fat-suppressed MR image acquired in the portal venous 
shows the lesion to be isointense. (d) Axial enhanced T1-weighted 
fat-suppressed MR image acquired in the hepatobiliary phase shows 
retention of contrast within the lesion, with central hypointensity 
that may reflect a scar
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a b

c d

Fig. 7.31 Hepatic adenoma in an 18-year-old female on oral contracep-
tives. (a) Axial T2-weighted fat-suppressed MR image shows a hyperintense 
focus in the liver. (b) Axial enhanced T1-weighted fat-suppressed MR 
image acquired in the late arterial phase shows the lesion to be hyperenhanc-

ing. (c) Axial enhanced T1-weighted fat-suppressed MR image acquired in 
the portal venous shows the lesion to be isointense to mildly hyperintense. 
(d) Axial enhanced T1-weighted fat-suppressed MR image acquired in the 
hepatobiliary phase shows lack of contrast retention within the lesion

Table 7.3 Subtypes of hepatic adenomas

Subtype Risk factors Clinical features T2WI T1WI T1WI in−/
out-of-phase

DWI Post-contrast

Inflammatory •  OCPs
•  Obesity
•  Metabolic 

syndrome 

•  Highest-risk for 
bleeding

•  Elevated 
C-reactive 
protein

•  Leukocytosis
•  Fever
•  Chronic anemia

Hyperintense, 
possibly 
more 
prominent in 
the periphery

Hypointense Uncommon 
signal loss on 
out-of-phase 
due to 
intralesional 
fat

Restriction •  Arterial phase 
hyperenhancement that persists 
on the portal venous and 
delayed phases

•  Variable retention of contrast on 
hepatobiliary phase

Hepatocyte 
nuclear factor 
1α (HNF-1α) 
inactivated

OCPs Most indolent Iso- or mildly 
hyperintense

Hyperintense Loss of signal 
on out-of-
phase due to 
intralesional 
fat

No 
restriction

•  Arterial phase 
hyperenhancement that does not 
persist on the portal venous and 
delayed phases 

•  Hypointense on hepatobilliary 
phase

β-Catenin 
mutated

•  Glycogen 
storage 
disease

•  Anabolic 
steroid use

Highest risk for 
transformation to 
HCC

Variable but 
most often 
hyperintense

Variable but 
most often 
hypointense

Variable Variable •  Arterial phase 
hyperenhancement with variable 
persistence on the portal venous 
and delayed phases 

•  Variable retention of contrast on 
hepatobiliary phase

DWI diffusion-weighted imaging, OCPs oral contraceptives, HCC hepatocellular carcinoma
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Fig. 7.32 Hepatic angiomyolipoma in a 13-year-old boy with tuber-
ous sclerosis who presented for surveillance imaging. (a) Axial 
T2-weighted MR image shows a hyperintense lesion in the right hepatic 
lobe. Axial T1-weighted non-fat-suppressed (b) and fat-suppressed (c) 
MR images show loss of signal within the lesion on the fat-suppressed 

image consistent with intralesional fat. (d) Axial enhanced T1-weighted 
fat- suppressed MR image acquired in the arterial phase shows hyperen-
hancement of the lesion. (e) Axial enhanced T1-weighted fat- suppressed 
MR image acquired in the portal venous phase shows contrast washout
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Nodular Regenerative Hyperplasia Nodular regenerative 
hyperplasia (NRH) is characterized by the presence of 
regenerative nodules surrounded by atrophied and non-
fibrotic liver. It can occur in patients of any age and has been 
reported in children [78, 79]. The etiology is unknown but 
may reflect compensatory hyperplasia adjacent to areas of 
atrophy that result from decreased blood flow. Associated 
conditions include hematologic disorders, autoimmune dis-
orders, collagen vascular disease, and Budd-Chiari syn-
drome [68]. NRH may be asymptomatic or can cause portal 
hypertension.

MR imaging features of NRH are variable. Nodules 
are most commonly mildly hyperintense on T1-weighted 
imaging with variable signal on T2-weighted images. A 
T2-weighted hyperintense rim can be present. T1-weighted 
chemical shift sequences may demonstrate the presence of 
lipid within the nodule. Contrast enhancement tends to fol-
low the normal hepatic parenchyma (Fig. 7.33) [68].

 Malignant Hepatic Neoplasms

Hepatoblastoma Hepatoblastoma is the most common pri-
mary malignant liver tumor in the pediatric population. 
Approximately 68% of cases are diagnosed prior to 2 years 
of age, and 90% are diagnosed prior to 5 years of age [70, 
80]. There is a male-to-female ratio of 2:1. Hepatoblastomas 
are associated with Beckwith-Wiedemann syndrome, famil-
ial adenomatous polyposis, trisomy 18, Gardner syndrome, 
fetal alcohol syndrome, and type IA glycogen storage dis-
eases [81]. There is also an association with prematurity and 
low birth weight [71]. There are two main histological types, 
epithelial and mixed epithelial, which have different imaging 
features. Serum alpha fetoprotein (AFP) levels are usually 
elevated.

On imaging, hepatoblastomas are usually well-defined 
masses that can be singular or multifocal. However, they 
can also appear as diffusely infiltrative lesions. Focal 
lesions are more commonly located in the right hepatic 
lobe [81]. Epithelial hepatoblastomas are most commonly 
homogeneously T1-weighted hypointense and T2-weighted 
hyperintense. Mixed tumors have more heterogeneous sig-
nal due to calcification, hemorrhage, fibrotic septa, and 
necrosis. Both types demonstrate heterogeneous contrast 
enhancement including washout compared with normal 
parenchyma on venous or equilibrium phase imaging 
(Fig. 7.34) [71, 82].

Vascular invasion from hepatoblastoma can be present, 
more commonly affecting the portal vein than the hepatic 
veins. Distant metastases are present in less than 10% 
of cases, most commonly involving the lungs [71]. The 

a
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Fig. 7.33 Nodular regenerative hyperplasia in an 11-year-old boy with 
Budd-Chiari syndrome who presented for surveillance imaging. (a) 
Axial T1-weighted fat-suppressed MR image shows a hyperintense 
mass in the right hepatic lobe. (b) Axial non-enhanced T2-weighted 
fat-suppressed MR image shows isointensity of the lesion to surround-
ing liver. (c) Axial enhanced T1-weighted fat-suppressed MR image 
shows similar enhancement of the lesion compared to the background 
hepatic parenchyma
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PRETEXT classification system is commonly used in the 
staging of hepatoblastoma based on imaging. PRETEXT 
staging has been shown to predict overall survival in 
patients with hepatoblastoma and can be helpful in treat-
ment planning [83]. In PRETEXT, the liver is divided into 
four sections: left lateral (segments II/III), left medial (IVa/
IVb), right anterior (V/VIII), and right posterior (VI/VII). 
A PRETEXT group (I–IV) is assigned based on the num-
ber of sections involved by the tumor. Additional annota-
tion factors can also be assigned to help further risk stratify 
based on the presence of other findings such as vascular 
involvement, distant metastases, and caudate lobe involve-
ment [83].

Hepatocellular Carcinoma Hepatocellular carcinoma 
(HCC) is the most common primary hepatic malignancy in 
adolescence and the second most common primary hepatic 
malignancy in pediatric patients [82]. HCC most commonly 
occurs in patients aged 10–14 years [81]. Unlike in adults, 
HCC in pediatric patients does not usually occur in the set-
ting of underlying liver disease/cirrhosis [84]. Similar to 
hepatoblastomas, AFP levels are commonly elevated.

On MR imaging, typical features of HCC include avid 
arterial phase enhancement, hypointensity to the liver paren-
chyma on the portal venous and equilibrium phases (wash-
out), an enhancing fibrous pseudocapsule on portal venous 
and equilibrium phases, and hypointensity on the hepatobili-
ary phase [85] (Fig. 7.35 and see Fig. 7.28). HCC is usually 
slightly T2-weighted hyperintense and T1-weighted hypoin-

tense. Heterogeneity may be present due to the presence of 
hemorrhage, fat, calcification, and necrosis. HCC has a pro-
pensity for vascular invasion, occurring in approximately 
75% of cases [71]. Metastases are most common to the lung, 
brain, and bones.

Fibrolamellar Carcinoma Fibrolamellar carcinoma 
(FLC) is a variant of HCC that occurs in young adults and 
adolescents with 85% of affected patients diagnosed prior 
to 35  years of age [71]. FLC can occur in children as 
young as 10 years [86]. Affected patients typically do not 
have underlying liver disease. Outcomes are similar 
between HCC and FLC in patients without underlying 
liver disease [86, 87].

MR imaging typically demonstrates a large well-defined 
hepatic mass that is T1-weighted hypo- to isointense and 
T2-weighted hyperintense. There is avid heterogeneous 
enhancement on the arterial phase with washout on the portal 
venous and equilibrium phases [81]. FLC appears hypoin-
tense on the hepatobiliary phase, which distinguishes it from 
FNH. A fibrous central scar can be present, which is hypoin-
tense on T1−/T2-weighted imaging and does not enhance 
(Fig. 7.36 and see Fig. 7.28) [82].

Metastasis A number of different pediatric neoplasms can 
metastasize to the liver, the most common of which include 
neuroblastoma, Wilms tumor, and lymphoma. Hepatic 
metastases can present as single or multiple masses. Less 
often, hepatic metastasis can be diffusely infiltrative with 

a b

Fig. 7.34 Hepatoblastoma in an 11-month-old girl with Beckwith- 
Wiedemann syndrome who presented for surveillance imaging. (a) 
Axial T2-weighted fat-suppressed MR image demonstrates a heteroge-

neously T2-weighted hyperintense mass in the right hepatic lobe. (b) 
Axial enhanced T1-weighted fat-suppressed MR image shows hetero-
geneous enhancement of the mass
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Fig. 7.35 Hepatocellular carcinoma in an 18-year-old male with biliary 
atresia complicated by cirrhosis. (a) Axial T2-weighted fat-suppressed 
MR image shows a heterogeneous mass in the right hepatic lobe. The 
liver contour is nodular, consistent with cirrhosis. (b) Axial enhanced 
T1-weighted fat-suppressed MR image obtained in the arterial phase 
shows hyperenhancement of the lesion. Upper abdominal varices are 

present. (c) Axial enhanced T1-weighted fat-suppressed MR image 
obtained in the portal venous phase shows isointensity of the lesion. (d) 
Axial enhanced T1-weighted fat-suppressed MR image obtained in the 
equilibrium phase shows washout and a delayed enhancing pseudocap-
sule. (e) Axial enhanced T1-weighted fat-suppressed MR image obtained 
in the hepatobiliary phase shows a lack of contrast retention in the lesion
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hepatomegaly and architectural distortion, most commonly 
with neuroblastoma [71].

MR imaging features of hepatic metastasis are vari-
able depending on the primary malignancy (Figs.  7.37 
and 7.38, and see Fig.  7.28), but metastases tend to be 
T1-weighted hypointense and T2-weighted hyperintense. 
They may demonstrate restricted diffusion. Hypervascular 
hepatic  metastases can be hyperenhancing on arterial 
phase images with isointensity or hypointensity on portal 
venous and equilibrium phase images. Meanwhile, hypo-
vascular metastases may be most conspicuous on portal 
venous phase images where they are hypointense to sur-
rounding hepatic parenchyma. Hypovascular metastases 
can also demonstrate a thin rim of hyperenhancement on 
post-contrast images. Metastases are typically hypointense 
compared with normal liver on the hepatobiliary phase [8].

Hepatic lymphoma is usually secondary as primary 
hepatic lymphoma is rare. Both Hodgkin and non-Hodg-
kin lymphomas involve the liver in more than half of 
patients [71]. Hepatic lymphomas can be solitary, mul-
tifocal, or diffusely infiltrative. MR imaging features are 
variable, with lesions more likely to demonstrate low 
signal intensity on T2-weighted images compared with 
other malignancies. Restricted diffusion can be present. 
Enhancement characteristics of hepatic lymphoma are 
variable, but some solid lesion enhancement should be 
present [88] (Fig. 7.39). The presence of lymphadenopa-
thy and splenic lesions can help raise suspicion for this 
etiology.

Undifferentiated Embryonal Sarcoma Undifferentiated 
embryonal sarcoma (UES) is the third most common pri-

a b
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Fig. 7.36 Fibrolamellar carcinoma in a 14-year-old boy who presented 
with abdominal pain. (a) Axial T2-weighted fat-suppressed MR image 
shows a hyperintense mass in the left hepatic lobe with a radiating cen-
tral hypointense fibrotic scar. (b) Axial T1-weighted fat-suppressed MR 
image shows a slightly hypointense mass in the left hepatic lobe with a 
radiating central hypointense fibrotic scar. (c) Axial enhanced 

T1-weighted fat-suppressed MR image obtained in the arterial phase 
shows a hyperenhancing mass in the left hepatic lobe. The central scar 
is non-enhancing. (d) Axial enhanced T1-weighted fat-suppressed MR 
image obtained in the portal venous phase shows an iso-enhancing mass 
in the left hepatic lobe. The central scar remains non-enhancing
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Fig. 7.37 Hepatic metastasis in an 18-year-old male with testicular 
rhabdomyosarcoma. (a) Axial T2-weighted fat-suppressed MR image 
shows a hyperintense lesion in the right hepatic lobe. (b) Axial 
T1-weighted fat-suppressed MR image shows the lesion is hypointense. 
(c) Axial enhanced T1-weighted fat-suppressed MR image acquired 

during the late arterial phase demonstrates lesional rim enhancement. 
(d) Axial enhanced T1-weighted fat-suppressed MR image demon-
strates persistent rim enhancement on the portal venous phase with cen-
tral hypointensity. A biopsy confirmed a hepatic metastasis

aa bb

Fig. 7.38 Hepatic metastases in a 4-month-old boy with neuroblastoma. (a) Axial STIR MR image shows multiple hyperintense lesions (arrows) 
in the liver. (b) Axial enhanced T1-weighted fat-suppressed MR image shows mild lesion hyperenhancement (arrows)

mary malignant tumor in children [71]. It most commonly 
affects children between 6 and 10 years of age [81]. AFP lev-
els are usually normal.

It is an aggressive tumor that is usually large and 
solitary at diagnosis. On MR imaging, UES is usually 

 hypointense on T1-weighted images and hyperintense 
on T2-weighted images. Hemorrhage, necrosis, cystic 
change, and fluid-fluid levels can be present, resulting in 
heterogeneity [81]. Calcification is uncommon. A pseu-
docapsule can be   present, which is T1−/T2-weighted 
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hypointense. There is  usually heterogeneous enhancement 
[89, 90] (Fig. 7.40).

Rhabdomyosarcoma Embryonal rhabdomyosarcomas are 
rare, highly aggressive tumors within the liver that arise from 
the biliary tree. They occur most commonly in patients under 
the age of 5 years [81]. The most common clinical presenta-
tion is cholestasis, and AFP levels are usually normal. 
Metastatic disease can be present at diagnosis in up to 30% of 
cases [81], most commonly to the liver, pericardium, and 
bones. These tumors most commonly arise as polypoid-like 
projections into the lumen of the common bile duct. However, 
they can also originate from the intrahepatic biliary ducts, cys-
tic duct, or gallbladder.

MR imaging can demonstrate a T1-weighted hypointense 
and T2-weighted hyperintense intraductal mass that has het-
erogeneous enhancement (Fig. 7.41). Intralesional cysts can 
be present. MRCP can help further delineate the intraductal 
mass or may demonstrate a mass adjacent to the bile ducts 
with biliary duct mural irregularity [81].

 Vascular Hepatic Disorders

Budd-Chiari Syndrome Budd-Chiari syndrome (BCS) is 
caused by post-sinusoidal hepatic venous outflow obstruc-
tion, which can occur at the level of the small hepatic veins to 
the most superior aspect of the inferior vena cava. The result 
is severe hepatic congestion, ascites, hepatic dysfunction, the 
development of intrahepatic and extrahepatic collaterals, and 
portal hypertension. Primary causes include caval webs, 
thrombosis due to hypercoagulable states, vessel wall fibro-
sis, and liver transplantation. Secondary BCS can be caused 
by external compression or venous tumor invasion [91–93].

In acute BCS (less than 4 weeks), there is hepatomegaly. 
T2-weighted sequences show heterogeneously increased sig-
nal in the hepatic periphery. On T1-weighted fat-suppressed 
post-contrast images, there is heterogeneous enhancement. 
A characteristic finding of acute BCS is relative hypoen-
hancement of the hepatic periphery with relative hyperen-
hancement of the caudate lobe on the late arterial phase [94]. 
The arterial phase hyperenhancement of the caudate lobe is 
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Fig. 7.39 Primary hepatic lymphoma in a 6-year-old girl who pre-
sented with abdominal pain. (a) Axial T2-weighted fat-suppressed MR 
image shows a heterogeneous mildly hyperintense mass in the right 
hepatic lobe. (b) Axial T1-weighted MR image shows the mass to be 

hypointense. (c) An axial diffusion-weighted MR image shows mild 
restricted diffusion within the mass. (d) An axial enhanced T1-weighted 
fat-suppressed MR image shows mild hyperenhancement. Biopsy con-
firmed the diagnosis of primary hepatic lymphoma
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a result of its independent venous drainage to the inferior 
vena cava (Fig. 7.42). The occluded hepatic veins or inferior 
vena cava is not visualized or shows lack of opacification on 
post- contrast images. In chronic BCS, there can be hepatic 
fibrosis and hypertrophy of the caudate lobe. Enhancement 
patterns are more variable, and the differences seen in the 
acute phase are usually less prominent [94]. Large intrahe-
patic and extrahepatic collaterals, splenomegaly, regenera-
tive nodules, and ascites may be evident.

Hepatic Veno-occlusive Disease Hepatic veno-occlusive dis-
ease is a severe toxin-induced obstructive hepatic vascular dis-
order that predominantly affects the sinusoids. It most commonly 
occurs following myeloablative procedures for hematopoietic 
stem cell transplants, usually within 40 days of the procedure 
[95]. MR imaging features are non-specific but can include 
hepatomegaly, heterogeneous parenchymal signal intensity, and 
heterogeneous enhancement. Periportal edema may be present 
as periportal T2-weighted hyperintensity [96, 97]. Gallbladder 
wall thickening, ascites, and pleural effusions may also be pres-
ent. Collateral vessels may be identified as rounded foci of 
enhancement in the portal venous and delayed phases.

Portal Hypertension Portal hypertension is defined by an 
increase in portal venous pressures by 10 mm Hg or more. 
Obstructive etiologies are generally classified into pre- 
sinusoidal, sinusoidal, and post-sinusoidal categories. Portal 
hypertension can also result from increased inflow pressures 
(Table 7.4) [95, 98]. Complications can include ascites, gas-
trointestinal bleeding, and spontaneous bacterial peritonitis.

MR imaging findings of portal hypertension include 
splenomegaly and ascites (see Fig.  7.25). The portal vein 
may become abnormally enlarged or narrowed. A variety of 
 different portosystemic collateral draining veins may become 
apparent, including paraumbilical, gastric, peri-splenic, ret-
roperitoneal, and esophageal varices [99]. Cavernous trans-
formation of the portal vein results from the development of 
portoportal collaterals in the setting of thrombosis or steno-
sis of the portal vein (Fig. 7.43). On MR imaging, it mani-
fests as numerous tortuous venous channels at the liver hilum 
and along a variable extent of the intrahepatic portal venous 
course [99]. Portal gastropathy, enteropathy, and colopathy 
may appear as abnormal thickening of the stomach, small 
bowel, or colon. The ascending colon is most commonly 
involved. There can also be gallbladder wall thickening. MR 
imaging may demonstrate the underlying etiology of portal 
hypertension, such as venous thrombosis or cirrhosis.

 Liver Transplantation

Liver transplantation in pediatric patients accounts for approx-
imately 8% of all liver transplantations in the United States 
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Fig. 7.40 Undifferentiated embryonal sarcoma of in a 15-year-old girl 
who presented with a palpable abdominal mass and pain. (a) Coronal 
T2-weighted fat-suppressed MR image shows a heterogeneous large mass 
in the right hepatic lobe with cystic change and hemorrhage. (b) Axial 
T1-weighted fat-suppressed MR image shows central hyperintensity within 
the mass consistent with hemorrhage. There is a peripheral pseudocapsule. 
(c) An axial enhanced T1-weighted fat-suppressed MR image shows het-
erogeneous and predominantly peripheral enhancement of the mass
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Fig. 7.41 Biliary rhabdomyosarcoma in a 3-year-old girl who pre-
sented with jaundice. (a) Axial T2-weighted, fat-suppressed MR image 
shows focal dilation of the right common intrahepatic bile duct with a 

partial filling defect (arrow). (b) Axial enhanced T1-weighted fat- 
suppressed MR image acquired in the equilibrium phase shows the fill-
ing defect (arrow) which has intrinsic enhancement
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Fig. 7.42 Budd-Chiari syndrome in an 18-year-old female with poly-
cythemia vera who presented with abdominal pain. (a) T2-weighted fat-
suppressed MR image shows patchy peripheral hyperintensity and 
caudate lobe enlargement. Axial enhanced T1-weighted fat-suppressed 
MR images obtained in the arterial (b), portal venous (c), and equilib-
rium (d) phases show relative hyperenhancement of the caudate lobe 

and central liver compared to the periphery. On the equilibrium phase, 
there is non-enhancement of the hepatic veins (arrow) suggestive of 
thrombus. (e) An axial enhanced T1-weighted fat-suppressed MR 
image obtained at 4 minutes show subtle relative hypoenhancement of 
the caudate lobe relative to the liver periphery
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[100]. Common indications include cholestatic disease (such 
as biliary atresia), metabolic and genetic disorders, fulminant 
liver failure, and malignancies [101]. A full discussion of the 
technical considerations related to the liver transplant surgery 
in pediatric patients is beyond the scope of this text. However, 
liver transplants may involve an entire cadaveric liver, split 
adult cadaveric grafting, or living-donor transplant.

Preoperative Assessment Preoperative imaging assessment 
in the transplant recipient is aimed at evaluating anatomic fea-
tures that are important for surgical planning, evaluating the 

extent of liver disease and its sequelae, and identifying any 
possible contraindications to transplant surgery [102].

Important anatomic details for surgical planning include 
the patency, caliber, and any variance to the typical con-
figuration of the hepatic vasculature and inferior vena 
cava. Delineation of visceral and biliary system anatomy 
is also useful. Absolute contraindications to liver transplant 
include (1) unresectable extrahepatic malignancy, (2) rapid 
progression of hepatocellular carcinoma, and (3) severe 
portopulmonary hypertension not responsive to therapy. 
Malignant invasion of venous structures is a relative con-
traindication [100].

Ultrasound is the first-line imaging modality in preopera-
tive transplant assessment. MR imaging can serve as a useful 
problem-solving tool for evaluating the hepatic vasculature 
and the extent of hepatic disease. MR imaging can be particu-
larly useful in assessing the biliary system with MRCP and 
the use of hepatobiliary contrast agents [101]. In liver trans-
plant donors, MR imaging can be useful for assessing hepatic 
iron and fat content as well as delineating biliary anatomy.

Postoperative Complications Approximately 40% of pedi-
atric transplant recipients develop postoperative complications 
[103]. Early diagnosis of these complications is important for 
graft and patient survival [101]. Complications may be related 
to the graft vasculature, biliary system, peri- graft fluid collec-
tions, infection, rejection, and post- transplantation lymphop-
roliferative disease.

Hepatic artery complications include thrombosis, steno-
sis, aneurysms or pseudoaneurysms, and arteriovenous fistu-
las. Hepatic artery thrombosis is the most common vascular 
complication, occurring in up to 26% of cases [104]. Biliary 
ischemia can also develop, leading to biliary leaks and stric-

e

Fig. 7.42 (continued)

Table 7.4 Causes of portal hypertension in children

Pre-sinusoidal Extrahepatic portal vein thrombosis or 
occlusion (e.g., tumor infiltration)
Splenic vein occlusion
Portal vein stenosis or thrombosis 
post-transplantation
Schistosomiasis
Cystic fibrosis-related liver disease

Sinusoidal Biliary atresia
Cirrhosis
Hepatitis
Sclerosing cholangitis
Cystic fibrosis-related liver disease
Nonalcoholic fatty liver disease
Congenital hepatic fibrosis
Caroli disease

Post-sinusoidal Budd-Chiari syndrome
Congestive heart failure
Veno-occlusive disease

Increased portal 
venous blood flow

Hepatic arterial to portal vein fistulae
Pulmonary sequestration with portal venous 
drainage
Total anomalous pulmonary venous return 
to the portal system

Idiopathic

Fig. 7.43 Cavernous transformation of the portal vein in an 8-year-old 
girl with idiopathic portal hypertension who presented following 
hematemesis. Axial T2-weighted fat-suppressed MR image shows mul-
tiple collateral vessels within the porta hepatis. The portal vein and 
splenic vein were not visualized suggestive of portal vein and splenic 
vein thrombosis. There is also splenomegaly
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tures. Hepatic artery stenosis most commonly occurs at the 
anastomosis and is usually diagnosed within the first 
100  days of the procedure [101]. Ultrasound is the main 
imaging modality used to evaluate for hepatic artery compli-

cations. In inconclusive cases, further evaluation with mag-
netic resonance angiography (MRA) can be useful in further 
delineating hepatic artery patency, caliber, and associated 
complications (Fig. 7.44).

a

c
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Fig. 7.44 Hepatic artery stenosis and biliary stenosis in a 4-year-old 
girl status post liver transplant. (a) Axial time-of-flight (TOF) MR 
angiogram shows the extrahepatic artery which is not well seen distal to 
the segment marked by the arrow, suggestive of a long segment of 
hepatic artery stenosis. (b) Axial T2-weighted MR image shows dila-

tion of several bile ducts. There is an intraluminal filling defect within 
the common bile duct at the hepaticojejunal anastomosis (arrow). An 
ERCP showed fibrotic stenosis at this site. (c) MRCP image shows 
intrahepatic biliary ductal dilation
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Fig. 7.45 Portal vein thrombosis in a 17-year-old girl status post liver 
transplant who presented with worsening ascites. Axial (a) and coronal 
(b) T2-weighted fat-suppressed MR images show a mildly hyperintense 
filling defect (arrows) in a dilated portal vein. There is associated sple-
nomegaly, ascites, and upper abdominal varices consistent with portal 
hypertension

Portal vein complications include thrombosis and ste-
nosis. Portal vein thrombus most commonly occurs in the 
first month following transplant [101] (Fig.  7.45). Portal 
vein stenosis usually occurs at the anastomosis or in exten-
sion grafts. Clinical manifestations can include portal 
hypertension and hepatic failure. Chronic thrombosis or 
stenosis may lead to the development of collateral vessels 
(cavernous transformation) [102]. These findings can be 

well demonstrated on MR/MRA if ultrasound findings are 
indeterminate [102].

Complications related to the hepatic veins and inferior 
vena cava occur less frequently [105] and may also mani-
fest as thrombosis or stenosis. Stenosis and thrombosis are 
most common at surgical anastomoses. Piggyback anasto-
moses are more susceptible to hemorrhage and Budd-
Chiari syndrome due to inadequate drainage [101]. Focal 
narrowing, luminal thrombus, and post-stenotic dilation 
are well demonstrated on MR/MRA [106, 107].

Biliary complications are the second most common 
cause of graft dysfunction [104]. Early biliary complica-
tions are usually related to technical surgical issues, while 
later biliary complications are usually related to hepatic 
ischemia [102]. Specific complications can include biliary 
strictures at anastomotic or non-anastomotic sites. Bile 
leaks, biliary stones, and cast syndrome can also develop. 
Cast syndrome occurs when hardened material containing 
bilirubin fills the biliary tree causing obstruction [108, 
109]. Chronic rejection can also cause loss of bile ducts and 
mild chronic dilation [102]. MRCP can be helpful in assess-
ing the biliary tree for strictures and obstruction (see 
Fig. 7.44). Cast syndrome appears as T2-weighted hypoin-
tense material within the biliary ducts on MRCP images, 
which is also hyperintense on T1-weighted images.

Rejection is the most common cause of graft failure, most 
often occurring within the first year [101]. However, imaging 
findings of rejection are non-specific, and the main utility of 
imaging is to exclude other causes of graft injury.

Peri-graft fluid collections and ascites are common in the 
first few weeks post-transplant. Most are transient and may 
reflect seromas, hematomas, or bilomas. Differentiating 
between these collections is not always possible on imaging. 
More concerning fluid collections can include abscesses, 
biliary leaks, hematomas with active hemorrhage, and col-
lections related to bowel perforation. MR imaging with hep-
atobiliary agents and MRCP are particularly useful for 
evaluating biliary leaks (Fig. 7.46).

Finally, post-transplantation lymphoproliferative dis-
ease (PTLD) more commonly occurs in children post-
transplant than adults [110]. PTLD is a collection of 
lymphoid proliferation abnormalities ranging from poly-
clonal B cell proliferation to monoclonal B cell lym-
phoma. The majority of pediatric cases are associated with 
Epstein-Barr virus [102]. The average time to develop-
ment is approximately 8 months [111]. A periportal mass 
and mesenteric lymphadenopathy are common [101]. MR 
imaging features are similar to those for lymphoma [112] 
(Fig. 7.47).
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Fig. 7.46 Biloma in a 17-year-old boy status post liver transplant with 
an abnormal ultrasound study. (a) Axial T2-weighted fat-suppressed 
MR image shows a fluid collection in the right hepatic lobe. (b) Coronal 
enhanced T1-weighted fat-suppressed MR image shows mild rim 

enhancement to the collection. (c) Coronal non-enhanced MRCP image 
shows connection of the fluid collection to the right intrahepatic bile 
duct suggestive of a biloma. An ERCP confirmed the presence of a 
biloma
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 Conclusions

MR imaging can play an important role in the diagnosis 
and surveillance of a variety of congenital and acquired 
hepatic pathological conditions in the pediatric population. 
Particularly useful tools include multiphase post-contrast 
imaging, MR elastography, and fat and iron detection and 
quantitation. Clear knowledge of up-to-date MR imaging 
techniques and characteristic MR imaging findings is essen-
tial for accurate imaging diagnosis and optimal pediatric 
patient management.
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Bile Duct and Gallbladder

Nathan C. Hull, Gary R. Schooler, and Edward Y. Lee

 Introduction

Disorders of the gallbladder and bile ducts are not uncommon 
in children. Ultrasound is typically the first-line imaging 
modality employed in the workup of right upper quadrant pain 
or suspected hepatobiliary diseases. However, magnetic reso-
nance (MR) imaging offers multiple advantages for evaluation 
of bile duct and gallbladder disorders in pediatric patients, 
including its lack of ionizing radiation as well as its ability to 
provide excellent visualization of these structures and allow 
comprehensive evaluation of the biliary system and possible 
concurrent liver disease. MR imaging sequences such as mag-
netic resonance cholangiopancreatography (MRCP) and the 
use of hepatobiliary contrast agents provide a noninvasive way 
of evaluating the intrahepatic and extrahepatic bile ducts.

Several important factors including proper patient prepara-
tion, the need for sedation, and appropriate coil selection should 
be carefully considered when performing MR imaging in the 
pediatric population to ensure an optimal examination. Up-to-
date working knowledge of techniques and tools available to 
perform MR imaging of the biliary system and familiarity with 
common disease processes that are encountered in the pediatric 
population is essential. Therefore, in this chapter, MR imaging 
techniques for evaluating bile duct and gallbladder anatomy are 
discussed followed by the review of bile duct and gallbladder 
anatomy including embryology, normal development, and ana-
tomic variants. In addition, various congenital and acquired dis-
orders affecting infants and children are discussed including 
clinical features and characteristic MR imaging findings.

 Magnetic Resonance Imaging Techniques 

 Patient Preparation

Patient preparation is essential to facilitate optimal imaging 
of pediatric patients. Each MR examination should be tai-
lored to the age, size, and expected level of understanding 
and cooperation of the child. In order to minimize bowel 
peristalsis artifact and ensure the gallbladder is distended, 
patients should have nothing by mouth for 4 hours prior to 
the examination. Child life specialists may meet with the 
patient and parents prior to imaging to explain what to expect 
and answer questions. Providing breath-hold instructions 
and practicing with consistency helps to improve image 
quality [1]. Adequate peripheral venous access should be 
obtained if power injection of contrast is needed for the 
examination.

Sedation Careful consideration should be given for a 
patient’s need for sedation or anesthesia during MR imaging. 
Infants (<3 months of age) can often be imaged without seda-
tion using the “feed and wrap” method where the child is fed, 
tightly swaddled, and laid on the scanner table with hearing 
protection in place [2]. Typically children less than 6 years 
old require some degree of sedation to minimize the amount 
of voluntary motion during the examination. In children 
between the ages of 6 and 8, MR imaging-compatible gog-
gles can be utilized that allow patients to watch movies during 
the examination and can help reduce the need for sedation. 
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Children older than 6 years of age should be evaluated on a 
case-by-case basis to determine if sedation is necessary.

 Hardware

For MR biliary imaging, both 1.5 Tesla (T) and 3T field 
strength magnets can be used, although smaller patients may 
benefit from the higher signal in 3T machines [3]. The small-
est possible radiofrequency coil that covers the anatomy of 
interest should be utilized. Usually used are 16–32 channel 
phased-array body coils. For the majority of children, smaller 
coils such as cardiac phased array coils work well, although 
older pediatric patients usually require a larger body or torso 
array coil [3].

 MR Imaging Pulse Sequences and Protocols

 Standard Sequences
MR imaging sequences should be tailored to the individual 
pediatric patient and the specific clinical query including the 
field of view, slice thickness, and matrix parameters. MR 
imaging of the gallbladder and bile ducts usually occurs with 
concurrent evaluation of the liver and upper abdomen. 
Standard sequences which should be included to evaluate the 
gallbladder and bile ducts are discussed below and in 
Table 8.1.

 T2-Weighted Sequences
T2-weighted imaging (T2WI) of the hepatobiliary system 
is usually obtained using fast-spin echo (FSE) or turbo-spin 
echo (TSE), three-dimensional isotropic or single-shot fast- 
spin echo (SSFE) sequences [1]. Conventional T2WI with 
fat suppression is usually acquired in the axial plane using 
two-dimensional (2D) FSE utilizing respiratory-triggered 
or navigator-gated sequences and provides high contrast 
evaluation of abdominal anatomy with higher signal-to-
noise ratio (SNR). This sequence allows good visualization 
of the liver, gallbladder, and bile ducts and can be espe-
cially helpful when evaluating intrahepatic lesions. Echo 
times (TEs) for 1.5T are usually 80–90 milliseconds (msec) 
and around 70–80 msec for 3T. Due to the required acquisi-
tion time and breath-hold needed for this sequence, it can 
be prone to respiratory motion artifact if not optimized.

SSFE T2WI can be acquired in just seconds with reason-
ably good spatial resolution [4]. Because of its rapid acqui-
sition, it is less prone to motion artifact and has a higher 
signal-to-noise ratio than FSE, due to less “noise” from 
motion [5]. However, SSFE contrast resolution is poorer 
and focal hepatic lesions are less conspicuous compared 
with FSE imaging. SSFE sequences in the abdomen are 
optimally performed using either breath-hold or respiratory 
triggering technique; however, diagnostic quality images 
can often still be obtained as a non-triggered acquisition in 
free-breathing patients. SSFE are usually acquired in the 
coronal and axial planes [6].

Table  8.1 Commonly used MR imaging sequences in evaluating the bile duct and gallbladder

Sequence Visualization Plane(s) Advantages Disadvantages
T2-weighted, fat-suppressed FSE/TSE Intrahepatic lesions Axial, 

+/− coronal
High SNR and image quality Longer acquisition time

Motion artifact
Single-shot fast-spin echo Fluid containing 

structures: bile ducts, 
gallbladder

Coronal, 
+/− axial

Good spatial resolution
Less prone to motion artifact
Rapid acquisition

Poorer contrast 
resolution

SSFP Fluid-filled structures are 
hyperintense

Axial and/or 
coronal

Rapid acquisition
Good SNR and spatial 
resolution

Blood vessels and ducts 
are both hyperintense

MRCP Bile and pancreatic ducts Coronal Noninvasive visualization of 
pancreaticobiliary tree

Image blurring from 
long echo train lengths
Flow artifacts may 
mimic stones

Contrast-enhanced, fat-suppressed 
volumetric T1-weighted GRE with 
hepatobiliary contrast

Periductal inflammation
Mass enhancement
Dynamic cholangiogram

Axial and/or 
coronal

Dynamic visualization of 
biliary ducts
Characterize enhancement of 
hepatobiliary abnormalities

Motion artifact

FSE Fast-spin echo, TSE Turbo-spin echo, SNR Signal-to-noise ratio, SSFP Steady-state free precession, MRCP Magnetic resonance cholangio-
pancreatography, GRE Gradient recalled echo
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Balanced steady-state free precession (SSFP) images also 
offer the advantages of rapid acquisition and motion resis-
tance with good SNR and spatial resolution. This sequence 
offers a combination of T1- and T2-weighting and shows 
biliary ducts well, although a disadvantage is that blood ves-
sels also appear as hyperintense structures, making distinc-
tion between hepatic vessels and intrahepatic bile ducts 
challenging [6].

 Additional Sequences

T1-Weighted Images / Spoiled Gradient Pre-contrast three-
dimensional T1-weighted gradient recalled (GRE) echo fat-
suppressed images can be helpful for anatomical visualization 
and comparison with post-contrast images to assess for focal 
hepatic lesion enhancement or peribiliary enhancement sug-
gestive of cholangitis. These sequences offer rapid volumet-
ric acquisition in a single breath-hold with high-resolution 
but have lower SNR than traditional T1-weighted imaging 
(T1WI).

MR Cholangiopancreatography MR cholangiopancreatog-
raphy (MRCP) is an effective noninvasive manner of visual-
izing gallbladder and pancreaticobiliary ductal disease in 
pediatric patients with diagnostic accuracy around 90–100% 
[7–12]. MRCP consists of FSE heavily weighted T2WI with 
long TEs (up to 1000 msec) to allow visualization of the gall-
bladder and pancreaticobiliary ducts. The coronal and axial 
imaging planes are typically employed with respiratory trig-
gering. These are usually acquired as thin-slice 2D images 
from which a single maximum- intensity- projection (MIP) 
reconstruction is generated. Alternatively, 3D isotropic MRCP 
imaging can be performed, with images acquired in the coro-
nal plane and then reformatted into axial, coronal, and oblique 
planes as needed. The coronal oblique plane along the axis of 
the liver hilum and common bile duct is especially useful as a 
global assessment of the intrahepatic and extrahepatic biliary 
tree. The axial plane is helpful in evaluation of punctate cal-
culi or ductal filling defects [6]. FSE imaging is prone to 
respiratory motion artifacts, and, for patients with rapid or 
shallow breathing, a thick (3–5 cm) slab SSFE image with 
long TE can be acquired in less than 1 second and provides 
similar information.

Negative (T1- and T2-weighted hypointense) oral con-
trast may be used in nonsedated children to help reduce 
the high signal intensity of gastric or intestinal fluid. It has 

been shown to improve image quality without significant 
adverse reactions [6]. The addition of intravenous secretin 
to an MRCP examination is usually primarily employed to 
improve visualization of the pancreatic duct [6, 13, 14].

Post-Contrast Images and Contrast Selection T1-weighted 
fat-suppressed contrast-enhanced images can be valuable in 
characterizing biliary stones, in evaluating inflammation, and 
in the staging of malignancies. Often used are 3D GRE 
sequences (THRIVE; Philips, VIBE; Siemens, LAVA; GE 
Healthcare) that have short acquisition times (10–20 seconds) 
and can be acquired as a breath-hold acquisition [1]. These can 
be performed using signal averaging in children who cannot 
suspend respiration. Radial filling of k-space with free-breath-
ing 3D GRE sequences, such as StarVIBE (Siemens) may be 
utilized to help diminish respiratory motion artifact [15].

Both extracellular and hepatobiliary gadolinium-based 
agents are available and commonly used in hepatobiliary 
imaging. The clinical indication should guide the decision of 
which contrast agent should be used. While extracellular 
contrast agents are the most commonly used agents and are 
excreted via the kidneys, hepatobiliary contrast agents (gado-
benate dimeglumine (Multihance, Bracco Diagnostics) or 
gadoxetate (Eovist or Primovist; Bayer Healthcare)) are par-
tially excreted through the biliary system and produce 
contrast- enhanced functional and anatomic cholangiography 
images. Cholangiography images can be obtained approxi-
mately 15–40 minutes after injection of gadoxetate and up to 
60 minutes after gadobenate injection [1, 16]. These contrast 
agents can also be helpful in determining if cystic structures 
or fluid collections communicate with the biliary tract. Of 
note, hepatobiliary contrast agents have poor hepatic uptake 
and excretion in the setting of poorly functioning hepato-
cytes (bilirubin level  >  3  mg/dl) and may not be effective 
imaging agents in patients with hepatic dysfunction [17].

 Anatomy

 Embryology

Early in the mid 4th week of intrauterine development, a 
hepatic diverticulum in the ventral wall of the primitive mid-
gut forms [18]. Later in the 4th week, two buds are present 
(Fig. 8.1). The cranial bud gives rise to the liver and extrahe-
patic biliary tree, while the caudal bud divides into a superior 
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and inferior bud [19]. The gallbladder and cystic duct arise 
from the superior bud, and the dorsal and ventral pancreas 
from the inferior bud. By 35–42  days, all elements of the 
biliary tree are recognizable [19]. The common duct under-
goes an elongation process as its lumen is plugged by epithe-
lial cells, and then a subsequent recanalization. The common 
duct and central pancreatic bud then rotate 180° around the 
duodenum clockwise by the 6th week, which then allows for 
entrance of the common duct into the left posterior surface of 
the duodenum [19].

 Normal Development and Anatomy

Approximately 60% of the population has what is consid-
ered to be classic biliary anatomy; meaning the right and 
left ducts drain their respective lobes [20, 21]. Small seg-
mental ducts drain segments II–IV to form the left hepatic 
duct. The right duct is formed from the fusion of the right 
posterior duct, which usually has a horizontal course and 
drains segments VI and VII, and the more vertically ori-
ented right anterior duct draining segments V and VIII [20]. 
The caudate lobe may drain to the right hepatic duct or 

originate from the left duct. The cystic duct typically drains 
into the lateral portion of the common hepatic duct inferior 
to its origin [22].

 Anatomic Variants

While the majority of patients have classic biliary anatomy, 
it is important to recognize variations and report them accu-
rately. Branching patterns of the bile ducts can be classified 
and have been described by Choi [21] (Fig. 8.2). Type 1 rep-
resents the most common or classic branching pattern as 
discussed above. Variants include trifurcation (Type 2), the 
right posterior duct draining to the left duct (Type 3A) or to 
the common duct (Type 3B) or cystic duct (Type 3C), the 
right duct draining to the cystic duct (Type 4), or accessory 
ducts which drain into the common duct (Type 5A), or right 
duct (Type 5B), or finally separate segmental ducts which 
drain the left lobe to the confluence or common duct (Type 
6). Type 2 and Type 3A each occur in approximately 10% of 
individuals, while the remaining variations occur in 6% or 
less [21].
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Fig. 8.1 Diagram showing the development of the pancreaticobiliary 
ducts. Between 30 and 35  days of gestation, a hepatic diverticulum 
forms from the primitive midgut and divides into two buds. The cranial 
bud gives rise to the liver and extrahepatic biliary tree. The gallbladder, 

cystic duct, and pancreas arise from the caudal bud. © Mayo Clinic. 
(Used with permission of Mayo Foundation for Medical Education and 
Research. All rights reserved)
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Fig. 8.2 Biliary anatomy variants as described by Choi [21]. Approximately 60% of the population has classic or type 1 anatomy. © Mayo Clinic. 
(Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved)
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 Spectrum of Bile Duct and Gallbladder 
Disorders

 Congenital Bile Duct and Gallbladder 
Disorders

Biliary Atresia Biliary atresia (BA) is a congenital oblitera-
tive cholangiopathy seen in neonates that involves the intrahe-
patic and extrahepatic ducts leading to cholestasis and jaundice 
and eventually to cirrhosis and death if not treated. This disor-
der is usually suspected clinically due to jaundice and high 
serum bilirubin levels. However, other conditions including 
neonatal hepatitis may manifest with similar symptoms. Kasai 
portoenterostomy, which involves excision of the central 
fibrotic bile duct with anastomosis of a Roux- en- Y jejunal limb 
to the porta hepatis, is usually the initial surgical intervention in 
BA patients. However, the majority of patients with Kasai por-
toenterostomy eventually require liver transplantation.

Imaging is helpful for evaluation for BA and its alternative 
diagnoses although definitive diagnosis is usually confirmed 
with biopsy and/or intraoperative cholangiogram. Commonly, 
hepatobiliary scintigraphy with Technetium-99m iminodiace-
tic acid (HIDA) is performed to visualize uptake of radio-
tracer into the liver and if tracer is excreted into the bowel. 
MR cholangiography can be used to evaluate children sus-
pected to have BA with a high degree of sensitivity and accu-
racy with nonvisualization of either the common bile duct or 
common hepatic duct [23, 24]. MR imaging is also the cur-
rent imaging modality of choice in the longitudinal follow-up 
of pediatric patients after Kasai portoenterostomy. Typical 
MR imaging findings of Kasai portoenterostomy failure 
include bile duct dilatation, bile lakes due to bile pseudocysts 
caused by damaged bile ducts, regenerative nodules as hepatic 
cirrhosis progresses, and enlarged portal vein, splenomegaly, 
varices, and ascites due to portal hypertension (Fig. 8.3).

Biliary Hamartoma Biliary hamartomas are benign duc-
tal plate malformations of the small bile ducts and are com-
posed of disorganized cystic and dilated bile ducts 
surrounded by fibrocollagenous stroma. The ducts within 
these lesions range in caliber from narrow to ectatic and 
more marked dilation may lead to a cyst that can be large 

enough to see macroscopically [25]. Bile duct hamartomas 
are also referred to as von Meyenburg complex, as these 
lesions were first described by von Meyenburg in 1918 
[26]. Biliary hamartomas are most commonly multiple, 
small lesions  measuring 1–10 mm and are found in a sub-
capsular location. These are asymptomatic masses seen 
incidentally in the liver on imaging in most cases, although 
jaundice and portal hypertension can occur from mass 
effect [27], and there are some reports of an association 
between multiple hamartomas and cholangiocarcinomas 
[28, 29].

On MR imaging, biliary hamartomas are hypointense on 
T1WI, isointense to slightly hyperintense on T2WI, and 
hypointense on post-contrast MR images (Fig. 8.4). MRCP 
may be helpful in showing both the lesion number and extent 
[26]. Because the imaging appearance is often nonspecific, a 
definitive diagnosis may require histologic analysis to 
exclude other lesions which may have a similar appearance 
such as hepatic metastases or microabscesses. Usually no 
treatment is required but follow-up imaging should be con-
sidered due to rare possibility of malignancy.

Choledochal Cystic Disease Choledochal cysts are con-
genital segmental fusiform or saccular cystic dilations 
that can affect intrahepatic or extrahepatic ducts. The eti-
ology is thought to be related to ductal plate malforma-
tions, although other theories include obstruction of the 
distal biliary duct, prenatal rupture of the duct with sub-
sequent healing, or reflux of pancreatic juices due to 
anomalous insertion of the pancreatic duct into the com-
mon bile duct [30–32]. The classic triad of symptoms of 
choledochal cystic disease are recurrent right upper 
quadrant abdominal pain, jaundice, and a palpable mass. 
Ascending cholangitis is the most common complication 
[33], with calculi and cyst rupture also possible [34]. 
Long-term complications include hepatic cirrhosis and 
cholangiocarcinoma. The lifetime risk of developing a 
secondary cholangiocarcinoma is 10–15% and surgery 
with hepatojejunostomy is the recommended treatment to 
minimize this risk [35–37].

There are five types as classified by the Todani classifica-
tion (Table 8.2). Type 1 is the most common subtype seen in 
80–90% of cases [38] and consists of a variable degree of 
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a c

b

PV

Fig. 8.3 Portal hypertension in a 2-year-old boy with a history of bili-
ary atresia status post Kasai procedure. (a, b) Axial and coronal 
T2-weighted MR images show the mildly dilated portoenterostomy (*). 
There are signs of portal hypertension with enlarged spleen and varices 

(arrow). (c) Axial contrast-enhanced T1-weighted fat- suppressed MR 
image shows the portoenterostomy (*), a dilated portal vein (PV), and 
multiple small varices (arrows) near the spleen
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dilation of the common duct. Type I can be further subdi-
vided into types IA (cystic dilation of the common bile duct), 
IB (segmental dilation below the cystic duct) (Fig. 8.5), and 
IC (fusiform dilation of the common bile duct). Type II is 
seen as diverticula of the common bile duct and is seen in 
only 2% of cases [39]. Todani type III cyst accounts for 
1–5% of cases and is often referred to as a “choledochocele” 
as it forms a cyst-like mass at the intraduodenal portion of 
the duct (Fig.  8.6) [39]. Type IVA has multiple intra- and 
extrahepatic cystic dilations and occurs in approximately 
10% of patients with choledochal cysts [39, 40], while type 
IVB only has extrahepatic biliary cysts without intrahepatic 
involvement and is rare. Type V, also known as Caroli dis-
ease, is characterized with intrahepatic biliary cysts and is 
discussed further below.

MRCP is an excellent noninvasive way to assess the hepa-
tobiliary tree and characterize choledochal cystic disease. 
The choledochal cysts are hypointense on T1WI and hyper-
intense on T2WI and have no significant wall enhancement 
on post-contrast MR images. Suspicious imaging findings 
for infection or malignancy include mural nodularity, wall 

a

b

c

Fig. 8.4 Incidental biliary hamartomas in a 19-year-old woman who 
underwent MR imaging for evaluation of metastatic disease from rec-
tal cancer. (a, b) Axial non-enhanced T2-weighted fat-suppressed and 
coronal single-shot T2-weighted MR images show multiple round 
hyperintense cyst-like small nodules (arrows) in the liver; many are 
subcapsular in location. (c) Axial enhanced T1-weighted fat- suppressed 
MR image shows no enhancement of the lesions (arrow) despite normal 
hepatic parenchymal enhancement

Table 8.2 Todani classification of choledochal cysts. Note Type I 
accounts for 80–90% of choledochal cysts

Type Malformation
I Dilation of the common bile duct (CBD)
II Diverticula of the CBD
III Cyst-like dilation of the distal CBD, choledochocele
IV Intra- and extrahepatic cystic ductal dilations 

typically
V
(Caroli 
disease)

Intrahepatic cystic ductal dilations

Fig. 8.5 Choledochal cyst in a 12-year-old girl who presented with 
right upper quadrant pain and elevated liver enzymes. Coronal MR 
cholangiopancreatography (MRCP) image shows a focal dilation 
(arrow) of the common bile duct below the cystic duct (Todani type 1B)

N. C. Hull et al.
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thickening, or increased wall enhancement. Non-enhancing 
T2-weighted hypointense filling-defects within the bile ducts 
are highly suggestive of choledocholithiasis.

Ascending cholangitis in pediatric patients with chole-
dochal cysts can be treated as needed with antibiotics. Other 
medical therapies to decrease the risk of cholestasis and stone 
formation can also be employed. If substantial liver damage 
and cirrhosis occur, liver transplantation may be required.

Caroli Disease Caroli disease, also known as Todani type V 
choledochal cyst, is an autosomal recessive disease charac-
terized by non-obstructive segmental dilation of the large 
intrahepatic bile ducts. Caroli disease can be further subdi-
vided into two types: Caroli disease proper and Caroli syn-
drome. Both Caroli disease proper and Caroli syndrome have 
ectatic cyst-like biliary ducts in continuity with the biliary 
system. In Caroli syndrome, however, congenital hepatic 
fibrosis is also present. Caroli disease proper is thought to 
result from arrested remodeling of the ductal plates of the 
large intrahepatic ducts (Table 8.3). Caroli syndrome is also 
thought to be from arrested remodeling of the bile ducts both 
during embryogenesis and later as more peripheral ducts are 
formed [33].

Complications of Caroli disease are usually due to stag-
nant bile leading to cholangitis, calculi formation, hepatic 
abscess, and rarely cholangiocarcinoma [41]. While the 
disease is present at birth, affected patients may not come 
to medical attention until symptoms of these complications 
occur. Pediatric patients with Caroli syndrome may also 
have complications that are associated with the concurrent 
 congenital hepatic fibrosis such as portal hypertension and 
hemorrhage from esophageal varices. In addition to con-
genital hepatic fibrosis, pediatric patients with Caroli syn-
drome also have autosomal recessive polycystic kidney 
disease.

On MR imaging, Carol disease has multiple T1-weighted 
hypointense/T2-weighted hyperintense cyst-like structures 
in the liver representing the ectatic intrahepatic bile ducts. 
The adjacent portal vein radicles protrude into the lumen of 
the dilated ducts and create the so called “central dot” sign 
(Fig. 8.7). These portal vein radicles show enhancement on 
post-contrast images. MRCP can show the communication 
between the biliary tree and the cystic dilations and help con-
firm the diagnosis.

a

b

c

Fig. 8.6 Choledochocele in a 12-year-old boy who presented with jaun-
dice and history of cholangitis. (a, b) Axial non-enhanced T2-weighted 
fat-suppressed and coronal T2-weighted single-shot MR images show 
normal caliber of the proximal common bile duct (arrowhead) with cys-
tic dilation (arrows) of the distal duct near the junction with the pancre-
atic duct (Todani type III choledochocele). Note, no upstream dilation 
of the intrahepatic bile ducts or pancreatic duct is seen. (c) Coronal 
MR cholangiopancreatography (MRCP) maximum intensity projection 
(MIP) image shows the cystic dilation (arrow) of the distal common bile 
duct and normal proximal common bile duct (arrowhead)

Table 8.3 Fibrocystic liver disease from malformation of embryonic 
ductal plates and size of ducts

Disorder Duct size
Caroli disease Large intrahepatic
Choledochal cyst Large extrahepatic
Polycystic liver disease Medium
Congenital hepatic fibrosis Small
Biliary hamartoma Small

Adapted from Knowlton et al. [30], with permission
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Duplicated Gallbladder Gallbladder duplication, or bilobed 
gallbladder, is a rare congenital malformation which occurs in 
approximately 1 per 4000 individuals [42]. It is believed to be 
due to extra budding of the biliary tree when the developing 
caudal bud of the hepatic diverticulum divides [43, 44]. 
Variations of gallbladder duplication can be discussed accord-
ing to the Boyden classifications (Fig. 8.8) including the vesica 
fellea divisa (bifid or bilobed gallbladder), or vesica fellea 
duplex (double gallbladder with either a shared cystic duct or 
duplicated gallbladder each with their own cystic duct entering 
separately into the common duct) [42, 43, 45]. Due to possible 
associated variants of the cystic duct and hepatic artery, this 
abnormality is important to identify and report accurately, 
especially if surgery is planned to avoid biliary injuries [45]. 
Bilobed or duplicated gallbladders can either be asymptomatic 
or associated with right upper quadrant pain and may predis-
pose to cholelithiasis and cholecystitis [20].

Bifid or duplicated gallbladder is well-defined on MR 
imaging with T2WI (Fig. 8.9) as well as MRCP and has the 
typical MR imaging features of the normal gallbladder. 
Surgical removal of both gallbladders is recommended to 
avoid cholelithiasis or cholecystitis in the remaining organ 
[46, 47].

 Acquired Bile Duct and Gallbladder Disorders

Acute Cholecystitis Acute cholecystitis is less common in 
children than in adults. It may occur secondary to obstruc-
tion of the outflow of the gallbladder lumen at the gallblad-
der neck or cystic duct, leading to a sequence of luminal 
dilation, edema, ischemia, necrosis, and finally perforation. 
Although cholelithiasis may lead to acute cholecystitis, only 
a small percentage of children develop cholecystitis from 
cholelithiasis [48]. Most cases of acute cholecystitis in chil-
dren, up to 50–70%, is seen with acalculous cholecystitis 
[48]. Acalculous cholecystitis may occur from biliary stasis, 
dehydration, or gallbladder ischemia and is often seen in 
patients with serious illnesses in the intensive care unit like 
severe trauma or burns, sepsis, or postoperative state [49].

a

b

c

Fig. 8.7 Caroli syndrome in a 15-year-old boy who presented with ele-
vated liver enzyme. (a, b) Axial T2-weighted fat-suppressed MR images 
show segmental dilation (arrows) of intrahepatic biliary ducts with the 
“central dot” sign, and multiple small cysts in the kidneys (arrowhead). 
(c) Axial color map from an MR elastogram shows an elevated liver stiff-
ness of 4.2 kiloPascals, corresponding to grade 3–4 hepatic fibrosis
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Vesica fellea divisa Vesica fellea duplex

Y-shaped type H-shaped type

Boyden’s Classification of Gallbladder Duplication

Fig. 8.8 Variations of 
gallbladder duplication 
according to the Boyden 
classifications, including the 
vesica fellea divisa (bifid or 
bilobed gallbladder), or vesica 
fellea duplex (double 
gallbladder with either a 
shared cystic duct or 
duplicated gallbladder each 
with their own cystic duct 
entering separately into the 
common duct). © Mayo 
Clinic. (Used with permission 
of Mayo Foundation for 
Medical Education and 
Research. All rights reserved)

a b

Fig. 8.9 Duplicated gallbladder in a 16-year-old boy with right upper 
quadrant pain and clinical concern for cholecystitis. (a) Coronal single-
shot T2-weighted MR image shows the normal gallbladder (white 
arrow) and an additional cystic structure (∗) along the undersurface of 

the mid liver representing a duplicated gallbladder. (b) Coronal single-
shot T2-weighted MR image shows two small ducts converging 
(arrows) that can be traced back to a gallbladder
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While ultrasound is typically the first line for imaging if 
cholecystitis is suspected, MR imaging can be valuable in 
both making the diagnosis and evaluating for potential causes 
or sequelae. Thickening of the gallbladder wall with 
increased signal on T2-weighted fat-suppressed MR images 
suggests acute inflammation (Fig. 8.10) [50–52]. Other MR 
imaging findings include reticular or patchy T2-weighted 
signal intensity and contrast enhancement of pericholecystic 
adipose tissue, enhancement of the gallbladder wall, and the 
presence of pericholecystic fluid. MRCP images may also 
show filling defects in the gallbladder lumen or in the com-
mon bile duct if the cause of inflammation is related to bili-
ary stones. Laparoscopic or open cholecystectomy is usually 
the treatment of choice.

Choledocholithiasis Choledocholithiasis occurs when bili-
ary stones migrate and become lodged within the hepatic 
or common bile duct. Most affected pediatric patients are 
symptomatic with epigastric or right upper quadrant pain, 
nausea, and vomiting. Symptoms usually occur due to inter-
mittent or total obstruction of the common bile duct. As the 
stones pass into the distal common bile duct, this can cause 
inflammation of the adjacent pancreas and/or occlusion of 
the pancreatic duct leading to secondary pancreatitis, also 
called gallstone pancreatitis. Obstruction of the common bile 
duct may also lead to cholangitis.

MR imaging is a highly useful and noninvasive tool in 
the diagnosis of choledocholithiasis [9, 53]. Bile is mark-
edly hyperintense on T2WI, while ductal stones are hypoin-
tense, making them conspicuous filling defects seen both on 

standard T2WI and MRCP (Fig.  8.11). MRCP has been 
shown to be accurate when compared with direct cholangio-
pancreatography in detecting stones and may help guide in 
planning of endoscopic retrograde cholangiopancreatogra-
phy (ERCP) [7, 8, 54].

Impacted stones may be removed via ERCP or intraoper-
atively if cholecystectomy is planned in the setting of con-
comitant cholecystitis.

Cholangitis Cholangitis is inflammation or infection of 
the bile ducts. Etiologies include infectious, idiopathic, 
iatrogenic from chemotherapy, or autoimmune related. 
One form of cholangitis, primary sclerosing cholangitis 
(PSC), is an idiopathic condition thought to be autoim-
mune related and is highly associated with inflammatory 
bowel disease, particularly ulcerative colitis [55, 56]. 
PSC causes obliterative inflammation of the bile ducts. 
Boys are more often affected than girls and usually pres-
ent in the second decade of life [30]. Affected pediatric 
patients may present with abdominal pain, jaundice, and 
hepatomegaly.

MR imaging and MRCP can show findings of cholangitis 
of irregularity of the bile ducts, strictures or ductal wall 
enhancement. MRCP is highly accurate for detecting find-
ings of PSC which include irregularity of the bile duct with 
areas of mild dilation and intermittent strictures giving a 
“beaded” appearance [1, 57] (Fig. 8.12). Other patterns that 
may be seen include the cobblestone pattern (course mural 
irregularities), pruned-tree appearance (dilation of only cen-
tral ducts), or pseudodiverticula [30]. Cholangitis may some-

a b

Fig. 8.10 Cholelithiasis and early cholecystitis in a 17-year-old boy 
who presented with right upper quadrant pain. (a) Axial T2-weighted 
fat-suppressed MR image shows multiple, small dependent gallbladder 
stones and gallbladder wall thickening measuring 5  mm (arrow). (b) 

Coronal single- shot T2-weighted MR image shows cholelithiasis with a 
stone in the gallbladder neck (arrow) and mild surrounding perichole-
cystic fluid (arrowhead)
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a b

c d

Fig. 8.11 Choledocholithiasis in a 3-month-old girl who presented 
with elevated bilirubin. (a) Coronal MR cholangiopancreatography 
(MRCP) image shows an ovoid filling defect (arrow) in the distal 
common bile duct occluding the ampulla. (b) 3D MRCP maximum 
intensity projection (MIP) image shows secondary dilation of the cen-
tral intrahepatic ducts (arrowhead) and abrupt attenuation of the distal 
common bile duct with a filling defect (arrow). (c) Frontal projection 

from percutaneous cholangiogram that was performed to relieve the 
obstruction after initial endoscopic retrograde cholangiopancreatog-
raphy (ERCP) was unsuccessful shows a large filling defect (arrow) in 
the common bile duct without flow of contrast into the duodenum. (d) 
After some manipulation, the stone was dislodged with contrast now 
flowing into the duodenum (arrowhead). Note the stone remains in 
the distal common bile duct as a filling duct (arrow)

times be segmental, although the entire biliary tract is usually 
involved and intrahepatic ductal involvement is present in all 
cases, while extrahepatic ducts are involved in only 60% of 
cases [30, 58].

Therapy for cholangitis is directed towards the underly-
ing cause. Treatment of PSC focuses on managing complica-
tions and monitoring damage to the liver. Other treatments 

may help with symptoms such as ursodeoxycholic acid (to 
help bile flow), antibiotics, and antihistamines. Portal hyper-
tension, secondary cholangitis, biliary cirrhosis, and chol-
angiocarcinoma are complications which can be seen with 
PSC. Ultimately, liver transplantation may be necessary with 
a median reported time to transplant of 12.7 years from diag-
nosis [55, 59].
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a b

c

Fig. 8.12 Primary sclerosing cholangitis in a 14-year-old girl who pre-
sented with acute on chronic abdominal pain suspected to have inflam-
matory bowel disease. (a) Axial contrast-enhanced gradient volumetric 
T1-weighted fat-suppressed MR image shows peri- ductal enhancement 
(arrowheads) compatible with inflammation. The visualized intrahe-
patic bile ducts show mural thickening and enhancement (arrow). (b) 
Coronal MR cholangiopancreatography (MRCP) maximum intensity 

projection (MIP) image shows irregularity of the intrahepatic bile ducts 
with intermittent narrowing and dilation (arrows) with a “beaded” 
appearance compatible with primary sclerosing cholangitis. (c) Axial 
contrast-enhanced gradient volumetric T1-weighted fat-suppressed MR 
image inferior to the level of the liver shows hyperenhancement of the 
hepatic flexure and descending colon (arrows) compatible with concur-
rent inflammatory bowel disease

 Neoplastic Bile Duct and Gallbladder Disorder

Cholangiocarcinoma Cholangiocarcinoma is a somewhat 
rare malignant neoplasm arising from the biliary tract. It 
accounts for fewer than 1% of all carcinomas [30]. It is usu-
ally seen in children as a complication of other hepatobiliary 
disorders such as choledochal cysts, Caroli disease, and scle-
rosing cholangitis (Fig. 8.12), although it usually occurs late 
in these diseases. It is thought to occur as a sequela of chronic 
inflammation. Cholangiocarcinoma can manifest in three 

different morphologic types: mass-forming, periductal infil-
trating, and intraductal [60].

On MR imaging, the mass-forming type can appear as 
an intrahepatic hyperintense mass on T2WI and hypoin-
tense on T1WI, with peripheral and centripetal enhancement. 
Enhancement is often seen on delayed post-contrast MR 
images (>10 minutes) (Fig. 8.13), which should be acquired if 
there is suspicion of possible cholangiocarcinoma. Associated 
findings may include capsular retraction, satellite nodules, 
hepatolithiasis, and vascular encasement without gross tumor 
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a b

c d

e

f

Fig. 8.13 Primary sclerosing cholangitis and biopsy proven hilar chol-
angiocarcinoma in a 16-year-old girl who presented with weight loss 
and abdominal pain. (a) Axial T2-weighted fat-suppressed MR image 
shows ill-defined increased T2-weighted signal intensity (arrow) in the 
right hepatic lobe and biliary ductal dilation (arrowhead). (b) Axial 
arterial phase post-contrast T1-weighted fat- suppressed MR image with 
hepatobiliary contrast agent shows an ill- defined mass (arrow) with 

enhancement less than the adjacent hepatic parenchyma. (c, d) Axial 
and coronal 15-minute delayed T1-weighted fat-suppressed MR images 
with hepatobiliary contrast shows delayed hyperenhancement of an ill-
defined mass (arrows) in the right hepatic lobe. (e, f) Coronal MR chol-
angiopancreatography (MRCP) and frontal ERCP images show dilation 
of the central intrahepatic ducts (arrows) and attenuation of the ducts as 
they approach the hilum (arrowheads)
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thrombus [60]. The periductal infiltrating form of the tumor 
may have a small mass-like lesion or diffuse bile duct thicken-
ing. Diffuse periductal thickening and enhancement may also 
be present, with irregular narrowed ducts and/or ductal dila-
tion [60]. The intraductal form has diffuse duct ectasia with an 
intraductal mass which enhances or a more focal stricture-like 
lesion with proximal ductal dilation [60].

Treatment of cholangiocarcinoma usually entails surgical 
resection and systemic chemotherapy.

 Traumatic Bile Duct and Gallbladder Disorder

Bile Leak Bile leaks may occur in the setting of abdomi-
nal trauma or as a complication of surgical intervention. 
Because of the insulating effect of the liver, isolated bile 
leaks are rare with abdominal trauma but often occur with 
injuries from abrupt deceleration such as motor vehicle col-
lision or from traumatic hepatic elevation and stretching of 
the common bile duct [61–63]. The injury commonly 
occurs at a sight of anatomic fixation like the intrapancre-
atic portion of the common bile duct. Substantial liver lac-
erations can also injure intrahepatic ducts leading to bile 
leakage (Fig. 8.14).

Iatrogenic leaks have been associated with multiple 
procedures including open or laparoscopic cholecystec-
tomy, liver transplantation, partial hepatic resection, or 
liver biopsy [64, 65]. Slippage of the cystic duct clip or 
ligature and misidentification of biliary anatomy, some-
times in the setting of an accessory or anomalous duct, are 
the most common causes of leak following laparoscopic 
cholecystectomy [66, 67]. Risk factors for iatrogenic bile 
leak include intrahepatic position of the gallbladder, 
anomalous anatomy, or chronic inflammatory changes of 
cholecystitis with friable or adherent gallbladder [63]. 
Biliary leaks may also be seen with manipulation or 
migration of external drainage tubes or at the sites of cho-
ledochocholedochostomy following liver transplantation 
or hepaticojejunostomy [63, 68]. Bile leaks are often 
manifested within 7 days of surgery with nonspecific clin-
ical symptoms such as abdominal pain, anorexia, and mal-
aise [63]. The resultant bilomas are at risk of becoming 
superinfected and affected patients may present with 
infectious symptoms.

MR imaging can be useful tool in evaluating suspected 
bile leaks in the pediatric population. The combination of 
MRCP images with traditional MR images with the use of 
hepatobiliary contrast agents provide a dynamic anatomic 
evaluation of the biliary system (including biliary-enteric 
anastomoses) and have been demonstrated to increase diag-
nostic accuracy in leak site localization when compared to 

a

b

c

Fig. 8.14 Bile leak in a 20-year-old man with history of liver laceration 
from motocross accident. (a) Axial T2-weighted fat-suppressed MR image 
shows a hyperintense fluid collection (arrow) anterior to the liver. Partially 
visualized drainage catheter (arrowhead) is also present. (b) Axial 20-min-
ute delayed T1-weighted fat-suppressed MR image with hepatobiliary con-
trast shows contrast pooling in the fluid collection (arrow) anterior to the 
liver proving a connection to the biliary tree. (c) Frontal projection fluoro-
scopic image from cholangiogram via the patient’s drain shows an irregular 
ovoid focus of contrast (arrow) that connects to the biliary tree
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traditional MRCP [69]. It can also help in differentiating bili-
ary versus non-biliary fluid collections with a high sensitiv-
ity and specificity [63, 70]. These are obvious advantages to 
ERCP or scintigraphy.

Small, asymptomatic bilomas tend to resolve spontane-
ously, while larger collections often require percutaneous 
drainage [63]. Surgical intervention or revision may be 
needed to correct large leaks or if prior ERCP attempts are 
unsuccessful.

 Miscellaneous Bile Duct and Gallbladder 
Disorder

Gallbladder Hydrops Hydrops of the gallbladder is 
characterized as abnormal dilation of the gallbladder 
thought to be secondary to transient or chronic cholestasis 
and obstruction of the cystic duct. This leads to sterile 
accumulation of mucin and dilation of the gallbladder 
which can extend inferiorly below the liver edge into the 
pelvis. It may be associated with a preceding infection, 
most notably Kawasaki disease, or parenteral nutrition 
[30]. Gallbladder hydrops typically presents between the 
ages of 17 months and 7 years of age and is more common 
in males [71]. Affected patients may present with a 
 palpable right sided mass, abdominal pain, jaundice, or 
vomiting [71].

On MR imaging, the gallbladder appears dilated and 
lengthened and may lose its normal contours (Fig. 8.15) in 
the setting of gallbladder hydrops. The gallbladder should be 
without wall thickening or other inflammatory findings. The 
remainder of the biliary tree should appear normal. In infants, 
a normal gallbladder length is 1.5–3 cm (<1 year of age), and 
3–7 cm in older children [30, 72].

Typically, gallbladder hydrops resolves with conservative 
therapy; however, perforation of the gallbladder has been 
reported in patients with Kawasaki disease [30, 72].

 Conclusion

Disorders involving the gallbladder and bile duct are not 
uncommon in infants and children. Although ultrasound is 
typically the first-line imaging modality, MR imaging, which 
is a powerful tool to evaluate the gallbladder and biliary 
ducts in pediatric patients, can be also utilized. MR imaging, 
particularly MRCP and use of hepatobiliary contrast agents, 
can provide excellent noninvasive anatomic visualization 
and evaluation as well as can help in the diagnosis and man-
agement of congenital and acquired biliary disease processes 
in the pediatric population.

a

b

c

Fig. 8.15 Gallbladder hydrops in a 10-year-old boy with a history of 
inflammatory bowel disease and elevated transaminase levels. (a) Axial 
T2-weighted MR image without fat suppression shows an enlarged, 
dilated, and fluid-filled gallbladder (arrow). Note: no associated inflam-
matory changes are present. (b, c) Coronal and sagittal single-shot 
T2-weighted MR images show an enlarged and dilated gallbladder 
(arrows) extending inferior to the margin of the liver to nearly the level 
of the inferior pole of the right kidney
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Pancreas

Monica Johnson, Sudha A. Anupindi, and Michael S. Gee

 Introduction

The discovery of the pancreas is attributed to the ancient Greek 
physician Herophilus (335–380  BC). Unlike other larger 
abdominal organs, such as the liver, the pancreas was largely 
ignored in early medicine, relegated as a “cushion of the stom-
ach and pad supporting the vessels” [1]. In 1642, the German 
surgeon Johann Georg Wirsung discovered the main pancre-
atic duct, and subsequent experiments established that the 
pancreas was a complex and essential organ whose dysfunc-
tion could lead to illness and death [1]. Today, the pancreas is 
known to serve vital roles in the both the digestive and endo-
crine systems. Pancreatic disease has a lower incidence in 
children compared to adults, but pathologies such as pancre-
atitis have been increasing in the pediatric population and are 
associated with significant morbidity and mortality [2].

Diagnostic imaging plays an important role in evaluating 
pancreatic disorders in children and adolescents. Ultrasound and 
magnetic resonance (MR) imaging are preferred modalities over 
computed tomography (CT), in large part because both methods 
avoid ionizing radiation. MR imaging, in particular, offers addi-
tional advantages including multiplanar imaging capability and 
superior soft tissue contrast. Technologic advancements have 
made diagnostic-quality MR imaging examinations faster and 
more feasible for pediatric patients.

The adept radiologist should be familiar with the normal 
development of the pancreas and the various manifestations 

of disease that are seen in and often unique to children. Some 
pathologies (e.g., acute pancreatitis) are similar in imaging 
appearance to their adult counterparts, but often have differ-
ent etiologies. Meanwhile, some congenital anomalies and 
certain neoplasms are almost exclusively seen in children.

The overarching goal of this chapter is to discuss the up- 
to- date and fundamental basics of pediatric pancreatic MR 
imaging protocols, the normal and abnormal development of 
the pancreas, and MR imaging features of pancreatic disor-
ders in the pediatric population.

 Magentic Resonance Imaging Techniques

In recent years, MR imaging has become increasingly use-
ful for evaluating pancreatitis and pancreatic tumors in the 
pediatric population. The superior soft tissue contrast and its 
ability to image the pancreas in multiple contrast-enhanced 
phases make MR imaging ideally suited to evaluating both 
diffuse and focal pancreatic pathology. MR cholangiopancre-
atography (MRCP) is a specialized MR imaging technique 
that provides excellent noninvasive evaluation of the pancre-
aticobiliary tree and often serves as an imaging alternative 
to endoscopic retrograde cholangiopancreatography (ERCP), 
which is invasive and often requires general anesthesia when 
performed in the pediatric population. Secretin is a hormone 
that is produced by the duodenum and stimulates pancreatic 
exocrine secretion. Synthetic secretin- enhanced MRCP is a 
technique that improves sensitivity for visualizing pancre-
atic duct abnormalities due to secretin- induced ductal dilata-
tion [3]. Pancreatic exocrine function can also be assessed 
by secretin MRCP by visualizing or quantifying secretin-
induced duodenal fluid [3].

 Patient Preparation

As with all pediatric studies, MR imaging of the pancreas 
should be tailored to the clinical question and the patient’s 
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age, size, and ability to cooperate. MR imaging of the pan-
creas is challenging in young children because of potential 
image quality degradation from respiratory motion and 
patient movements. During the examination, child life spe-
cialists, engagement and education of patients and families, 
and distraction techniques like music and video goggles can 
help relax pediatric patients and decrease motion artifacts 
[4]. These environmental factors and faster MR imaging 
sequences often reduce the need for anesthesia, thus making 
examinations faster and safer for pediatric patients. Deep 
sedation or general anesthesia may be required, particularly 
for young children between 6 months and 6 years of age [4].

No specific patient preparation is required for pancreatic 
MR imaging, although fasting 3–5 hours before an MRCP is 
beneficial to empty the stomach, decrease bowel motility, 
and fully distend the gallbladder and biliary tree [2]. Secretin, 
if used, is administered using a weight-based protocol at a 
dose of 0.2  mg/kg as a slow infusion over 1  minute [3]. 
Negative oral contrast agents that decrease the signal inten-

sity of stomach and duodenal contents on T2-weighted 
images can also improve visualization of the pancreatic duct 
and ampulla on MRCP [2]. Pediatric patients who require 
sedation or anesthesia for MR imaging needs to adhere to 
institutional specific guidelines for NPO (nothing per oral) 
status to minimize the risk of aspiration.

 MR Imaging Pulse Sequences and Protocols

The pancreas is intrinsically hyperintense on T1-weighted 
images due the high amounts of protein and paramagnetic 
ions (e.g., manganese) within pancreatic cells [5]. Therefore, 
the pancreas is well-evaluated on T1-weighted fat- suppressed 
images, even in the absence of intravenous contrast. Most 
pancreatic parenchymal abnormalities result in low signal 
intensity on T1-weighted fat-suppressed images. The normal 
pancreas enhances avidly on arterial and venous phases and 
appears similar to the liver on delayed imaging (Fig. 9.1).

a b

c d

Fig. 9.1 Normal pancreas in a 13-year-old boy. Axial T1-weighted 
MR image (a) shows a uniformly hyperintense pancreas (arrows). T2 
signal intensity is uniform and similar to the liver on the axial single- 

shot image (b, arrows). Post-contrast, the pancreas demonstrates early 
arterial enhancement (c, arrows) and appears similar in intensity to the 
liver on delayed imaging (d, arrows)
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Unlike adult exams, pediatric MR imaging must be tai-
lored to the size of the patient and may require a reduced 
field of view and smaller slice thickness. MR imaging of 
the pancreas is usually performed using a multi-channel 
phased- array cardiac or body coil, depending on the size of 
the child. The smallest coil that fits the anatomic region 
should be used, as this permits a smaller field of view and 
better resolution [6].

The standard pediatric pancreatic protocol includes 
T1-weighted in- and opposed-phase breath-hold and 
T2-weighted fat-suppressed fast-spin echo respiratory- 
triggered sequences to evaluate the pancreas and adjacent 
abdominal organs. Volumetric T1-weighted fat-suppressed 
gradient echo sequences can be acquired in a single breath- 
hold acquisition (10–20 seconds) and are helpful for evalu-
ating the pancreatic parenchyma for both focal and diffuse 
abnormalities [2]. This same sequence (also known as VIBE/
LAVA/eTHRIVE) can be used for multi-phase post-contrast 
evaluation of the pancreas, which increases sensitivity for 
detecting subtle pancreatic lesions, pancreatic vascularity in 
cases of suspected necrosis in the setting of pancreatitis, and 
peripancreatic inflammatory changes [7]. Signal averaging is 
often used for T1-weighted sequences in infants and young 
children who are unable to suspend respiration. Additional 
sequences in a pancreatic MR imaging protocol include bal-
anced steady-state free precession (bSSFP) sequences that 
provide excellent visualization of peripancreatic inflamma-
tory changes, as well as diffusion-weighted imaging (DWI) 
with B-values up to 800–1000  s/mm2 that are useful for 
focal lesion detection as well as abscesses associated with 
 pancreatitis [7, 8].

The optimal timing for pancreatic evaluation is late arte-
rial (35–55 seconds post-injection), as the pancreaticoduode-
nal arteries are end branches of the celiac and superior 
mesenteric arteries. Additional post-contrast imaging time 
points include portal venous (60–70  seconds) and delayed 
venous (2–3 minutes) phases [2, 6].

MRCP consists of a heavily T2-weighted pulse sequence 
with a long echo time (TE range 500–1000  ms), which 
increases the conspicuity of bile in the pancreaticobiliary 
tree while suppressing background signal from soft tissues 
and vascular structures. Typically, MRCP is a 3D volumetric 
fast-spin echo sequence, acquired with respiratory triggering 
in the coronal oblique plane, designed to view the pancre-
atic duct in its entirety. In secretin MRCP, coronal oblique 
single- shot T2-weighted images that include the entire pan-
creatic duct are acquired every 30–60  seconds after secre-
tin administration for a period of 5–10 minutes, with peak 
pancreatic duct dilatation typically occurring at 3–5 minutes 
[9]. In children who are breathing fast or irregularly, MRCP 
image quality can be degraded and thick-slab single-shot 
T2-weighted imaging can be performed instead to freeze 
motion [7].

Non-Cartesian radial pulse sequences can also be used to 
reduce respiratory motion artifacts on T2-weighted and 
T1-weighted fat-suppressed post-contrast imaging [7, 10]. In 
these sequences, in-plane K-space is acquired in a spoke- 
wheel fashion, which leads to oversampling of the center and 
undersampling of the periphery of K-space. Oversampling 
the center of k-space, which encodes for image contrast, 
results in high signal-to-noise and contrast-to-noise ratios. 
Because the phase-encoding direction shifts with the rotating 
lines of radial k-space acquisition, respiratory motion is dis-
persed over multiple axes, leading to less reduction in visual 
image quality compared with standard Cartesian sequences 
[7]. These sequences are particularly helpful for young chil-
dren who are unable to suspend respiration.

 Anatomy

 Embryology

The pancreas emerges at approximately 3–4 weeks gestation 
[11]. Pancreatic development begins with formation of ven-
tral and dorsal pancreatic buds or anlagen (Fig. 9.2a), which 
originate from the endodermal lining of the duodenum. The 
dorsal pancreatic bud or anlage forms below the greater cur-
vature of the stomach, eventually becoming the neck, body, 
and tail of the pancreas. At the same time, the ventral bud 
becomes the head and uncinate process. The dorsal bud ini-
tially drains into the dorsal duct of Santorini and then into the 
minor papilla of the duodenum, above the insertion site of 
the common bile duct (CBD). The ventral bud is drained by 
the ventral duct of Wirsung into the major papilla of the duo-
denum, at the same level as the CBD [12].

At about 7 weeks gestation, the stomach and duodenum 
rotate, pulling the ventral bud posteriorly and inferiorly, 
while the dorsal bud moves anteriorly and superiorly, result-
ing in the final position of the pancreas (Fig. 9.2b). The ven-
tral and dorsal ducts fuse in the pancreatic head [11].

 Normal Development and Anatomy

The pancreas is a retroperitoneal organ, located posterior to 
the lesser sac (Fig.  9.3). The pancreas is divided into the 
head, uncinate process, neck, body, and tail. The head is the 
thickest part of the pancreas, surrounded by the duodenum, 
and to the right of the superior mesenteric artery (SMA) and 
superior mesenteric vein (SMV). The uncinate process 
emerges from the back of the pancreatic head, posterior to 
the SMA and SMV. The neck, between the head and body, is 
the thinnest part of the pancreas and lies in front of the SMA 
and SMV, anterior to the portosplenic confluence. The body 
is the largest portion. The tail abuts the splenic hilum.
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The pancreas has both endocrine and exocrine functions. 
The endocrine glands are composed of discrete units called 
islets of Langerhans, which secrete hormones, including 
insulin, glucagon, somatostatin. The exocrine glands, a net-
work of acinar cells, secrete pancreatic fluid into the duode-
num via the pancreatic duct; bicarbonate neutralizes gastric 
acid and enzymes aid with digestion [11, 12].

 Anatomic Variants

Anatomic anomalies of the pancreas arise due to failed 
fusion of the ventral and dorsal buds or abnormal rotation. 

Often, these are incidental discoveries in asymptomatic pedi-
atric patients. However, it is important to recognize these 
structural anomalies as some lead to pathology, such as 
recurrent pancreatitis or duodenal obstruction, and may 
require surgical correction. MRCP demonstrates the course 
and drainage pattern of the pancreatic duct and is helpful in 
diagnosing developmental anomalies. In recent years, MRCP 
has replaced ERCP as the primary diagnostic tool for evalu-
ating pancreatic ductal anatomy in pediatric patients.

Pancreas Divisum Pancreas divisum is the most common 
congenital pancreatic abnormality, seen in about 10% of the 
population [13]. It is caused by non-fusion of the ventral and 
dorsal pancreatic ducts, which retain their primitive drainage 
patterns (Fig. 9.4). This is identified on MRCP by the “cross-
ing” sign, when the common bile duct crosses the dorsal pan-
creatic duct as it courses to join the ventral duct [12].

In complete pancreas divisum, the main (dorsal) pancre-
atic duct drains into the minor papilla without communicat-
ing with the ventral duct (Fig.  9.5). Complete pancreas 
divisum may be a cause of recurrent pancreatitis in pediatric 
patients. In incomplete divisum, some communication 
remains between the dorsal and ventral ducts [12]. Incomplete 
pancreas divisum is considered a normal anatomic variant 
and not associated with pathology [13].

Annular Pancreas Annular pancreas is rare and occurs when 
the ventral bud does not fully rotate and a part of the pancreas 
wraps around the second portion of duodenum [11] (Fig. 9.6). 
There are two types of annular pancreas: extramural and intra-
mural. In the extramural type, the ventral duct encircles the 
duodenum and joins the main duct. This presents with duode-
nal obstruction in infancy and is one etiology of the classic 
“double-bubble” sign in neonates. In the intramural type, pan-

Liver

a b

Gallbladder Ventral
Anlage

Ventral Anlage
Midgut

Dorsal Anlage

Dorsal Anlage

Foregut

Fig. 9.2 Early development of the pancreas. At approximately 
3–4 weeks gestation (a), the ventral and dorsal anlagen or buds develop 
from the endodermal lining of the duodenum, which arises at the junc-
tion between the foregut and midgut. At about 7 weeks gestation (b), 

the stomach and duodenum rotate, pulling the ventral anlage posteriorly 
and inferiorly, and the dorsal bud anteriorly and superiorly. (Images: 
Susanne L.  Loomis, MS, FBCA; Department of Radiology, 
Massachusetts General Hospital, Boston, Massachusetts, USA)

Second part of
the duodenum Head

IVC Aorta

SMV SMA

Uncinate process

Fig. 9.3 Normal MR imaging pancreatic anatomy in a 16-year-old 
girl. Normal appearance of the pancreatic head, uncinate process, and 
surrounding structures (labeled). The pancreatic body and tail are not 
visualized on this image. SMV, superior mesenteric vein; SMA, supe-
rior mesenteric artery; IVC, inferior vena cava
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creatic tissue is within the walls of the duodenum, and small 
ducts drain directly into the duodenum. These children may 
present with peptic ulcer disease, without duodenal obstruction 
[12]. One-half to two-thirds of all patients with annular pan-
creas are asymptomatic [14].

Pancreatic Agenesis and Hypoplasia (Congenital Short 
Pancreas) Complete agenesis of the pancreas is rare and 
lethal. Partial agenesis is still very rare but compatible with 
life and usually involves the dorsal rather than ventral pan-
creas. In dorsal agenesis or hypoplasia, the pancreatic head 
appears enlarged and widened, with a partially or completely 
absent pancreatic body and tail [12] (Fig. 9.7). Patients with 
dorsal pancreatic agenesis are at risk of developing abdomi-

a bCommon
Bile Duct

Common
Bile Duct

Accessory Duct
of Santorini

Minor
Papilla

Minor
Papilla

Major
Papilla

Major
Papilla

Duodenum Duodenum

Dorsal Duct
of Santorini

Ventral Duct
of Wirsung

Main duct (Wirsung)

Pancreas Divisum Normal Pancreas

Fig. 9.4 Pancreas divisum anatomy. In pancreas divisum (a), the ven-
tral and dorsal ducts do not fuse, retaining their early drainage patterns. 
The normal drainage pattern is shown as comparison (b). (Images: 

Susanne L.  Loomis, MS, FBCA; Department of Radiology, 
Massachusetts General Hospital, Boston, Massachusetts, USA)

Fig. 9.5 Pancreas divisum in an 18-year-old female with ulcerative 
colitis and primary sclerosing cholangitis. 3D thick maximum intensity 
projection MR image demonstrates the crossing sign of pancreas divi-
sum. The main pancreatic duct (arrow) crosses over the common bile 
duct (arrowhead) into drains into the minor papilla via the dorsal duct 
of Santorini. Note the additional beading of the intrahepatic bile ducts, 
characteristic of primary sclerosing cholangitis

a

b

Fig. 9.6 Annular pancreas in an asymptomatic 16-year-old boy. Axial (a) 
and coronal (b) single-shot T2-weighted MR images show the pancreas 
(arrows) wrapped around the second portion of the duodenum. A small 
amount of fluid is seen in the distended duodenum proximal to the annulus
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nal pain, hypoglycemia, and pancreatitis related to problems 
with pancreatic drainage [15].

Ectopic Pancreas Residual primitive cells from the ventral 
and dorsal buds can migrate to nearby structures and mature, 
leading to ectopic pancreatic tissue in locations such as the 
gastric antrum or duodenum (Fig.  9.8). Ectopic pancreatic 
tissue is subject to the same inflammatory and neoplastic 
processes affecting the orthotropic pancreas. Rarely, cystic 
dystrophy can occur, which represents cystic dilatation of the 
ectopic ducts and occurs most often in the second portion of 
the duodenum [12, 13].

Intrapancreatic Splenic Tissue Accessory spleens, or sple-
nules, are congenital foci of normal splenic tissue separate 
from the main spleen. These are distinguished from splenosis, 
which is autotransplantation of splenic tissue, usually after 
splenectomy or trauma. The tail of the pancreas is the second 
most common site of an accessory spleen (the splenic hilum 
is the most common location). This is usually an incidental 
finding on CT or MR imaging and is important not to mistake 
for a mass. The accessory spleen typically has the same signal 
characteristics as the spleen on all MR pulse sequences 
(Fig. 9.9) [12].

Pancreatic Cyst A true congenital pancreatic cyst is very 
rare. As opposed to cystic dilatation of the pancreatic duct or 
pseudocysts, true pancreatic cysts are lined by epithelium 
and do not communicate with the pancreatic ducts. These 
may be idiopathic or associated with systemic diseases like 
von Hippel-Lindau disease, Beckwith-Wiedemann syn-
drome, or polycystic kidney disease [12].

 Spectrum of Pancreatic Disorders

 Congenital Pancreatic Disorders

von Hippel-Lindau Disease von Hippel-Lindau (VHL) 
disease is a rare autosomal dominant disorder caused by a 
mutation in the VHL tumor suppressor gene on chromosome 
3. Patients with VHL are at high risk for various malignan-

Fig. 9.7 Dorsal agenesis of the pancreas in an asymptomatic 17-year- 
old girl. Axial T1-weighted fat-suppressed MR image demonstrates the 
dorsal pancreas is truncated, with an absent pancreatic tail. The main 
pancreatic duct is mildly prominent

a

b

c

Fig. 9.8 Ectopic pancreas in a 17-year-old girl with abdominal pain 
and vomiting. Coronal single-shot T2-weighted (a) and T1-weighted 
fat-suppressed pre- (b) and post-contrast (c) MR images demonstrate a 
T2-weighted hypointense, T1-weighted hyperintense, mildly enhanc-
ing lesion (arrows) in the stomach. The lesion consistent with ectopic 
pancreas on biopsy. Incidental note is made of a hepatic mass found to 
be a focal nodular hyperplasia
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cies, including neuroendocrine tumors and serous cystade-
nomas in the pancreas. The disease is also associated with 
bilateral or multifocal renal cell carcinomas, adrenal pheo-
chromocytomas, skull base endolymphatic sac tumors, and 
hemangioblastomas involving the brainstem, cerebellum, 
and spinal cord. Numerous cysts can be seen in the kidneys, 
pancreas, and liver [12].

Cystic Fibrosis Cystic fibrosis (CF) is an autosomal 
recessive disease caused by a gene defect encoding the CF 
transmembrane conductance regulator (CFTR), which is a 
chloride and bicarbonate channel. Abnormal chloride metab-
olism causes glands to produce abnormally thick, viscous 
material. This is mostly seen in the exocrine glands of the 
tracheobronchial tree, pancreas, sweat glands, and seminal 
vesicles of boys. The pancreas is one of the organs earliest 
affected by CF [12, 16].

In patients with CF, thickened secretions result in plugging 
of the proximal pancreatic ducts, leading to exocrine insuffi-
ciency, which is seen in approximately 85–90% of CF patients. 
Endocrine dysfunction is seen in about 30–50% of patients 
[16]. Fatty infiltration is the most common  manifestation of 
CF in the pancreas, usually seen in adolescence or early adult-
hood. This can progress to complete pancreatic lipomatosis 
(Fig. 9.10). Pancreatic cystosis can also be seen, which is dif-
fuse replacement of the pancreas with cysts of varying sizes 
(Fig.  9.11). On MR imaging, the cysts demonstrate typical 
low T1-weighted and high T2-weighted signal [16]. Various 
abnormalities of the ducts can occur, including strictures, dila-
tation, and obstruction [17].

a

b

c

Fig. 9.9 Intrapancreatic splenule in a 16-year-old girl. Axial T1-weighted 
(a), T2-weighted fat-suppressed (b), and diffusion- weighted (c) MR 
images demonstrate a small lesion (arrows) in the tail of the pancreas, 
which has the same signal characteristics as the spleen on all sequences

Fig. 9.10 Pancreatic lipomatosis in a 17-year-old girl with cystic fibro-
sis. Axial single-shot T2-weighted MR image shows fatty replacement 
of the pancreas, which is indistinct with the adjacent retroperitoneal fat
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Shwachman-Diamond Syndrome Shwachman-Diamond 
syndrome is a rare, autosomal recessive disease, caused by a 
mutation in the Shwachman-Bodian-Diamond gene, the 
function of which is unknown. It is a multisystem disease, 
which involves the bones, bone marrow, and pancreas, often 
manifesting as pancreatic exocrine insufficiency, neutrope-
nia, and bone dysplasia [18]. It is the second most common 
cause of childhood pancreatic atrophy, following CF [12]. 
The characteristic imaging feature is fatty replacement of the 
pancreas, which is well-visualized on MR imaging using 
paired T1-weighted or T2-weighted sequences with and 
without fat suppression. Unlike other causes of fatty pancre-
atic atrophy, the pancreas in Shwachman-Diamond syn-
drome is normal in size [18].

Congenital Hyperinsulinism Congenital hyperinsulin-
ism (CHI), otherwise known as persistent hyperinsulin-
emic hypoglycemia of infancy, is an uncommon (1:50,0000 
live births) but important cause of severe neonatal hypo-
glycemia. CHI was previously known as nesidioblasto-
sis, meaning the persistence of nesidioblasts, which are 
fetal pancreatic cells [12]. CHI is attributable to a range 
of mutations that regulate insulin secretion, resulting in 
proliferation of B islet cells and pancreatic ducts. CHI is 
typically sporadic but can be associated with genetic con-
ditions, including Beckwith- Wiedemann and Sotos syn-
dromes [19].

Affected patients typically present with recurrent hypo-
glycemia refractory to feeds. CHI can be either diffuse or 

a b

c d

Fig. 9.11 Pancreatic cystosis in a 17-year-old girl with cystic fibrosis. Axial single-shot T2-weighted (a–c) and coronal MRCP (d) MR images 
show numerous cysts of various size replacing normal pancreas, in keeping with pancreatic cystosis

M. Johnson et al.
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focal, with MRI being helpful to identify the extent of paren-
chymal enlargement, usually without an identifiable discrete 
mass [12] (Fig.  9.12), although MR imaging may not be 
definitive. As much, it is important to know that the diagno-
sis of CHI is usually made by F-DOPA PET imaging. It is 
important to distinguish the two forms of CHI because the 
focal form typically is treated by subtotal pancreatectomy, 
while diffuse CHI is typically managed medically [20].

 Inflammatory Pancreatic Disorders

Acute Pancreatitis Pancreatitis, which is defined as inflam-
mation of the pancreas, is the most common pancreatic dis-
order in children and adults. Three categories of pancreatitis 
have been defined: acute pancreatitis, acute recurrent pan-
creatitis, and chronic pancreatitis, based on the number of 
pancreatitis episodes and the presence or absence of irre-
versible features of pancreatitis [21]. Acute pancreatitis is 
diagnosed clinically when two of the following are pres-
ent: abdominal pain compatible with acute pancreatitis, 

serum amylase or lipase more than three times the upper 
limit of normal, and imaging findings consistent with acute 
pancreatitis [22]. The incidence of acute pancreatitis has 
increased in the pediatric population, which may be related 
to increased frequency of testing and childhood obesity. 
Pancreatitis occurs in all age groups, including infants, 
although studies have shown that it is more common in 
children more than 5 years old [2].

Pancreatitis in children is associated with significant mor-
bidity and mortality. About one-quarter of children develop 
severe complications and the mortality rate is estimated to be 
4% [2, 22]. Therefore, it is important for radiologists to have 
a broad awareness of pancreatitis in children in order to help 
guide appropriate treatment.

Imaging has a pivotal role in diagnosing pancreatitis. For 
children, ultrasound is the primary imaging modality of 
choice, although CT is also widely used. MR imaging with 
MRCP is becoming increasingly helpful and may soon 
replace CT, as it is able to provide exquisite anatomic delin-
eation of the pancreatic parenchyma and pancreaticobiliary 
duct system. Acute pancreatitis in children looks similar to 

a b

c d

Fig. 9.12 Congenital hyperinsulinism in a 2-year-old girl with 
Beckwith-Wiedemann syndrome and hypoglycemia. Axial T1-weighted 
(a, b) and T2-weighted fat-suppressed (c, d) MR images demonstrate 

focal enlargement of the pancreatic head, without a discrete mass, in 
keeping with congenital hyperinsulinism
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that in adults. The most common imaging feature of acute 
pancreatitis is an edematous enlarged pancreas, which in 
early or mild cases may be identified only as a subtle contour 
abnormality or increased signal intensity on T2-weighted 
imaging [23, 24]. The pancreas demonstrates loss of its 
intrinsic T1-weighted signal intensity, instead becoming het-
erogeneous and hypointense. Peripancreatic edema and fluid 
collections are often seen [2, 23] (Fig. 9.13).

Complications of Acute Pancreatitis Pseudocysts are the 
most common complication of acute pancreatitis, and the 
most common lesions seen within the pancreas. They are 
T2-weighted hyperintense and may have high T1-weighted 

signal intensity due to internal debris or hemorrhage. There 
may be peripheral enhancement surrounding the cyst but no 
internal enhancement (Fig.  9.14), which would suggest a 
mass [2].

Necrotizing pancreatitis is uncommon in children but is 
important to be aware of because it is associated with 
increased morbidity and mortality [25]. Classic MR imaging 
features include focal areas of non-enhancement on post- 
contrast sequences that typically show high signal intensity 
on T1-weighted imaging. Gas can also be a feature of more 
severe necrotizing pancreatitis and can be difficult to identify 
on MR imaging, appearing as punctate low signal foci on T1- 
and T2-weighted images. Gradient recalled echo imaging 

a b

Fig. 9.13 Acute pancreatitis in an 18-year-old male who presented 
with acute abdominal pain. Axial single-shot T2-weighted MR image 
(a) demonstrates a swollen pancreas with small peripancreatic fluid col-

lections (arrows). Fat-suppressed T1-weighted MR image (b) demon-
strates areas of low signal intensity within the pancreatic body 
(arrowhead) consistent with edema in the context of acute pancreatitis

a b

Fig. 9.14 Pancreatic pseudocyst in a 13-year-old boy with a history of 
acute pancreatitis. A lobulated cystic lesion (arrow) is seen in the pan-
creatic tail on an axial T2-weighted fat-suppressed MR image (a). This 
demonstrates a rim of enhancement (arrow) on a T1-weighted fat- 

suppressed post-contrast MR image (b). The patient’s history of acute 
pancreatitis favors a diagnosis of a pseudocyst, which was confirmed 
when the lesion resolved on subsequent imaging
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(such as T1-weighted fat-suppressed pre-contrast imaging) 
can be helpful to identify susceptibility artifact from air asso-
ciated with pancreatic necrosis [2, 24, 25]. Hemorrhagic 
changes may also be seen in necrotizing pancreatitis, which 
may affect the pancreas itself or surrounding fatty tissue 
(Fig. 9.15).

Pancreaticopleural fistulas are extremely rare, occurring 
in less than 1% of patients with pancreatitis. This complica-
tion should be considered if the patient has large, recurrent 
pleural effusions despite resolution of his or her acute symp-
toms. T2-weighted and contrast-enhanced sequences may 
show a fistulous connection between the pancreatic duct and 
pleural space. The diagnosis can be confirmed by high amy-
lase levels in the pleural fluid aspirate [2].

Vascular complications, including splenic vein thrombo-
sis or splenic artery pseudoaneurysms, arise due to the close 
proximity of these vascular structures to inflamed pancreatic 
tissue. These are best detected on sequential contrast- 
enhanced T1-weighted fat-suppressed sequences [2, 23].

Causes of Pancreatitis About 10–20% of pediatric patients 
have recurrent episodes of pancreatitis. Many of these causes 

are treatable and thus it is important to identify on imaging if 
possible. Biliary disease is one of the most common causes 
of acute pancreatitis in children, accounting for approxi-
mately 10–30% of cases (although compared to more than 
80% of adult pancreatitis). Obesity is both a risk factor for 
developing gallstones and an independent risk factor for 
developing gallstone pancreatitis. Pancreaticobiliary anoma-
lies, including pancreas divisum, have been associated with 
recurrent pancreatitis. Approximately 50% of patients with 
acute recurrent pancreatitis have genetic pancreatitis predis-
position mutations, with mutations in cystic fibrosis trans-
membrane conductance regulator (CFTR) and pancreatic 
secretory trypsin inhibitor (SPINK1) being among the most 
common [26]. Other less common but important causes of 
acute pancreatitis in children include trauma, autoimmune 
disorders, medications (e.g., valproic acid, prednisone, 
L-asparaginase, and 6-mercaptopurine), and certain systemic 
diseases like CF, chronic renal failure, and diabetes [2, 27].

Chronic Pancreatitis Chronic pancreatitis is relatively 
uncommon in children compared to adults. Children with 
chronic pancreatitis usually have genetic risk factors or con-

a b

c d

Fig. 9.15 Hemorrhagic pancreatitis in a 15-year-old girl with obesity 
and gallstones. Axial CT (a) and T1-weighted MR image (b) demon-
strate an edematous pancreas (arrows). Additional T1-weighted axial 

MR images (c, d) demonstrate a high signal intensity hemorrhagic peri-
pancreatic collection (arrowheads)
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genital anomalies leading to chronic obstruction (e.g., pan-
creas divisum). Chronic pancreas can be debilitating in 
children and associated with significant morbidity, including 
chronic pain, frequent emergency room visits, hospitaliza-
tions, as well as lost time from school [28].

On MR imaging, the afflicted pancreas demonstrates 
low T1-weighted signal intensity and atrophy (Fig. 9.16), 
with MRCP ideally suited to show pancreatic duct tortuos-
ity and dilatation (Fig. 9.17) as well as increased visibility 
of pancreatic duct side branches [23, 24]. Parenchymal cal-
cifications associated with chronic pancreatitis are difficult 
to identify on MR imaging but appear as punctate foci of 

low signal intensity on T1-weighted and T2-weighted 
images causing susceptibility artifact on GRE imaging 
(similar to air). Acute on chronic pancreatitis has features 
of acute pancreatitis (edema, peripancreatic fluid) superim-
posed on chronic changes (abnormal duct morphology) 
(Fig. 9.18).

Autoimmune Pancreatitis Autoimmune pancreatitis is a 
rare entity in adults, and even more uncommon in children, 
although the disease is increasing being recognized in both 
demographic groups. Unlike the adult form, autoimmune 
pancreatitis in children is less frequently associated with an 

a b

Fig. 9.16 Chronic pancreatitis in a 7-year-old boy with recurrent 
abdominal pain. Axial T1-weighted MR image (a) demonstrates pan-
creatic atrophy (arrows), with hypo-enhancement and pancreatic duct 

prominence on the T1-weighted fat-suppressed post-contrast MR 
images (b), indicative of chronic pancreatitis

a b

Fig. 9.17 Chronic pancreatitis and pseudocyst in an 11-year-old boy. 
Axial T2-weighted fat-suppressed MR images demonstrate a pseudo-
cyst (a, b; arrows) anterior to an atrophic pancreas. The main pancreatic 

duct can be seen posterior to the pseudocyst and is dilated and beaded 
in appearance (b; arrowhead). Overall these findings are consistent 
with chronic pancreatitis

M. Johnson et al.



267

elevated IgG4, seen in 22% of children with the disease 
[29]. On MR imaging, the pancreas typically demonstrates 
low signal intensity on T1-weighted images and be globally 
or focally enlarged. Focal or segmental autoimmune pancre-
atitis may mimic a pancreatic mass. Other imaging features 
to look out for in the setting of autoimmune pancreatitis 
include irregularity of the main pancreatic duct and narrow-
ing of the common bile duct, which are seen in the majority 
of cases [23, 29]. Most children respond well to steroids, 
with accompanying normalization of the pancreas on 
imaging.

 Neoplastic Pancreatic Disorders

Pancreatic tumors are relatively rare in children compared 
with adults. In general, they have distinct histologic patterns 
and fortunately better prognoses compared to their adult 

counterparts. Pancreatic neoplasms can be divided into those 
of epithelial origin and those of non-epithelial origin 
(Table 9.1).

Pancreatic neoplasms in general occur less frequently in 
children compared with adults. This section focuses on pan-
creatic neoplasms that are most likely to occur in pediatric 
patients, acknowledging that several of these tumors are very 
rare and MRI is often not the primary imaging modality for 
diagnosis.

 Epithelial Pancreatic Neoplasms

Pancreatoblastoma Pancreatoblastoma, formerly infan-
tile pancreatic carcinoma, is the most common pancreatic 
tumor in children, representing approximately 25% of 
pancreatic tumors. However, this tumor is still extremely 
rare, with an incidence of less than 1 per 1,000,000 chil-
dren [30]. Pancreatoblastoma may be slightly more com-
mon in males and usually occurs in the first decade of life 
(mean age is 5 years old). The tumor is often quite large 
(2–20 cm) at diagnosis, and clinical presentation is vari-
able based on mass effect, ranging from abdominal pain 
and nausea and vomiting to jaundice. Alpha-fetoprotein 
(AFP) is usually elevated. While there is some association 
with Beckwith-Wiedemann syndrome, most cases are 
sporadic [30].

On MR imaging, pancreatoblastomas are usually large 
mixed solid-cystic masses with well-defined margins. They 
usually arise from the pancreatic head and tend to protrude 
into the lesser sac (Fig.  9.19). Pancreatoblastomas dem-
onstrate low to intermediate T1-weighted signal intensity 
and heterogeneously increased T2-weighted signal inten-
sity due to hemorrhage and necrosis [31]. Calcifications 
are often present and better seen on CT. About one-third 
of patients have metastases at presentation, usually to the 
liver [30].

Solid Pseudopapillary Tumor In contrast to pancreatoblas-
tomas, which are usually seen in male children less than 
10 years old, solid pseudopapillary tumors (SPT; also known 
as solid pseudopapillary epithelial neoplasms) are more 
common in young women in their second or third decade of 
life. Affected patients may present with abdominal pain but 
are often asymptomatic [30].

SPN is a mixed solid and cystic, slow-growing tumor, 
often large at diagnosis (>5 cm). The most common loca-
tion is the pancreatic head. Key imaging features include 
a fibrous capsule and internal hemorrhage. The fibrous 
capsule typically demonstrates low signal intensity on 

Fig. 9.18 Acute on chronic pancreatitis in a 15-year-old girl with 
abdominal pain. The main pancreatic duct is markedly dilated with a 
gradual transition at the pancreatic neck, as seen on this single-shot 
T2-weighted MR image. There is peripancreatic edema (note blurred 
parenchymal margins). Findings are consistent with acute on chronic 
pancreatitis

Table 9.1 Pediatric pancreatic neoplasms

Epithelial tumors Pancreatoblastoma
Solid pseudopapillary tumor
Endocrine (islet cell) tumor
Acinar cell carcinoma
Ductal adenocarcinoma (exceedingly 
rare)

Non-epithelial tumors 
(rare)

Lymphoma (secondary > primary)
Mesenchymal tumors
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T1-weighted and T2-weighted imaging (Fig.  9.20). The 
solid components can demonstrate hemorrhage, particularly 
at larger sizes [30, 31]. Although usually benign, the tumor 
has malignant potential and therefore is treated with surgi-
cal resection. Vascular invasion and capsule disruption are 
aggressive features. Metastases are uncommon and are most 
common in the liver [30].

Neuroendocrine (Islet Cell) Tumors Islet cell tumors are neu-
roendocrine tumors seen in older children. In general, tumors 
that are large at presentation are typically non- functioning as 

they do not cause symptoms until they compress adjacent 
structures. Conversely, hormonally active neuroendocrine cell 
tumors are often small at diagnosis. Clinical features of islet 
cell tumors are summarized in Table 9.2.

The most common islet cell tumor is the insulinoma, 
accounting for approximately 50% of cases. These tumors 
often present at a very small size due to their clinical symp-
toms related to hypoglycemia. Insulinomas are often seen in 
the body or tail of the pancreas [30]. Gastrinomas are the sec-
ond most common islet cell tumor, representing 30% of cases. 
These tend to occur in the “gastrinoma triangle,” between the 

a b

c d

Fig. 9.19 Pancreatoblastoma in a 4-year-old boy. Axial T2-weighted 
(a) and T1-weighted (b) fat-suppressed MR images demonstrate a 
large, well-circumscribed low signal mass originating from the pancre-
atic head/neck, protruding into the lesser sac. The mass demonstrates 

enhancement on arterial and venous phase T1-weighted fat-suppressed 
post-contrast MR images (c, d) and was shown to be a pancreatoblas-
toma on histology
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junction of the cystic duct and CBD, duodenum, and neck and 
body of the pancreas [30]. While the majority of islet cell 
tumors arising in children occur sporadically, there is an asso-
ciation with genetic conditions such as multiple endocrine 
neoplasia type 1 and von Hippel-Lindau syndrome [23]. 
More recently, an association has been established with tuber-
ous sclerosis complex in which nonfunctional pancreatic islet 
cells are incidentally discovered during renal imaging sur-
veillance. The current data suggest that the islet cell tumors 
arising in this context are indolent [32].

a b

c d

Fig. 9.20 Pancreatic solid pseudopapillary tumor and liver metastasis 
in an 18-year-old female. Axial T1-weighted (a) and T2-weighted (b) 
MR images demonstrate a large, well-circumscribed, heterogeneous, 
mass originating from the pancreatic body/tail (arrowheads; a–d). 

Intrinsic T1-weighted hyperintensity likely represents hemorrhage. 
T1-weighted fat-suppressed pre- (c) and post-contrast (d) images show 
heterogeneous enhancement of the mass. There is also a hypoenhancing 
hepatic lesion (arrows; a–d) consistent with a hepatic metastasis

Table 9.2 Clinical features of pancreatic endocrine tumors

Tumor type Clinical features
Insulinoma Hyperinsulinemic hypoglycemia
Gastrinoma Zollinger-Ellison syndrome: duodenal ulcers, 

gastroesophageal reflux, diarrhea
ACTHoma Cushing syndrome
VIPoma Profuse watery diarrhea, hypokalemia, 

achlorhydria
Somatostatinoma Diabetes, steatorrhea, gallbladder disease
Glucagonoma Diabetes, stomatitis, necrolytic migratory 

erythema
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On MR imaging, islet cell tumors are typically solid, 
hypervascular masses that avidly enhance on arterial-phase 
sequences (Fig. 9.21). They can be inconspicuous to back-
ground parenchyma on delayed sequences, which empha-
sizes the importance of arterial phase imaging. They often 
demonstrate heterogeneous signal intensity on T2-weighted 
images, including central areas of necrosis when the tumors 
become large in size [30, 31].

 Non-epithelial Pancreatic Neoplasms

Lymphoma Pancreatic involvement of lymphoma is 
the most common non-epithelial tumor of the pancreas. 
Although very rare, most cases of pancreatic lymphoma 
are non- Hodgkin lymphoma. Burkitt lymphoma, an aggres-
sive B-cell  non-Hodgkin lymphoma that is associated 
with translocation of the MYC oncogene, can present as a 
rapidly growing pancreatic mass associated with pancre-
atitis [33]. Primary (isolated to the pancreas) and second-
ary (present in both the pancreas and lymphatic organs) 
 pancreatic  lymphoma have similar imaging features. 
Presenting  symptoms are nonspecific and may include a 
 palpable  abdominal mass, weight loss, and obstructive 
 jaundice [30].

Lymphoma of the pancreas has two morphologic patterns: 
focal and diffuse. The focal form most often involves the 
pancreatic head, with low T1-weighted signal intensity and 
intermediate T2-weighted signal intensity (Fig. 9.22). Post- 
contrast sequences may demonstrate either absent or mild 
enhancement [30, 31].

a b

Fig. 9.21 Pancreatic insulinoma in an 8-year-old girl who presented 
with hypoglycemia. Axial T1-weighted fat-suppressed MR image (a) 
shows a hypointense lesion (arrows) in the tail of the pancreas, with 

avid arterial enhancement post-contrast (b), in keeping with a neuroen-
docrine tumor. Pathology was compatible with an insulinoma

Fig. 9.22 Burkitt lymphoma in a 2-year-old boy. Axial T2-weighted 
MR image demonstrates low and intermediate signal intensity masses 
in the pancreas (arrow), kidneys, and liver
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The diffuse form leads to glandular enlargement and 
could mimic acute pancreatitis. There is typically global 
low signal intensity on T1-weighted images and high sig-
nal intensity on T2-weighted images. The pancreas typi-
cally demonstrates diffuse enhancement with small foci 
or decreased or no enhancement. Compression of the 
biliary tree may be seen [31]. Diffusion restriction on 
DWI sequences is also characteristic and related to the 
high nuclear to cytoplasmic ratio of the tumor cells.

Metastases Non-pancreatic tumors within the pancreas 
typically occur due to local invasion from contiguous 
organs, most commonly neuroblastoma from the adrenal 
gland [30] (Fig. 9.23). Metastases to the pancreas is very 
rare.

 Mimics and Pitfalls of Pancreatic Neoplasms

It is important to understand that non-neoplastic pathologies 
(e.g., splenules, pseudocysts, focal pancreatitis), discussed 
earlier in the chapter, may present as mass-like lesions. 
For example, fatty infiltration of the pancreas can be focal 

or diffuse and could mimic a neoplasm. In such a case, 
T1-weighted in- and out-of-phase MR imaging confirms the 
diagnosis (Fig. 9.24). True pancreatic lesions do not contain 
fat except for pancreatic lipomas, which are uncommon but 
benign. Duodenal diverticula are rare in children, but are 
another potential pitfall. It is important to recognize that air 
causes inhomogeneities in the magnetic field and blooming 
artifacts on in-phase images due to their longer TE. Often 
the clinical presentation (e.g., fever, abdominal pain) would 
favor pancreas over a mass lesion, although follow-up imag-
ing may be required.

Inflammatory myofibroblastic tumors (IMTs), previ-
ously known as inflammatory pseudotumors, are unusual 
pseudosarcomatous lesions that can mimic a malignant 
mass. Composed of inflammatory myofibroblastic spindle 
cells, these are most often seen in children and young 
adults. The lungs and orbits are most often involved, but 
cases have been reported in nearly every organ [34]. While 
IMT does not demonstrate aggressive features (Fig. 9.25), 
imaging cannot currently confidently distinguish IMT from 
a malignancy, especially in the pancreas where very few 
cases have been reported. As such, treatment is currently 
surgical resection.

a b

Fig. 9.23 Neuroblastoma invading the pancreas in a 4-year-old boy. Axial T1-weighted post-contrast fat-suppressed (a) and Axial T2-weighted 
fat-suppressed (b) MR images demonstrate T1-weighted mildly hypointense, T2-weighted isointense masses (arrows) invading the pancreatic 
head and neck
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 Traumatic Pancreatic Injury

Pancreatic injury occurs in 5–10% of children with blunt 
abdominal trauma and is almost never isolated. The pancreas 
is vulnerable to injury given its fixed position in the retroper-
itoneum. Two-thirds of injuries occur in the pancreatic body, 
which is the largest pancreatic segment. Trauma to the pan-
creas has a grading system, listed in Table 9.3. Unexplained 
pancreatic injury, especially in an infant, should raise con-
cern for child abuse [23, 24].

Pancreatic injury is associated with direct blunt force 
trauma to the abdomen, often handlebar injuries or second-

a

b

c

Fig. 9.24 Incidental pancreatic lipoma in an 18-year-old female. Axial 
T1 fat-suppressed MR image (a) demonstrates a small low signal inten-
sity lesion (arrow) in the tail of the pancreas. T1-weighted chemical 
shift in-phase (b) and opposed phase (c) MR images demonstrate signal 
loss on the opposed phase image (c, arrow), at the interface between the 
lipoma and the surrounding normal pancreas

a

b

Fig. 9.25 Myofibroblastic pancreatic tumor in a 17-year-old boy. 
Axial T2-weighted fat-suppressed (a) and T1-weighted fat-suppressed 
post-contrast (b) MR images show a well-circumscribed enhancing 
mass (arrows) in the head of the pancreas. There is no infiltration of sur-
rounding structures. Pathology demonstrated a myofibroblastic tumor, 
previously known as an inflammatory pseudotumor

Table 9.3 Pancreatic injury grading

Injury type Clinical features
Grade 1 Contusion or laceration with intact duct
Grade 2 Deep laceration or transection with duct injury
Grade 3 Severe laceration or crush injury to head of pancreas
Grade 4 Pancreaticoduodenal injuries
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ary to child abuse in children. Lacerations and hematoma can 
be seen (Fig. 9.26). Direct signs of injury (e.g., lacerations) 
are often subtle and difficult to detect, so it is important to 
look for secondary signs of injury. These include peripancre-
atic fluid in the anterior pararenal space or lesser sac and 
findings of pancreatitis (Fig. 9.27). 

Treatment of pancreatic injury is somewhat controver-
sial in children, with the standard of care currently being 
medical management. Although CT is often the initial 
imaging modality diagnosing traumatic injury of the pan-
creas in the setting of blunt abdominal trauma, MRI often 
plays an important role in assessing for development of 
peripancreatic fluid collections suggesting pancreatic duct 
injury, as well as MRCP direct assessment of pancreatic 
duct integrity [35].

 Conclusion

Clear knowledge of normal development and various disor-
ders of the pediatric pancreas is important to allow for gener-
ating appropriate differential diagnoses and facilitating 
optimal care for pediatric patients. In summary, pancreatic 
disorders are relatively uncommon and often incidental in 
the pediatric population but are important to recognize as 
they may cause acute or recurrent symptoms. These are best 
diagnosed with MR imaging including MRCP. Pancreatitis 
in children is becoming more common and is important to 
keep on the differential diagnosis of a pediatric patient with 
abdominal pain. Pancreatitis can be subtle on imaging and is 
important to diagnose before complications arise. Pancreatic 
tumors are very rare in the pediatric population but can often 
be differentiated on the basis of MR imaging features, patient 
age/gender, and clinical presentation.

References

 1. Howard JM, Hess W. History of the 9ancreas: mysteries of a hidden 
organ. 2nd ed. New York: Springer; 2002.

 2. Restrepo R, Hagerott HE, Kulkarni S, Yasrebi M, Lee EY. Acute 
pancreatitis in pediatric patients: demographics, etiology, and diag-
nostic imaging. Am J Roentgenol. 2016;206(3):632–44.

 3. Trout AT, Podberesky DJ, Serai SD, Ren Y, Altaye M, Towbin 
AJ. Does secretin add value in pediatric magnetic resonance chol-
angiopancreatography? Pediatr Radiol. 2013;43(4):479–86.

a

b

Fig. 9.26 Handle bar injury in an 8-year-old boy. Axial T1-weighted 
fat-suppressed MR image (a) demonstrates a hematoma in the pancre-
atic body (arrow), on a background of contusion, disrupting the path of 
the main pancreatic duct. Four months later, axial T2-weighted MR 
image (b) shows this area had matured into a pseudocyst (asterisk)

Fig. 9.27 Focal pancreatitis in an 18-year-old male with abdominal 
trauma. Axial single-shot T2-weighted MR image demonstrates swell-
ing and focal high signal in the body of the pancreas (arrows), consis-
tent with focal pancreatitis secondary to trauma. Note the diminished 
size of the uninvolved pancreatic tail for comparison

9 Pancreas



274

 4. Jaimes C, Gee MS.  Strategies to minimize sedation in pediatric 
body magnetic resonance imaging. Pediatr Radiol. 2016;46(6): 
926–7.

 5. Semelka RC, Ascher SM. MR imaging of the pancreas. Radiology. 
1993;188(3):593–602.

 6. Nievelstein RA, Robben SGF, Blickman JG.  Hepatobiliary and 
pancreatic imaging in children—techniques and an overview of 
neo-neoplastic disease entities. Pediatr Radiol. 2011;41(1):55–75.

 7. Jaimes C, Kirsch JE, Gee MS.  Fast, free-breathing and motion- 
minimized techniques for pediatric body magnetic resonance imag-
ing. Pediatr Radiol. 2018;48(9):1197–208.

 8. Chavhan GB, AlSabban Z, Babyn PS. Diffusion-weighted imaging 
in pediatric body mr imaging: principles, techniques, and emerging 
applications. Radiographics. 2014;34(3):E73–88.

 9. Manfredi R, Pozzi Mucelli R. Secretin-enhanced MR imaging of 
the pancreas. Radiology. 2016;279(1):29–43.

 10. Chavhan GB, Babyn PS, Vasanawala SS. Abdominal MR imaging 
in children: motion compensation, sequence optimization, and pro-
tocol organization. Radiographics. 2013;33(3):703–19.

 11. Sadler TW. Langman’s medical embryology. 11th ed. Philadelphia: 
Lippincott Williams and Wilkins; 2010.

 12. Borghei P, Sokhandon F, Shirkhoda A, Morgan DE.  Anomalies, 
anatomic variants, and sources of diagnostic pitfalls in pancreatic 
imaging. Radiology. 2013;266(1):28–36.

 13. Bülow R, Simon P, Thiel R, Thamm P, Messner P, Lerch MM, 
et al. Anatomic variants of the pancreatic duct and their clinical rel-
evance: an MR-guided study in the general population. Eur Radiol. 
2014;24(12):3142–9.

 14. Sandrasegaran K, Patel A, Fogel E, Zyromski NJ, Pitt HA. Annular 
pancreas in adults. AJR Am J Roentgenol. 2009;193(2):455–60.

 15. Schnedl WJ, Piswanger-Soeklner C, Wallner SJ, Reittner P, Krause 
R, Lipp RW, et al. Agenesis of the dorsal pancreas and associated 
diseases. Dig Dis Sci. 2009;54(3):481–7.

 16. Berrocal T, Pajares MP, Zubillaga AF.  Pancreatic cystosis in 
children and young adults with cystic fibrosis: sonographic, 
CT, and MRI findings. AJR Am J Roentgenol. 2005;184(4): 
1305–9.

 17. Fields TM, Michel SJ, Butler CL, Kriss VM, Albers SL. Abdominal 
manifestations of cystic fibrosis in older children and adults. AJR 
Am J Roentgenol. 2006;187(5):1199–203.

 18. Toivianinen-Salo S, Raade M, Durie PR, Ip W, Marttinen E, 
Savilahti MO.  Magnetic resonance imaging findings of the pan-
creas with Shwachman-Diamond syndrome and mutations in the 
SBDS gene. J Pediatr. 2008;152(3):434–6.

 19. Arnoux JB, de Lonlay P, Ribeiro MJ, Hussain K, Blankenstein O, 
Mohnike K, et  al. Congenital hyperinsulinism. Early Hum Dev. 
2010;86(5):287–94.

 20. Adzick NS, De Leon DD, States LJ, Lord K, Bhatti TR, Becker 
SA, Stanley CA.  Surgical treatment of congenital hyperinsulin-

ism: results from 500 pancreatectomies in neonates and children. J 
Pediatr Surg. 2019;54(1):27–32.

 21. Shukla-Udawatta M, Madani S, Kamat D. An update on pediatric 
pancreatitis. Pediatr Ann. 2017;46(5):e207–11.

 22. Morinville VD, Husain SZ, Bai H, Barth B, Alhosh R, Durie PR, 
et  al. Definitions of pediatric pancreatitis and survey on present 
clinical practices. J Pediatr Gastroenterol Nutr. 2012;55(3):261–5.

 23. Anupini SA, Chauvin NA, Khwaja A, Biko DM. Magnetic reso-
nance imaging of pancreaticobiliary diseases in children: from 
technique to practice. Pediatr Radiol. 2016;46(6):778–90.

 24. Thai TC, Riherd DM, Rust KR. MRI manifestations of pancreatic 
disease, especially pancreatitis, in the pediatric population. AJR 
Am J Roentgenol. 2013;201(6):W877–92. Review.

 25. Raizner A, Phatak UP, Baker K, Patel MG, Husain SZ, Pashankar 
DS.  Acute necrotizing pancreatitis in children. J Pediatr. 
2013;162(4):788–92.

 26. Kumar S, Ooi CY, Werlin S, Abu-El-Haija M, Barth B, Bellin 
MD, et  al. Risk factors associated with pediatric acute recurrent 
and chronic pancreatitis: lessons from INSPPIRE. JAMA Pediatr. 
2016;170(6):562–9.

 27. Bai HX, Lowe ME, Hussain SZ.  What have we learned about 
acute pancreatitis in children? J Pediat Gastroenterol Nutr. 
2011;52(3):262–70.

 28. Schwarzenberg SJ, Bellin M, Husain SZ, Monika A, Barth B, 
Davis H, et  al. Pediatric chronic pancreatitis is associated with 
genetic risk factors and substantial disease burden. J Pediatr. 
2015;166(4):890–6.

 29. Scheers I, Palermo JJ, Freedman S, Wilschanski M, Shah U, Abu- 
El- Haij M, et al. Autoimmune pancreatitis in children: character-
istic features, diagnosis, and management. Am J Gastroenterol. 
2017;112(10):1604–11.

 30. Chung EM, Travis MD, Conran RM.  Pancreatic tumors in 
children: radiologic-pathologic correlation. Radiographics. 
2006;26:1211–38.

 31. Shet NS, Cole BL, Iyer RS. Imaging of pediatric pancreatic neo-
plasms with radiologic histopathologic correlation. AJR Am J 
Roentgenol. 2014;202:1337–48.

 32. Koc G, Sugimoto S, Kuperman R, Kammen BF, Karakas 
SP. Pancreatic tumors in children and young adults with tuberous 
sclerosis complex. Pediatr Radiol. 2016;47(1):39–45.

 33. Amodio J, Brodsky JE.  Pediatric Burkitt lymphoma present-
ing as acute pancreatitis: MRI characteristics. Pediatr Radiol. 
2010;40(5):770–2.

 34. Kim SJ, Kim WS, Cheon JE, Shin SM, Youn BJ, Kim IO, Yeon 
KM. Inflammatory myofibroblastic tumors of the abdomen as mim-
ickers of malignancy: imaging features in nine children. AJR Am J 
Roentgenol. 2009;193:1419–24.

 35. Sivit CJ.  Imaging children with abdominal trauma. AJR Am J 
Roentgenol. 2009;192(5):1179–89.

M. Johnson et al.



275© Springer Nature Switzerland AG 2020
E. Y. Lee et al. (eds.), Pediatric Body MRI, https://doi.org/10.1007/978-3-030-31989-2_10

Spleen

Gary R. Schooler, Alison R. Hart, Nathan C. Hull, 
and Edward Y. Lee

 Introduction

The spleen is the largest accumulation of lymphoid tissue in 
the human body. It is composed of red pulp responsible for 
managing worn-out, damaged, or otherwise deranged red 
blood cells and white pulp that activates the immune response 
when antigens and antibodies are presented in the blood [1]. A 
wide variety of disorders may be encountered in the pediatric 
spleen, including congenital, neoplastic, infectious, and trau-
matic abnormalities. The spleen also manifests abnormalities 
related to systemic disorders.

Magnetic resonance (MR) imaging can yield important 
diagnostic information regarding an array of pediatric splenic 
disorders. This chapter provides up-to-date MR imaging 
techniques; reviews splenic anatomy including embryology, 
normal development, and anatomic variants; and highlights 
clinically important disorders affecting the spleen in the 
pediatric population.

 Magnetic Resonance Imaging Techniques

 Patient Preparation

Sedation The majority of children under 6–7 years of age, as 
well as any child who is unable to comply with MR imaging 
technologist instructions, require some form of sedation or 

anesthesia to successfully complete an abdominal MR imaging 
examination. Voluntary motion is a major source of artifacts in 
patients, especially those less than 6–7 years of age. Sedation or 
anesthesia may also be necessary to mitigate involuntary 
motion, predominantly respiratory, when imaging the abdomen 
in patients who are unwilling or unable to comply with breath 
hold instructions. In some pediatric patients, the use of respira-
tory triggering and fast free- breathing sequences may permit 
successful completion of abdominal MR imaging without the 
use of sedation or anesthesia [2–4]. Children less than 6 months 
of age may successfully be imaged with a feed and swaddle 
technique, thus obviating the need for sedation [5].

Intravenous Contrast Material Complete evaluation of 
the majority of splenic disorders is aided by the use of an 
intravenously administered gadolinium-based contrast agent 
(GBCA). Dynamic or multiphase contrast-enhanced images 
using a GBCA have been shown to significantly improve the 
conspicuity of splenic lesions by providing differential con-
trast enhancement compared to normal splenic tissue [6]. 
Dynamic enhancement characteristics can help distinguish 
among splenic lesion types. The decision to incorporate a 
GBCA into the imaging protocol for splenic evaluation 
should be made on an individual patent basis, weighing 
potential risks and benefits of GBCAs in children [7].

 MR Imaging Pulse Sequences and Protocols

MR imaging of the pediatric abdomen can be adequately per-
formed on either 1.5 Tesla (T) or 3T MR imaging systems. 
However, 3T imaging can provide higher signal-to-noise ratio 
(SNR), which may be of benefit in pediatric patients, especially 
infants and smaller children. Using a smaller voxel size results 
in better spatial resolution with the same acquisition time at 3T 
as compared with 1.5T imaging. Combining the inherent ben-
efits of 3T imaging with parallel imaging and compressed sens-
ing is expected to decrease imaging time and help improve 
tolerance of examinations in younger children [4, 8, 9].
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Construction of a protocol for evaluation of the spleen should 
incorporate T1- and T2-weighted images. Fast spin- echo (FSE) 
T2-weighted images are helpful for characterizing most splenic 
lesions. In children with substantial image degradation by respi-
ratory motion artifact, sequences that utilize radial k-space fill-
ing can help mitigate the effects of motion by dispersing motion 
artifact across multiple radial planes. T1-weighted images are 
often acquired using a gradient recalled echo (GRE) sequence 
that is faster than FSE and can be obtained in a single breath 
hold, although they can suffer from a relatively lower SNR [4]. 
Volumetric acquisition of T1-weighted GRE sequences, espe-
cially those acquired using radial sampling of k-space, permit 
motion robust assessment of the spleen in multiple phases of 
contrast enhancement. Sequences such as diffusion-weighted 
imaging (DWI) and T1-weighted in-opposed phase Dixon 
imaging may provide additional information about lesion com-
position. Ultimately, priority should be given to those sequences 
best suited to answer the specific clinical question, attempting to 
avoid a nondiagnostic assessment should the child not be able to 
complete the full examination.

 Anatomy

 Embryology

The spleen originates from the intraembryonic splanchnic meso-
derm where it develops from either a single or multiple out-
pouchings of embryonic mesenchymal tissue that subsequently 
fuse together inside the dorsal mesogastrium. The rotation of the 
stomach and development of the dorsal mesogastrium between 
the six and seventh weeks of development results in migration 
of the spleen from the median plane to the left upper quadrant. 
The spleen is fixed by two large ligaments, the gastrosplenic and 
phrenicosplenic, in the left upper quadrant of the abdominal cav-
ity and is intraperitoneal in location [1, 10] (Fig. 10.1).

 Normal Development and Anatomy

Hematopoietic stem cells migrate into the spleen during the 
first trimester of development, and the spleen functions 
exclusively as a hematopoietic organ until the 14th week of 
gestation. Lymphoid colonization occurs later, between the 
15th and 18th weeks of development, around the time the 
spleen assumes its characteristic shape. Lymphatic follicles 
are formed by B-lymphocytes beginning around the 23rd 
week of gestation. During most of fetal life, the spleen func-
tions as a hematopoietic organ, gradually decreasing during 
the eighth month of fetal development [10].

Postnatally, the combination of red and white pulp ele-
ments results in the characteristic appearance of the spleen on 
imaging (Fig. 10.2). Normal development and maturation of 
the spleen result in an evolving appearance on MR imaging in 

neonates. In adults, normal splenic signal on MR imaging is 
higher than that of the liver on T2-weighted images and lower 
than that of the liver on T1-weighted images [11]. The neona-
tal spleen, particularly during the first week of life, is equal to 
or less than the liver in signal intensity on T2-weighted images 
(Fig.  10.3) and approximately equal to that of the liver on 
T1-weighted images. Not until approximately 8 months of life 
on T2-weighted images and approximately 1 month of life on 
T1-weighted images does the signal assume the normal adult 
signal pattern. This change in signal characteristics is believed 
to be due to maturation and evolution of the red pulp/white 
pulp ratio and should not be interpreted as pathologic [12].

Phrenicosplenic
ligament

Gastrosplenic
ligament
Spleen

Fig. 10.1 Normal relationship and anatomic positioning of the spleen 
in the left upper quadrant, fixed in an intraperitoneal location by two 
large ligaments, the gastrosplenic and phrenicosplenic ligaments

Trabecula

Vascular
sinusoid

White pulp

Red pulp

Capsule

Artery

Vein

Fig. 10.2 Schematic rendering of normal splenic anatomy with red 
and white pulp components
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Blood flow to the spleen is provided by the splenic artery, 
a branch of the celiac artery. The splenic artery divides into 
multiple segmental arterial branches near the splenic hilum. 
Venous drainage of the spleen is provided by the splenic vein 
which courses along the posterior and inferior margin of the 
pancreas to join the superior mesenteric vein and form the 
main portal vein. The spleen exhibits a unique appearance on 
images obtained early (25–45  seconds) after IV contrast 
administration. Images typically reveal alternating hyper- 
and hypoenhancing bands of tissue, resulting in a serpentine 
or arciform pattern of enhancement (Fig. 10.4). The enhance-
ment pattern becomes more homogeneous approximately 
60–90 seconds after contrast material administration [13].

The spleen exhibits the greatest diffusion restriction  – 
high signal on diffusion-weighted images (DWI) and low 

signal on the apparent diffusion coefficient (ADC) map – of 
the upper abdominal organs [14].

 Anatomic Variants

 Splenic Clefts
Clefts in the spleen are normally present in the lobulated 
fetal spleen but disappear before birth [15]. However, they 
may persist beyond fetal life and, when present, are usually 
seen along the medial border of the spleen [15]. The clefts 
are generally sharply defined and may be as deep as 2–3 cm 
(Fig. 10.5). These splenic clefts may be mistaken for a mass, 
traumatic injury, or sequelae of infarct if they are not 
recognized.

Fig. 10.3 Normal neonatal spleen appearance in an 11-day-old boy 
imaged with MR imaging to evaluate the congenital hepatic hemangi-
oma (black asterisk). Axial T2-weighted MR image shows isointensity 
of the spleen (white arrow) compared to the adjacent liver (white aster-
isk), typical for neonates

Fig. 10.4 Polysplenia in a 17-year-old girl who presented with abdom-
inal pain. Axial T1-weighted fat-suppressed contrast-enhanced MR 
image demonstrates multiple rounded homogeneous masses (asterisks) 
in the left upper quadrant with a serpentine or arciform enhancement 
pattern compatible with polysplenia

a b

Fig. 10.5 Splenic cleft in a 15-year-old girl who presented with abdominal pain. (a) Axial T2-weighted fat-suppressed and (b) axial T1-weighted 
fat-suppressed contrast-enhanced MR images demonstrate an incidental splenic cleft (white arrows) at the posterior mid spleen
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 Accessory Spleen
An accessory spleen, also known as a splenule or supernu-
merary spleen, is a congenital focus of splenic tissue sepa-
rate from the main splenic organ, arising from a failure of 
the splenic primordia to completely fuse [15]. Accessory 
spleens may be single or multiple. They are most com-
monly found near the splenic hilum but may be identified 
along the splenic vessels, within the gastrosplenic or spl-
enorenal ligaments, within the pancreatic tail, within the 
gastric or bowel wall, and within the pelvis or scrotum [10]. 
Most splenules are asymptomatic and incidentally discov-
ered. However, the tissue may become clinically important 
when unrecognized and not removed at the time of sple-
nectomy for a hematologic or autoimmune disorder, poten-
tially leading to recurrence of the disease [16]. When the 
splenic tissue is ectopically positioned beyond the splenic 
hilum, it may mimic a neoplastic entity especially when 
encountered in the pancreas [15]. Accessory splenic tissue 
shares the same signal and enhancement characteristics as 
the normal spleen on MR imaging, a key to its recognition 
(Fig. 10.6).

 Spectrum of Splenic Disorders

Congenital Splenic Disorders

Asplenia and Polysplenia Congenital absence of the spleen, 
or asplenia, is one of the two major categories in the spectrum 
of abnormalities known as heterotaxia. Asplenia is more com-
monly seen in males and is associated with congenital heart 
disease in nearly 100% of patients, resulting in a very high 
mortality rate in the first year of life [15]. The liver is fre-
quently midline, and there may be a truncated pancreas and 
an interrupted inferior vena cava with azygous continuation 
[15]. Without a spleen, patients are susceptible to life-threat-
ening sepsis caused by encapsulated bacteria [10]. On MR 
imaging, the absence of the spleen as well as the above- 
described associated anomalies is evident (Fig. 10.7).

Polysplenia, or more than one spleen, is a complex 
congenital anomaly characterized by partial visceral het-
erotaxia and levoisomerism. As with asplenia, affected 
pediatric patients may have concomitant congenital heart 
disease, a midline liver, and a truncated pancreas [15]. 
Malrotation is also a reported association [17]. On imag-
ing, there is a wide range of splenic appearances, ranging 
from numerous small spleens to a dominant multi-lobular 
spleen with very small accessory spleens. The spleens 
always reside on the same side as the stomach, usually 
along its greater curvature [1]. Signal characteristics and 

a

b

c

Fig. 10.6 Splenule in a 9-year-old boy who presented with nausea. (a) 
Transverse grayscale ultrasound image demonstrates a lobulated lesion 
(white arrow) at the splenic hilum isoechoic to the spleen which may 
represent a splenule or mass. (b) Axial T2-weighted fat-suppressed MR 
image and (c) axial T1-weighted fat-suppressed contrast-enhanced MR 
image demonstrate a homogenous round mass at the splenic hilum with 
identical signal characteristics to the spleen on all sequences compati-
ble with a splenule (white arrows)
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enhancement patterns of the splenic tissue are uniform 
among the spleens (see Fig. 10.4).

Wandering Spleen Wandering spleen is a rare condition 
of abnormal splenic ligament laxity, permitting abnormal 
splenic mobility. This condition is found in both pediatric 
and adult patients. In the pediatric patient population, it 
is observed in males and females with equal incidence 

and thought to be due to congenital ligamentous laxity 
[18]. While this condition is often asymptomatic and fre-
quently found incidentally, the ligamentous laxity predis-
poses to splenic torsion and infarction, in which case the 
affected pediatric patient presents with acute abdominal 
symptoms.

On MR imaging, the wandering spleen may be found in 
the pelvis, abdomen, or left upper quadrant with an abnormal 
rotation (Fig. 10.8). When torsion of the spleen around the 

a

b

Fig. 10.7 Asplenia in an 18-year-old female with hypoplastic left heart 
and known heterotaxy/asplenia. (a) Axial T1-weighted fat-suppressed 
and (b) coronal T1-weighted fat-suppressed MR images demonstrate 
congenital absence of the splenic vein (white arrow) and an empty 
splenic fossa (asterisk), compatible with asplenia

a

b

Fig. 10.8 Wandering spleen in a 7-year-old boy who presented with 
non-specific abdominal pain. (a) Axial and (b) coronal T2-weighted 
MR images demonstrate an abnormally positioned spleen (asterisks) in 
the left upper quadrant that is posterior and medial to the stomach 
(white arrowhead) and splenic flexure of the colon (white arrows), con-
sistent with a wandering spleen
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vascular pedicle is present, MR imaging may reveal swirling 
of the vascular pedicle, thrombosis of the splenic vein, asci-
tes, and perisplenic edema on T2-weighted and T1-weighted 
fat- suppressed contrast-enhanced images [18, 19].

Hereditary Spherocytosis Hereditary spherocytosis is 
a congenital splenic disorder caused by mutations in the 
genes encoding various red blood cell membrane proteins. 
Such genetic mutations result in sphere-shaped red blood 
cells that display a decreased surface area to volume ratio 
and are unusually fragile [20]. The abnormal red blood cells 
are trapped and destroyed in the spleen, the main cause of 
hemolysis in these pediatric patients. Affected individuals 
generally present with anemia, jaundice, and splenomegaly 
[21]. Splenomegaly is the most common finding on imag-
ing and is seen in 50% of infants and 75% to 95% of older 
children and adults [22]. On MR imaging, splenomegaly 
can range from mild to substantial (Fig. 10.9). The affected 
pediatric patient may also have cholelithiasis as a result of 
increased red blood cell turnover. Affected infants and chil-
dren are generally treated symptomatically, though total or 
partial splenectomy may be indicated in patients with severe 
disease [20, 21].

Epidermoid Cyst Splenic cysts can be either congenital 
or acquired. Epidermoid cysts are uncommon congenital, 
epithelial- cell-lined cysts [23, 24]. Differentiation of epider-
moid cysts from other cysts that can be found in the spleen is 
not possible on the basis of imaging alone. Epidermoid cysts 
rarely show calcification in the wall and may have internal 
septations or wall trabeculation. These cysts may have simple 
internal fluid or fluid containing cholesterol crystals, inflam-
matory debris, or hemorrhage [17]. The internal contents affect 
the signal characteristics on MR imaging. Splenic cysts with 
simple internal fluid appear homogeneously hyperintense on 
T2-weighted images and hypointense on T1-weighted images 
(Fig. 10.10). Epidermoid cysts with fluid containing choles-
terol have higher signal on T1-weighted images, and those 
with internal hemorrhage have T1-weighted and T2-weighted 
signal intensities that reflect the chemical state of the hemo-
globin within [17, 25] (Table 10.1).

Post-traumatic Pseudocyst Post-traumatic pseudocysts 
are a rare complication of prior splenic trauma and are 
thought to develop in the setting of prior hematoma. In dis-
tinction to the splenic epidermoid (congenital) cyst described 
previously, splenic pseudocysts have a fibrous wall rather 
than an endothelial lining. Post-traumatic pseudocysts are 
generally well-defined lesions with imperceptible walls on 
MR imaging, though they can have calcifications within the 
wall. The fluid within the cyst usually has MR imaging sig-
nal characteristics on T1- and T2-weighted images compati-
ble with that of simple fluid. However, some cysts may have 

debris or septations within the cyst from hemorrhage or 
infection that result in variable MR signal characteristics 
[26, 27] (see Table 10.1). Post-traumatic pseudocysts may be 
difficult to distinguish from epidermoid cysts on the basis of 
imaging alone.

Infectious Splenic Disorders

Viral Infections Epstein-Barr virus (EBV), a ubiquitous 
herpes virus, is the most common cause of infectious mono-
nucleosis [28]. Pediatric patients infected with the virus 
may be asymptomatic or present with the classic symp-
toms of fever, pharyngitis, and cervical lymphadenopathy. 

a

b

Fig. 10.9 Hereditary spherocytosis in a 16-year-old boy who pre-
sented with  splenomegaly and elevated hepatic enzymes 2 weeks after 
cholecystectomy. (a) Axial T2-weighted fat-suppressed and (b) coronal 
T1-weighted fat-suppressed contrast- enhanced MR images demon-
strate marked enlargement of the spleen (asterisks)
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Many pediatric patients with infectious mononucleosis have 
splenomegaly that, on MR imaging, may be mild or severe 
[28] (Fig.  10.11). Pediatric patients with infectious mono-
nucleosis and splenomegaly are at risk of splenic rupture 
that may be spontaneous or induced by trauma, with most of 
the observed splenic ruptures occurring during the initial 3 
weeks of infection [28, 29].

Bacterial Infections Bacterial infections involving the spleen 
are rare in healthy children. They are more common in pediat-
ric patients with compromised immune function or other risk 
factors such as those with hemoglobinopathies (e.g., sickle 
cell disease), bacterial endocarditis, trauma, and splenic 
infarction [30]. Presenting symptoms are vague but include 

abdominal pain and fever. Typically, any abscesses compli-
cating bacterial infections are discovered on MR imaging. 
Pyogenic abscesses may be single or multiple and are usu-
ally larger than the micro-abscesses observed in fungal 
infections. When large, abscesses may exhibit internal sep-
tations and/or complex fluid. Splenic abscesses generally 
have low signal intensity on T1-weighted MR images and 
high signal on T2-weighted MR images, with peripheral and 
perilesional enhancement visible on post-contrast images 
[23, 31] (see Table 10.1).

Cat scratch disease is caused by the Gram-negative organ-
ism Bartonella henselae. The infection is usually caused by 
a scratch from a kitchen or cat, most commonly on the upper 
extremity. A minority of patients may develop a systemic 

a b

Fig. 10.10 Epidermoid cyst in a 14-year-old girl who initially pre-
sented with vomiting and was incidentally found to have a cystic lesion 
in the spleen on ultrasound. (a) Axial T2-weighted and (b) axial 
T1-weighted fat-suppressed contrast-enhanced MR images demon-

strate a unilocular T2-weighted hyperintense lesion (asterisks) in the 
spleen without contrast enhancement. Histologic analysis following 
surgical resection was compatible with an epidermoid cyst

Table 10.1 Most common splenic lesions encountered in pediatric patients

Lesion MR imaging characteristicsa Distinguishing features
Bacterial 
infection

Hypointense on T1-weighted images
Hyperintense on T2-weighted images
Peripheral/perilesional enhancement

Usually larger than microabscesses associated with 
fungal infections

Fungal 
infection

Acute: Hyperintense on T2-weighted images; No peripheral enhancement
With treatment: Intermediate to high signal on T1- and T2-weighted 
images; perilesional ring of hypointense signal

Typically manifests as microabscesses a few 
millimeters in diameter

Hemangioma Hypo- to isointense on T1-weighted images
Hyperintense on T2-weighted images
Small lesions tend to show immediate homogenous post- contrast 
enhancement
Larger lesions tend to show peripheral enhancement with or without 
progressive centripetal enhancement

Centripetal enhancement, when present, can help 
distinguish from other lesions

Lymphoma Hypo- to isointense on T1-weighted images
Hyperintense on T2-weighted images
Hypoenhancing on contrast-enhanced images

Splenomegaly; focal lesions may be small or large, 
multiple or singular

Cysts Generally hypointense on T1-weighted images and markedly 
hyperintense on T2-weighted images; no central enhancement

Thin or imperceptible wall with fluid signal intensity 
centrally; cyst contents may be complicated by 
septations, internal hemorrhage, or infection

aSignal characteristics of the lesions are in reference to normal splenic tissue signal
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infection that can involve the liver and spleen. When present, 
splenic infection generally manifests as multiple abscesses, 
sharing MR imaging characteristics with other pyogenic 
abscesses. Lesions may exhibit calcification during resolu-
tion [30].

Fungal Infections Fungal infections within the spleen typi-
cally manifest as micro-abscesses that are a few millimeters 
in diameter. Similar to pyogenic abscesses, fungal abscesses 
are generally seen in those pediatric patients that are immune 
compromised, typically due to chemotherapy, bone marrow 
transplantation, or organ transplantation (Fig.  10.12). The 
most common fungal organisms causing splenic infection 
are Candida, Aspergillus, and Cryptococcus [32]. Acute fun-
gal micro-abscesses appear hyperintense on T2-weighted 
fat-suppressed images and usually do not show peripheral 
enhancement on post-contrast images because of the immu-
nosuppressed state of the patient [31, 33] (Fig. 10.13). With 
treatment, splenic fungal abscesses are intermediate to high 
signal intensity on T1- and T2-weighted sequences with a 
perilesional ring of hypointense signal representing sequelae 
of therapy and immune response [33].

Splenic infection, with the ubiquitous and endemic fungal 
pathogen Histoplasma capsulatum, may be seen in immunocom-
petent or immunocompromised patients. MR imaging during the 

acute and subacute phases of the infection typically reveals numer-
ous lesions within the spleen that are hypointense on both T1- and 
T2-weighted images [13] (see Table 10.1).

Splenic involvement in Mycobacterium tuberculosis (TB) 
infection is uncommon, though when identified is likely due 
to hematogenous dissemination of the primary infection. TB 
infection in the spleen may appear micronodular or mac-
ronodular on imaging. The miliary form of the disease may 
only produce splenomegaly or generate findings similar to 
fungal micro-abscesses. The macronodular form of the dis-
ease is rare and may show diffuse splenic involvement with 
multiple lesions or a single large lesion that, on MR imaging, 
displays variable signal intensities and enhancement patterns 
after IV contrast administration, with the variability thought 
to represent different phases of disease progression [34, 35].

Splenic calcifications may be a manifestation of subacute 
or remote splenic fungal and TB infections. On MR imaging, 
these splenic calcifications are hypointense on both T1- and 
T2-weighted images and may show blooming artifacts, espe-
cially on GRE sequences with long echo times [13].

Parasitic Infections Parasitic infection of the spleen is rare 
but classically caused by systemic dissemination or intra-
peritoneal spread of a ruptured hepatic (hydatid) cyst caused 
by E. granularis [17]. The cysts appear similar to those 

aaa b

Fig. 10.11 Splenomegaly in a 4-year-old girl with Epstein-Barr virus mononucleosis found to have splenomegaly with the spleen measuring up 
to 12.5 cm. (a) Coronal T1-weighted and (b) axial T2-weighted fat-suppressed MR images demonstrate splenomegaly (asterisks)
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observed in the liver and are usually solitary but may have 
daughter cysts or peripheral calcification depending on the 
stage of the infection [36]. Simple cysts appear hypointense 
on T1-weighted images and markedly hyperintense on 
T2-weighted images. The cyst wall and internal septations 
may enhance [36]. Hydatid cysts may not be distinguishable 
from other splenic cysts on the basis of imaging alone, 
though the likely presences of concomitant disease else-
where in the body may help confirm the diagnosis.

Neoplastic Splenic Disorders

Hemangioma Hemangiomas are the most common benign 
primary neoplasm of the spleen, usually identified  incidentally 
in pediatric patients without symptoms, and thought to arise 
from sinusoidal epithelium [37]. Splenic hemangiomas may 
be solitary or multiple and can vary in size, though most tend 
to be less than 2 cm in diameter. Hemangiomas rarely can 
diffusely infiltrate the spleen, replacing the normal splenic 
parenchyma in diffuse angiomatosis. Splenic hemangiomas 
tend to increase in size with time and can become large, 
rarely resulting in Kasabach-Merritt syndrome [38].

Splenic hemangioma appearance on MR imaging may be 
solid or cystic, depending on the gross morphology. Smaller 
splenic hemangiomas tend to be solid, while larger splenic 
hemangiomas tend to be cystic due to underlying thrombo-
sis, infarction, and cystic degeneration due to necrosis [37]. 
Splenic hemangiomas are usually hypo- to isointense to the 
normal spleen on T1-weighted images and hyperintense to 
the normal spleen on T2-weighted images. On contrast- 

a

b

Fig. 10.12 Splenic abscesses in a 17-year-old girl with acute lympho-
blastic leukemia who found to have biopsy-proven mucor infection in 
the spleen, kidney, and liver. (a) Axial T2-weighted fat-suppressed MR 
image demonstrates centrally T2-weighted hyperintense lesions within 
the spleen with irregular walls (black arrows). An associated T2-weighted 
hyperintense lesion is noted at the periphery of the liver (white arrow). 
(b) Coronal T1-weighted fat-suppressed contrast-enhanced MR image 
demonstrates enhancement of the splenic abscesses (black arrows) with 
a lesion of similar characteristics within the left kidney (white arrow)

Fig. 10.13 Candida micro-abscesses in a 6-year-old boy with B cell 
acute lymphoblastic leukemia and blood culture compatible with dis-
seminated candida infection. Coronal T2-weighted fat-suppressed MR 
image demonstrates numerous hyperintense lesions compatible with 
acute fungal micro-abscess (white arrow). The liver is also involved 
(asterisk)
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enhanced images, smaller lesions tend to show immediate 
homogenous enhancement, whereas larger lesions may show 
progressive centripetal enhancement or peripheral enhance-
ment with non-enhancement of the center of the lesion due to 
hemorrhage, necrosis, etc. (Fig. 10.14). When a central scar 
is present, it may or may not show enhancement [39] (see 
Table 10.1).

Hamartoma Hamartomas are rare benign neoplasms of the 
spleen composed of an anomalous mixture of normal red 

pulp elements without organized lymphatic follicles [37, 
40]. Splenic hamartomas are often an incidental finding, and 
most affected pediatric patients manifest no symptoms. 
Uncommonly, larger lesions may present with a palpable 
mass, splenomegaly, rupture, thrombocytopenia, or anemia 
[37]. Hamartomas of the spleen have been associated with 
hamartomas in other areas of the body and can be seen in 
patients with tuberous sclerosis [41, 42].

On MR imaging, splenic hamartomas are isointense to 
normal splenic parenchyma on T1-weighted images and 

a b

c d

Fig. 10.14 Splenic hemangioma in a 9-year-old boy with incidentally 
identified hypoechoic lesion within the periphery of the spleen on renal 
ultrasound performed for evaluation of nephrolithiasis. (a) Transverse 
grayscale ultrasound image of the spleen demonstrates a hypoechoic 
lesion (white arrowhead) adjacent to the splenic hilum. (b) Axial 
unenhanced T1-weighted fat-suppressed, (c) coronal T2-weighted 

 fat-suppressed, and (d) axial T1-weighted fat-suppressed contrast-
enhanced MR images demonstrate a mildly T1-weighted hypointense, 
T2-weighted hyperintense, and homogeneously enhancing lesion (white 
arrows) within the spleen compatible with a hemangioma. Histology 
confirmed diagnosis of hemangioma on biopsy
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heterogeneously hyperintense to normal splenic tissue on 
T2-weighted images. Immediately after administration of IV 
contrast material, splenic hamartomas tend to show hetero-
geneous hypoenhancement compared with normal paren-
chyma on arterial and portal venous phase images, with more 
uniform enhancement typically observed on delayed MR 
images [39] (Fig. 10.15). While MR imaging characteristics 
often are suggestive of splenic hamartoma, distinction from 
malignant splenic lesions on the basis of imaging alone may 
be difficult and require biopsy.

Angiosarcoma Angiosarcoma is the most common pri-
mary nonhematologic malignant splenic tumor, arising 
from the endothelial lining of splenic blood vessels [27, 
37]. Although very rare and most commonly seen in adults 
over the age of 40, splenic angiosarcoma has been described 
in pediatric patients [43]. Affected pediatric patients typi-
cally have massive splenomegaly and may present with 
abdominal pain, fever, fatigue, weight loss, and signs and 
symptoms of hemoperitoneum in the setting of spontane-
ous tumor rupture [37, 44]. Metastatic disease is common 
and typically involves the liver, lungs, bone marrow, bone, 
and lymph nodes [37].

The MR imaging appearance of splenic angiosar-
coma reflects the hemorrhagic nature of the tumor and is 
 characterized by mixed areas of high and low signal on 
T1- and T2-weighted images corresponding to the pres-
ence of blood products and necrosis [27, 40]. Low sig-
nal intensity foci of susceptibility on GRE images have 
been shown to correlate with siderotic nodules [45]. 
Contrast-enhanced MR images typically show heterog-
enous enhancement with multiple nodular-enhancing foci 
throughout the tumor, and washout can be seen on delayed 
phase images [46].

Leukemia Leukemia is the most common childhood 
malignancy, and nearly all cases are the acute form  – 
including acute lymphoblastic leukemia (ALL) and acute 
myeloid leukemia (AML) [47]. Leukemic involvement 
of the solid viscera is common, especially the spleen. 
Splenomegaly is the most consistent finding, resulting from 
diffuse infiltration or less likely one or more focal lesions 
[47, 48] (Fig.  10.16). Splenic manifestations of infection 
in the immunocompromised pediatric patient, described 
earlier, may also be seen in the pediatric patient with leu-
kemia and may be difficult to differentiate from leukemic 
involvement.

Lymphoma Lymphoma, including Hodgkin lymphoma and 
non-Hodgkin lymphoma, is the third most common malig-
nant neoplasm in pediatric patients and is the commonest 
malignant tumor of the spleen [13, 47]. The spleen is the larg-
est lymphoid organ in the body and is involved in one- third of 

a

b

c

Fig. 10.15 Splenic hamartoma in a 4-year-old boy with incidentally 
noted splenic lesion on prior renal ultrasound for hematuria. (a) Axial 
T2-weighted fat-suppressed MR image demonstrates a well-circum-
scribed lesion (white arrow) heterogeneously hyperintense to normal 
splenic tissue. (b) Coronal T1-weighted MR image demonstrates the 
lesion (white arrow) is mildly hypointense to normal splenic tissue. (c) 
Axial T1-weighted fat-suppressed contrast-enhanced MR image demon-
strates mildly heterogeneous enhancement of the lesion (white arrow). 
The constellation of MR imaging findings is most consistent with splenic 
hamartoma which was confirmed histologically upon surgical excision
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all Hodgkin lymphoma and approximately one-third of non-
Hodgkin lymphoma cases at presentation [49]. Splenic infil-
tration is considered nodal in Hodgkin lymphoma and 
extra-nodal disease in non-Hodgkin lymphoma [48].

Splenic involvement in lymphoma can be either primary or 
much more commonly secondary. Primary splenic lymphoma 
is defined as lymphomatous involvement of the spleen with 
or without splenic hilar lymphadenopathy. Secondary lym-
phoma is defined as lymphomatous involvement of the spleen 
and nodes other than those in the splenic hilum. Four imag-
ing patterns of splenic lymphoma have been described: (1) 
splenomegaly without a focal lesion, (2) diffuse infiltration 
with innumerable small miliary lesions, (3) multiple discrete 
focal nodular lesions, and (4) single solitary mass [48, 50, 51] 
(Fig. 10.17). On MR imaging, lymphomatous splenic lesions 
show low to intermediate signal intensity on T1-weighted 
images, mild to moderate hyperintensity on T2-weighted 
images, and hypoenhancing compared to the normal splenic 
tissue on contrast-enhanced T1-weighted images [13, 52] 
(see Table 10.1).

Metastasis In pediatric patients, overt metastatic disease to 
the spleen is uncommon and, when present, is most likely 

due to aggressive neoplasms with hematogenous dissemina-
tion [30, 53]. On MR imaging, metastatic lesions are usually 
iso- or hypointense compared to the normal splenic paren-
chyma on T1-weighted images and hyperintense compared 
to the normal splenic parenchyma on T2-weighted images. 
Splenic metastases show variable enhancement but are often 
hypoenhancing compared to the normal splenic parenchyma 
on contrast-enhanced T1-weighted fat-suppressed images 
[27, 40] (Fig. 10.18).

Posttransplant Lymphoproliferative Disorder Posttrans-
plant lymphoproliferative disorder (PTLD) refers to a variety 
of abnormal lymphoid proliferative disorders that occur in 
the posttransplant setting. The majority of PTLDs are B-lym-
phocyte proliferations related to EBV infection [54]. PTLD 
is most common in patients requiring high levels of immu-
nosuppression and in those patients who were EBV-seroneg-
ative prior to transplantation [55]. PTLD can affect any organ 
system, though there appears to be an association between 
the allograft type and the location of PTLD after solid organ 
transplantation [56, 57]. Splenic involvement in PTLD occurs 
with a greater prevalence in liver transplant patients than in 
patients with other solid organ transplantation [54].

a b

Fig. 10.16 Splenomegaly in a 10-year-old boy with acute lymphoblas-
tic leukemia and abnormal bone marrow who presented with fever, 
bone pain, and labile blood pressure. High-risk B-cell acute lympho-
blastic leukemia confirmed on bone marrow aspirate. (a) Coronal 
T2-weighted MR image demonstrates mild splenic enlargement (aster-

isk). (b) Coronal T1-weighted MR image demonstrates diffusely abnor-
mal marrow hypointensity throughout the spine and pelvis. Vertebral 
bone marrow signal (white arrow) is darker than adjacent disc (arrow-
head). Splenomegaly (asterisk) is also seen.
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a c

b

Fig. 10.17 Splenomegaly in a 13-year-old boy with history of Crohn 
disease on adalimumab and oral methotrexate who presented with right 
knee pain found to have multiple osseous lesions. Biopsy consistent 
with diffuse large B-cell lymphoma with renal involvement and hepato-
splenomegaly. (a) Axial T2-weighted fat- suppressed and (b) axial 
T1-weighted fat-suppressed post-contrast MR images demonstrate 

hepatomegaly (asterisks) and splenomegaly (white arrowheads). (c) 
Coronal T1-weighted MR image demonstrates multiple low signal 
intensity lesions (white arrow) compatible with lymphoma involvement 
within the femoral metaphysis manifesting as abnormal marrow signal 
(asterisk) within the proximal tibial epiphysis and metaphysis

a b

Fig. 10.18 Metastatic renal cell carcinoma within the spleen in a 
17-year-old boy with history of recurrent left renal cell carcinoma sta-
tus post nephrectomy with palpable abnormality in the left upper quad-
rant. Patient underwent splenectomy which confirmed metastatic 
deposit within the spleen. (a) Axial T2-weighted fat-suppressed MR 

image demonstrates a centrally hyperintense lesion with irregular mar-
gins (white arrow) within the medial aspect of the spleen adjacent to 
left nephrectomy bed. (b) Axial T1-weighted fat-suppressed contrast- 
enhanced MR image demonstrates hypoenhancement of the lesion 
(white arrow) relative to the normal splenic tissue
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The most common imaging finding in the spleen in 
patients with PTLD is splenomegaly (Fig.  10.19). Less 
commonly, multiple small lesions may be identified. PTLD 
lesions are typically isointense on T1-weighted images 
and iso- to hypointense on T2-weighted images relative to 
the normal spleen. Importantly, in this immunosuppressed 

patient population, opportunistic infections are also com-
mon and may affect the spleen  – rendering MR imaging 
assessment important in distinguishing lesions of PTLD 
from those of infection that are typically markedly T2 hyper-
intense relative to the normal spleen and demonstrate periph-
eral enhancement [54].

Traumatic Splenic Disorder

Blunt Traumatic Injury The spleen is the most commonly 
injured organ during blunt abdominal trauma in pediatric 
patients. Motor vehicle collisions are the most frequent cause 
of splenic injury in children, with injuries often more severe 
than those in adults due to seat belt position and decreased 
abdominal coverage by the ribs and bony pelvis [58]. Splenic 
injuries most often present with left upper quadrant or gener-
alized abdominal pain, occasionally with pain radiating to the 
left shoulder. Symptoms may be related to peritoneal inflam-
mation or signs of hypovolemia from hemorrhage. The spleen 
may be injured during difficult childbirth or cardiopulmonary 
resuscitation in neonates, and shock or abdominal rigidity 
may be the only presenting symptoms [26].

In the setting of blunt traumatic injury, there are variable 
patterns of splenic injury including subcapsular and intrapa-
renchymal hematomas, lacerations, infarction, and vascular 
injury. Ultrasound and contrast-enhanced CT are the standard 
imaging modalities for patients with a history of blunt abdom-
inal trauma who are hemodynamically stable and  suspected of 
having intra-abdominal injury. Injuries on CT may be graded 
by the standardized organ injury scale from the American 
Association for the Surgery of Trauma (AAST) [59].

Injuries observed at MR imaging in the subacute or 
chronic phase of injury may include any of the above injury 
patterns. Lacerations appear as linear areas of signal abnor-
mality on both T1- and T2-weighted images and may be 
associated with subcapsular or perisplenic hematoma with 
signal that is variable on T1- and T2-weighted images, 
reflecting the chemical state of hemoglobin at the time of 
imaging (Fig. 10.20). Injury to splenic vascular structures 
may result in partial or complete devascularization of the 
spleen as well as splenic artery pseudoaneurysm [13, 26]. 
MR imaging may serve a secondary role, offering further 
and perhaps more conclusive evaluation of indeterminate 
splenic lesions identified on CT for evaluation of blunt 
abdominal trauma [60].

Miscellaneous Splenic Disorders

Splenic Infarction Splenic infarction can occur in a variety 
of settings in pediatric patients, including entities that pre-

a

b

Fig. 10.19 Splenomegaly in a 17-year-old boy with Philadelphia chro-
mosome positive acute myelogenous leukemia and posttransplant lym-
phoproliferative disorder (PTLD) who presented with fever after bone 
marrow transplant. Patient was found to have mild splenomegaly and 
multiple liver lesions. (a) Coronal T2-weighted fat-suppressed MR image 
demonstrates mild splenomegaly (asterisk). (b) Axial T2-weighted fat-
suppressed MR image demonstrates a well-circumscribed, hyperintense 
lesion (white arrow) within the liver. PTLD was diagnosed histologically 
on hepatic biopsy. Mild splenomegaly (asterisk) is also seen
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dispose to splenic torsion, splenomegaly, sickle cell disease, 
storage disorders, embolic disease, portal hypertension, 
traumatic injury, and therapy-related vascular occlusion. 
Affected pediatric patients may be either asymptomatic (in 
the setting of smaller infarcts) or have abdominal pain and 
fever.

When only involving a portion of the spleen, infarcts may 
appear as peripheral wedge-shaped or round/irregular areas 
of variable signal on T1- and T2-weighted images, likely 
reflecting variable degrees of internal hemorrhage and necro-
sis. Contrast-enhanced images show a lack of enhancement 

in the infarcted regions of the spleen (Fig. 10.21). When the 
entire spleen is acutely infarcted, there may be heterogenous 
signal intensity throughout with only a rim of capsular 
enhancement on contrast-enhanced images. Chronic infarc-
tion may result in irregularity of the splenic margin, calcifi-
cation, and decreased signal intensity on T1- and T2-weighted 
images [17, 30].

Sickle Cell Disease Sickle cell disease is one of the most 
common monogenetic diseases in the world, caused by the 
mutation in the β-globin gene, resulting in abnormal polym-
erization within the nucleus that disrupts the normal red 
blood cell architecture, flexibility, and cellular dehydration. 
Affected patients may inherit hemoglobin SS, hemoglobin 

a

b

Fig. 10.20 Splenic laceration in a 5-year-old boy who presented 
with left upper quadrant pain following a motor vehicle accident. (a) 
Axial T2-weighted fat-suppressed and (b) coronal T2-weighted fat- 
suppressed MR images demonstrate a linear area of decreased 
T2-weighted signal intensity compatible with splenic laceration 
(white arrows)

a

b

Fig. 10.21 Splenic infarct in a 10-year-old girl with progressive famil-
ial intrahepatic cholestasis type III who presented for MR imaging 
evaluation of multiple hepatic nodules. (a) Axial T2-weighted fat-sup-
pressed and (b) axial T1-weighted fat- suppressed post-contrast MR 
images demonstrate multiple peripheral, wedge-shaped areas of 
decreased T2-weighted signal intensity and hypoenhancement relative 
to the normal splenic parenchyma on post- contrast imaging compatible 
with splenic infarcts (white arrows)
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SC, or hemoglobin S/β-thalassemia with variable degrees of 
resultant disease severity. Two main pathophysiological pro-
cesses result from the abnormal red blood cell characteristics 
with polymerization of the hemoglobin molecules: vaso- 
occlusion with ischemia-reperfusion injury and hemolytic 
anemia [61].

The splenic complications of sickle cell disease may 
occur as early as 5  months of age [50]. Sequestration is 
one complication that may be observed in younger patients 
with either homozygous or heterozygous forms of the dis-
ease. Acute episodes are caused by rapid congestion of the 
splenic red pulp by sickled red blood cells, resulting in 
rapid enlargement of the spleen that causes substantial 
pain and may lead to rapid decline in hematocrit, thrombo-
cytopenia, hypotension, and shock. On MR imaging, the 
spleen is enlarged with areas of heterogenous internal sig-
nal intensity and focal T2-weighted hyperintense regions 
relative to the normal spleen corresponding to areas of 
hemorrhage [62].

Patients with sickle cell disease may have functional 
asplenia where the spleen is anatomically present but non-
functional due to multiple prior infarctions. They may also 
infarct the entire spleen, with imaging appearances as previ-
ously described with infarction. The spleen may ultimately 
end up as small, densely calcified mass that is low in signal on 
all MR sequences (Fig. 10.22). As a result of their pervasive 
anemia and transfusions, affected pediatric patients may have 
iron deposition (hemosiderosis) in the reticuloendothelial 
system that results in diffusely diminished splenic signal 
intensity on T1- and T2-weighted (especially GRE) images 
[11, 63] (Fig. 10.23).

Storage Disorders Gaucher disease is a lysosomal stor-
age disorder caused by the lack of the enzyme glucocere-
brosidase. While there are multiple types of Gaucher 
disease, all cases result in the accumulation of glucocere-
broside in the cells of the reticuloendothelial system and 
hepatosplenomegaly. On MR imaging, T1-weighted signal 
intensity in patients with Gaucher disease is lower than in 
the normal spleen due to the accumulation of glucocerebro-
side. T2-weighted signal intensity is normal. Focal splenic 
nodules that are hypo- to isointense to normal splenic 
parenchyma on T1-weighted images and hypointense on 
T2-weighted images may be seen in some patients, typi-
cally those with markedly enlarged spleens (Fig.  10.24). 
Patients with Gaucher disease may also exhibit splenic 
infarcts [17, 64–66].

Peliosis Peliosis is a rare disease characterized by multiple 
blood-filled cavities within the spleen, most commonly seen 
in conjunction with hepatic peliosis. Isolated splenic peliosis 

is rare [67]. Peliosis has been associated with disseminated 
tuberculosis, hematological malignancies, and steroids [68]. 
While peliosis is usually discovered incidentally, one of the 
main risks of the disease process lies in the potential for 
splenic rupture, which may lead to life-threatening intra-
peritoneal hemorrhage [37, 69]. On MR imaging, lesions 
related to peliosis are usually numerous and have mixed 
signal intensity owing to the variable state of hemoglobin 
contained within the blood-filled spaces. Similar to hepatic 
peliosis, splenic peliosis may demonstrate a characteristic 

a

b

Fig. 10.22 Splenic atrophy in a 17-year-old girl with history of sickle cell 
disease. (a) Coronal and (b) axial T1-weighted volumetric GRE fat-sup-
pressed contrast-enhanced MR images demonstrate marked splenic atrophy 
(white arrows). There is also blooming artifact (b; white arrow) compatible 
with a diffuse splenic calcification
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centrifugal pattern of enhancement (starting at the center 
and progressing peripherally). Siderotic nodules form at the 
periphery of the lesions and result in characteristic low sig-

nal intensity from susceptibility artifact, most apparent on 
GRE images [17, 67].

Lymphatic Malformation Splenic lymphatic malforma-
tions are benign lesions more commonly identified in chil-
dren than adults [37]. Lesions may be single, multiple, or 
part of a generalized lymphangiomatosis, where multiple 
organs are involved and the spleen is partly or completely 
replaced by lymphatic malformations. Generally, lesions 
are slow growing and remain asymptomatic unless they 
reach a large size, or the spleen enlarges, resulting in com-
pression of adjacent structures. Lymphatic malformations 
may develop internal hemorrhage and result in consump-
tive coagulopathy, hypersplenism, and portal hypertension 

a

b

c

Fig. 10.23 Splenic iron deposition in a 17-year-old girl with multiple 
prior blood transfusions. (a) Axial T2-weighted fat-suppressed MR image 
demonstrates diffusely decreased signal intensity within the liver (aster-
isk) and spleen (white arrow). Axial GRE T1-weighted (b) in-phase and 
(c) out-of-phase MR images demonstrate diffusely decreased signal inten-
sity within the liver (asterisks) and spleen (white arrows) on the longer TE 
in-phase image as compared to the out-of-phase image secondary to iron 
deposition from secondary hemosiderosis

a

b

Fig. 10.24 Gamma-Gandy bodies in a 17-year-old boy with type I 
Gaucher disease on enzyme replacement therapy who underwent MR 
imaging to evaluate liver and spleen volume. (a) Axial T2-weighted fat-
suppressed and (b) axial T1-weighted MR images demonstrate marked 
splenomegaly (asterisks). Note the relative decreased signal of the 
spleen on the T1-weighted image. Multiple, scattered, subcentimeter 
low T1-weighted and T2-weighted signal intensity nodules (white 
arrows) are visualized within the spleen consistent with Gamna-Gandy 
bodies
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[70]. By histology, lymphatic malformations are closely 
related to hemangiomas, although the  endothelium-lined 
spaces within lymphatic malformations are filled with 
proteinaceous material rather than blood [37].

Lymphatic malformations within the spleen are usu-
ally microcystic or solid. On MR imaging, the lesions are 
generally hypointense on T1-weighted images though high 
amounts of internal hemorrhage or protein may result in 
higher signal intensity. T2-weighted images generally show 
hyperintense signal within multilocular cysts, although this 

signal may be affected by the presence of internal hemor-
rhage as well [71] (Fig. 10.25).

Portal Hypertension Portal hypertension has a variety 
of etiologies in pediatric patients including extrahepatic 
portal vein thrombosis and intrinsic liver disease [30]. 
The increased resistance to portal venous flow into the 
liver results in flow reversal and splenomegaly. Portal 
hypertension is the most common cause of splenomegaly 
in pediatric patients [17]. When splenomegaly second-

a c

b

Fig. 10.25 Splenic lymphatic malformation in a 7-year- old boy with 
Klippel-Trenaunay syndrome (KTS) who presented for further evalua-
tion of known intra-abdominal and lower extremity lymphatic malfor-
mations (a). (b) Axial T2-weighted fat-suppressed MR images 
demonstrate numerous hyperintense lesions (white arrowheads) within 

the spleen. The largest lesion (arrow) is noted in the anterior inferior 
aspect of the spleen and demonstrates thin internal septations. (c) 
Coronal T2-weighted fat-suppressed MR image shows the largest 
splenic lymphatic malformation (white arrow) and partially visualized 
pelvic lymphatic malformation (asterisks)
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ary to portal hypertension is seen on MR imaging, there 
may be signs of liver disease or portal venous occlusion. 
Perisplenic and splenorenal varices may be evident near 
the splenic hilum (Fig.  10.26). There may be foci of 
hemosiderin deposition within the spleen called Gamna-

Gandy bodies (siderotic nodules) that result from splenic 
microhemorrhages. These nodules are best detected on 
MR imaging.  They are usually less than 1  cm in diam-
eter and hypointense on all sequences, especially GRE 
sequences [72, 73] (Fig. 10.27).

 Conclusion

A wide variety of disorders may affect the pediatric spleen 
either singularly or as part of a systemic disease process. MR 
imaging can yield useful diagnostic information about many 
of these disorders and help to guide clinical management in 
the pediatric population.
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Adrenal Glands

James M. Brian, Anil G. Rao, and Michael M. Moore

 Introduction

MR imaging is well suited for viewing adrenal gland pathol-
ogy in the pediatric population. While requesting clinicians 
often choose ultrasound for the initial evaluation of a sus-
pected adrenal lesion, MR imaging offers unique tissue char-
acterization and the ability to evaluate for evidence of 
metastatic or remote disease. 

This chapter briefly reviews the anatomy and embryology 
of the adrenal gland as well as the physics underlying MR 
imaging sequences most useful in evaluating pediatric adre-
nal lesions. Congenital and acquired disorders of the adrenal 
gland commonly affecting infants and children are reviewed 
including clinical features, characteristic MR imaging find-
ings, and treatment approaches.

 Magnetic Resonance Imaging Techniques

A comprehensive review of magnetic resonance physics is 
not within the scope of this chapter. However, a focused dis-
cussion of several points to augment understanding of adre-
nal lesions is helpful, particularly fat-suppression techniques 
and how they pertain to adrenal adenomas. It should be noted 
that, in contradistinction to adult imaging, myelolipomas are 
exceedingly rare in children.

MR Imaging Pulse Sequences and Protocols

MR fat-suppression methods include chemical shift imaging, 
frequency-selective fat-suppression, and inversion recovery- 
based techniques. Chemical shift techniques are based on dif-
ferential precession frequency of protons associated with fat 
and water; specifically, fat protons precess at 3.5 parts per mil-
lion slower than water protons in a 1.5 Tesla magnet. This dif-
ference in precessional frequency allows for the determination 
of intravoxel lipid content when signal acquisition occurs at 
different echo times (TE) corresponding to in-phase and 
opposed-phase imaging. For a 1.5 Tesla MR scanner, in-phase 
imaging occurs at 4.4 milliseconds and opposed-phase imag-
ing at either 2.2 or 6.6 milliseconds. When opposed-phase 
imaging occurs, the fat and water protons demonstrate a 
180-degree difference in transverse magnetization resulting in 
signal loss. Voxels that contain significant amounts of both fat 
and water lose signal intensity on opposed-phase imaging [1].

An important point is that both fat and water protons need 
to be present to observe signal intensity change on chemical 
shift imaging. If lesions contain nearly all lipid or adipose tis-
sue elements, other fat-suppression techniques are needed for 
visualization. These include frequency-selective fat suppres-
sion (also known as chemical saturation or simply “fat sat”), in 
which a radio-frequency (RF) pulse selective for fat protons is 
used in combination with a spoiler gradient to null fat signal. 
Another commonly utilized abdominal fat- suppression tech-
nique is inversion recovery, in which an inversion RF pulse is 
used to invert the longitudinal magnetization, followed by an 
inversion time interval (TI) chosen to null fat signal prior to 
standard RF excitation. There are also hybrid chemical satura-
tion-inversion recovery techniques including spectral adia-
batic inversion recovery (SPAIR) [2]. In clinical practice, 
chemical shift in- and opposed-phase imaging as well as 
chemical saturation are the most common fat-suppression 
techniques used for routine adrenal MR imaging protocols.
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 Anatomy

 Embryology

The adrenal glands have two tissue precursors. At about 
6 weeks gestational age, the cortex of the adrenal gland arises 
from mesenchymal cells in the region of the developing 
gonads. During the seventh week, ectodermal neural crest 
cells migrating to form adjacent sympathetic ganglia develop 
into the medulla of the adrenal gland. The medulla abuts and 
is surrounded by cortex during the eighth week of gestation. 
During gestation and infancy, the adrenal glands contain fetal 
cortex. As a result, the adrenal gland of a newborn is 10 to 20 
times larger relative to other abdominal organs compared to 
an adult adrenal gland. The fetal cortex regresses during the 
first year of life and is often not visible outside of infancy.

By the end of the third year of life, the adrenal cortex has 
three layers: the superficial zona glomerulosa, the zona fas-
ciculata, and the innermost zona reticularis. These zones are 
responsible for the production of mineralocorticoids (aldo-
sterone), glucocorticoids, and androgens, respectively. The 
individual cortical layers cannot be distinguished on MR 
imaging. Adrenocortical carcinoma and adrenal adenomas 
arise from the adrenal cortex and are collectively called adre-
nocortical tumors. The adrenal medulla lies in the center of 
the adrenal gland and produces catecholamines. Neuroblastic 
tumors arise from the adrenal medulla or its neural crest cell 
precursors. Pheochromocytomas are tumors of the chromaf-
fin cells of the adrenal medulla [3, 4].

The triangular or crescent shape of the adrenal gland 
derives from the upward pressure of the developing ipsilat-
eral kidney. In the event of the congenital absence of the ipsi-
lateral kidney from the renal fossa, the adrenal gland may 
take on a flattened, rounded shape, sometimes referred to as 
a pancake or discoid adrenal gland [5, 6]. Identification of 
the pancake adrenal gland should result in a search for an 
associated congenital renal anomaly such as renal agenesis, 
pelvic kidney, or cross-fused renal ectopia.

 Normal Development and Anatomy

The adrenal glands are paired suprarenal endocrine organs 
located in the retroperitoneal space. The triangular right 
adrenal gland sits superior to the right kidney, while the 
more crescent-shaped left adrenal gland is found anterior 
and superior to the left kidney. The adrenal glands are found 
within the renal fascia and are surrounded by perirenal fat. 
The adrenal anatomy is readily visible with MR imaging. 

Although the vascular supply to the adrenal gland is typi-
cally below the resolution of MR imaging, the gland is a vas-
cular organ and demonstrates contrast enhancement [7]. The 
adrenal gland receives arterial blood from the inferior phrenic 
artery superiorly, the adrenal arterial branch of the aorta 

medially, and branches from the renal arteries inferiorly. The 
right adrenal vein empties directly into the inferior vena 
cava, while the left adrenal vein drains into the left renal vein 
via the inferior phrenic vein. Multiple accessory adrenal 
veins exist and can be the source of collateral blood flow in 
the case of large tumors [3].

 Anatomic Variants

Discoid Adrenal As noted above, in order for a developing 
adrenal gland to form a proper Y-shaped configuration, ipsi-
lateral renal tissue must be present within the renal fossa. In 
the setting of renal agenesis, the shape of the adrenal gland is 
abnormal. Most commonly, the shape is referred to as a dis-
coid adrenal gland. Alternatively, the morphology may also 
be referred to as pancake or straight adrenal gland. While the 
morphology is abnormal on imaging, adrenal gland function 
is not affected, and the finding of a discoid adrenal gland is 
otherwise without clinical significance [7]. Figure 11.1 dem-
onstrates a discoid adrenal gland as an incidental finding dur-
ing MR imaging appendicitis evaluation in a patient with 
renal agenesis.

 Spectrum of Adrenal Gland Disorders

 Congenital Adrenal Gland Disorders

Congenital Adrenal Hyperplasia Congenital adrenal hyper-
plasia results from a complex biochemically mediated increase 
in adrenal cortex cellularity. There is a defect in enzymes 

Fig. 11.1 Discoid or pancake right adrenal gland and congenitally 
absent ipsilateral kidney incidentally found in a 13-year-old boy who 
presented with suspected appendicitis. Coronal single-shot T2-weighted 
MR image shows discoid or pancake right adrenal gland (arrow) and 
the normal-appearing left adrenal gland (arrowhead) for comparison
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involved in cortisol or aldosterone production, which results in 
increased output of adrenocorticotropin from the anterior pitu-
itary. This pathologic negative feedback induces overproduc-
tion of androgens and adrenal cortical enlargement. While 
there are several enzymatic deficiencies that can result in con-
genital adrenal hyperplasia, 21-hydroxylase deficiency is the 
most common cause.

Female infants with congenital adrenal hyperplasia often 
demonstrate virilization of their external genitalia leading to 
early diagnosis of congenital adrenal hyperplasia. Affected 
male infants may not demonstrate early clinical signs of con-
genital adrenal hyperplasia and, if undiagnosed, are affected 
by rapid growth and precocious maturation later in child-
hood. Fortunately, mandatory newborn screening includes 
tests for the most common causes of congenital adrenal 
hyperplasia, thereby limiting the cases of undiagnosed or 
poorly controlled disease [8].

MR imaging of poorly controlled congenital adrenal 
hyperplasia reveals an enlarged, nodular adrenal gland pos-
sibly containing adrenal tumors such as myelolipomas or 
adenomas [4, 9]. An adrenal limb length of 20 mm or greater 
and a limb width of greater than 4  mm is indicative of 
enlargement due to congenital adrenal hyperplasia [5]. In 
Fig. 11.2 an enlarged adrenal gland is noted in a 16-year-old 

girl undergoing work-up for clitoromegaly and excessive 
facial hair. She was diagnosed with congenital adrenal hyper-
plasia secondary to 21-hydroxylase deficiency.

Testicular Adrenal Rest Tumor Noting that adrenal corti-
cal tissue arises from mesenchymal cells near the developing 
gonads, it is not surprising that adrenal rest tissue can be 
found along the path of gonadal descent, including the celiac 
plexus, broad ligament of the uterus, ovaries, inguinal canals, 
epididymides, and testes. Testicular adrenal rest tumors may 
be seen in prepubertal male patients with poorly controlled 
congenital adrenal hyperplasia. While these lesions are read-
ily identified with ultrasound, they can also be seen with MR 
imaging.

Testicular adrenal rest tumor lesions appear isointense to 
the testicle on T1-weighted sequences but are hypointense 
relative to the surrounding hyperintense testicular tissue on 
T2-weighted images regardless of whether or not fat sup-
pression is used. Testicular adrenal rest lesions enhance 
strongly after gadolinium administration [5, 10]. Fig.  11.3 
demonstrates testicular adrenal rest lesions in a 16-year-old 
boy with congenital adrenal hyperplasia.

 Neoplastic Adrenal Gland Disorders

Neuroblastic Tumors

Neuroblastoma, ganglioneuroblastoma, and ganglioneuroma 
(collectively called neuroblastic tumors) are tumors that 
arise from ectodermal neural crest cells destined to form 
sympathetic ganglion cells and the medulla of the adrenal 
glands. Neuroblastic tumors may appear along the pathway 
of these migrating neural crest cells. As such, neuroblastic 
tumors may be seen in the neck, posterior mediastinum, 
adrenal gland, retroperitoneum, and pelvis.

Neuroblastoma, ganglioneuroblastoma, and ganglioneu-
roma tumors each differ in the degree of cellular and extra-
cellular maturation, with immature tumors having more 
aggressive behavior and mature tumors being more benign. 
Neuroblastomas have immature, undifferentiated cells. They 
are the most malignant of the neuroblastic tumors and typi-
cally appear in younger children. Neuroblastomas are spo-
radic in occurrence, with only about 1% being familial 
[11–13]. Conversely, ganglioneuromas have mature ganglio-
cytes and stroma and are typically considered benign. They 
are commonly diagnosed in older children and adolescents. 
Ganglioneuroblastoma tumors contain both mature ganglio-
cytes and immature neuroblasts and, as such, demonstrate 
intermediate malignant potential [11].

In rare cases, neuroblastic tumors may occur in patients 
with other congenital disorders, including neurofibromatosis 
type 1, Beckwith-Wiedemann syndrome, Hirschsprung dis-
ease, and DiGeorge syndrome [11].

Fig. 11.2 Enlarged right adrenal gland in a 16-year-old girl who pre-
sented with androgen excess manifested by clitoromegaly and facial 
hair. The patient was diagnosed with congenital adrenal hyperplasia 
secondary to 21-hydroxylase deficiency. Axial single-shot T2-weighted 
MR image shows enlarged right adrenal gland (arrow). The right adre-
nal gland medial limb measured 4.2 cm in length by 0.6 cm. The left 
adrenal gland is incompletely visualized on this axial single-shot 
T2-weighted MR image but was also enlarged
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 Neuroblastoma and Ganglioneuroblastoma Neuroblasto
mas and ganglioneuroblastomas both share a higher malig-
nant potential than ganglioneuromas and are grouped 
together for purposes of cancer reporting, staging, and sur-
vival statistics. The majority of neuroblastomas and ganglio-
neuroblastomas are found in the abdomen and to a lesser 
degree the chest. Within the abdomen, half of these tumors 
arise from the adrenal medulla, and half are found in the 
extra-adrenal retroperitoneum. Within the chest, neuroblas-
tomas and ganglioneuroblastomas are seen in the posterior 
mediastinum. Other less common sites include the neck, pel-
vis, thymus, lung, kidney, anterior mediastinum, stomach, 
and cauda equina [11].

Neuroblastomas are far more common than ganglioneu-
roblastoma or ganglioneuroma, making up 97% of neuro-
blastic tumors. Neuroblastomas are also the most commonly 
diagnosed cancer in infancy and the third most common 
childhood cancer, comprising approximately 10% of all 
childhood cancers but accounting for 15% of childhood can-
cer fatalities. Nearly 40% of the patients with neuroblastoma 
are diagnosed by 3 months of age, and 95% of them are diag-
nosed by 10 years of age [11, 12].

Clinical symptoms of neuroblastoma are varied and can 
include constipation, abdominal distension, hypertension 
from compression of renal vessels, and neurologic symp-
toms if there is spinal canal extension from paravertebral 
sympathetic ganglia involvement. Less commonly, parane-
oplastic syndromes such as opsoclonus-myoclonus syn-
drome can be caused by an autoimmune response to 
neurologic tissues. Watery diarrhea and electrolyte imbal-
ances may arise from autonomous secretion of vasoactive 
intestinal peptide.

Diagnosis of neuroblastoma is made by either surgical 
biopsy of the tumor demonstrating neuroblastoma cells or a 
combination of positive bone marrow aspirate and increased 
urinary catecholamine metabolites – vanillylmandelic acid and 
homovanillic acid [13]. Neuroblastoma cells are small round 
relatively undifferentiated cells with large  hyperchromatic 
nuclei with a blue appearance and thin cytoplasmic rim and as 
such fall under the category of small, round blue cell tumors.

The International Neuroblastoma Staging System (INSS) 
was devised in 1986 based on clinical, radiologic, and surgi-
cal features. The International Neuroblastoma Risk Group 
(INRG) staging system was published in 2008 to stratify and 
stage patients prior to surgery, as the INSS was a postsurgical 
staging. INRG staging provides a pre-treatment risk stratifi-
cation using clinical criteria and image-defined risk factors 
(IDRFs) [14]. Brisse et al. published a consensus report in 
2011 from the International Neuroblastoma Risk Group 
Project with the guidelines for imaging and staging of neuro-
blastic tumors [15] and defined various terms for assessing 
IDRFs such as “encasement,” “contact,” and “flattening” to 
assess tumor relationship with adjacent blood vessels. In this 

a

b

c

Fig. 11.3 Testicular adrenal rest tumors in a 16-year-old boy with con-
genital adrenal hyperplasia. (a) Axial and sagittal (b) T2-weighted MR 
images demonstrate the testicular adrenal rest tumors (arrows) that are 
hypointense on T2-weighted MR imaging. (c) Sagittal T1-weighted fat- 
suppressed post-contrast MR image demonstrates that the testicular 
adrenal rest tumors (arrow) enhance after contrast administration. 
(Images courtesy of Michael S. Gee, MD, PhD, Massachusetts General 
Hospital)
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paper, Brisse et al. also described the rationale for using dif-
ferent imaging modalities such as US, CT, and MR imaging 
including technical guidelines.

The International Neuroblastoma Pathology Classification 
(the Shimada system) published in 1999 [16] categorizes 
patients with neuroblastic tumors into two groups having 
either favorable histology or unfavorable histology. This clas-
sification considers the amount of Schwannian stroma, the 
degree of nodularity, the degree of neuroblastic differentiation, 
the mitosis-karyorrhexis index (MKI), and the presence or 
absence of calcification along with the patient’s age. Patients 
are grouped as less than 1.5 years, 1.5–5 years, and greater 
than 5 years of age. A favorable histologic result is given to 
children less than 1.5  years old with a low or intermediate 
MKI having a differentiating or a partially differentiating 
tumor and to children 1.5–5 years of age with a low MKI hav-
ing a differentiating tumor. Other combinations are considered 
to have unfavorable histologic characteristics. Genetic analy-
sis of the tumor is also an important part of risk stratification 

and can help determine the prognosis of the tumor, including 
presence or absence of N-myc amplification or ALK activa-
tion. By combining INSS/INRG staging with the patient’s age 
at diagnosis, tumor histology, and the biology and genetics of 
the tumor, the patient is assigned to a low-, intermediate-, or 
high-risk group and treated accordingly.

Imaging has a role in determining the site of origin, char-
acteristics and extent of these tumors, and the presence or 
absence of metastatic disease. Abdominal neuroblastic 
tumors often arise either from the adrenal glands or a para-
spinal location. These tumors are iso- to hypointense to adja-
cent soft tissues on T1-weighted images and hyperintense on 
T2-weighted images. There is variable enhancement follow-
ing intravenous gadolinium contrast administration. The 
tumor margins may be smooth, lobulated, or irregular. There 
is heterogeneity in the tumor due to necrosis, hemorrhage, 
and calcification. Necrotic areas are T1-weighted hypoin-
tense and T2-weighted hyperintense and do not demonstrate 
contrast enhancement (Figs. 11.4, 11.5, and 11.6). Areas of 

a b

c d

Fig. 11.4 Right adrenal ganglioneuroblastoma in a 3-year-old boy. (a) 
Axial T1-weighted MR image demonstrates a large hypointense right 
suprarenal mass (arrow). (b) Axial T1-weighted fat-suppressed post- 
contrast MR image demonstrates inhomogeneous tumor enhancement 
(arrow). (c) Axial T2-weighted MR image with fat suppression demon-

strates increased signal within the tumor (arrow). (d) Axial diffusion 
weighted MR image (b = 800) demonstrates increased signal (arrow) 
indicating restricted diffusion within the tumor. (e) Corresponding axial 
apparent diffusion coefficient (ADC) map demonstrates low ADC val-
ues (arrow) confirming restricted diffusion within the tumor
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Fig. 11.5 Left adrenal neuroblastoma in a 3-year-old boy. Axial (a), 
coronal (b), and sagittal (c) single-shot T2-weighted MR images dem-
onstrate a large left adrenal mass (asterisk) that encases the aorta (white 

arrows) and renal vessels but displaces the inferior vena cava (black 
arrows), spleen (S), pancreas (P), and left kidney (not shown). The 
tumor extends cranially into the mediastinum (M)

e

Fig. 11.4 (continued)
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calcification have low signal intensity on T1- and T2-weighted 
images, whereas hemorrhagic areas can have variable T1- 
and T2-weighted signal characteristics based on the stage of 
degradation of hemoglobin.

Neuroblastic tumors typically encase or displace blood 
vessels in the abdomen instead of directly invading them (see 
Fig. 11.5). This can be seen on the T1-weighted fat- suppressed 
pre-contrast and post-contrast images. Adrenal masses typi-
cally displace the kidney inferiorly and laterally (see Fig. 11.6). 
Paraspinal neuroblastic tumors displace the kidney superiorly 
and laterally. Invasion of the kidney can be present. Renal 
atrophy could be due to several factors such as encasement 
and compression of the renal vessels or could be the result of 
surgery, chemotherapy, or radiation therapy [13]. Extension of 
the tumor across the midline, regional lymph node involve-
ment, or intraspinal extension may be seen. Intraspinal exten-
sion of a paraspinal neuroblastic tumor is better seen on MR 
imaging than CT (Fig. 11.7). Metastases to the skin, liver, dis-
tant lymph nodes, cortical bone, and bone marrow that may be 
present can also be seen on MR imaging (Fig.  11.8). 
Neuroblastoma and ganglioneuroblastoma tumors often show 
restricted diffusion on DWI (see Fig. 11.4d, e). Whole-body 
MR imaging from the vertex to the toes can be helpful to 
assess for metastatic disease.

 Congenital Neuroblastoma Congenital neuroblastoma is a 
tumor detected within 1  month of birth. Neuroblastoma is 
the most common malignancy in the first month of life and 
accounts for 30% to 50% of all malignant tumors at this age. 
Neuroblastoma occurring the perinatal timeframe may be 
categorized as fetal or neonatal neuroblastoma, based on the 
patient’s age at presentation. Both types have very good 
prognoses but differ somewhat in their patterns of metastatic 
spread and organ of origin.

Neonatal neuroblastoma has an adrenal origin in 45% of 
patients. Like older children with neuroblastoma, about 60% 
of neonates have metastatic disease at the time of diagnosis. 
Metastases are often found in the liver, bone cortex, marrow, 
and skin, although any site may be affected. Neonatal neuro-
blastoma usually has a favorable tumor biologic behavior, 
and the survival rate is greater than 90% [11, 17].

Fetal neuroblastoma arises from the adrenal glands in 
approximately 90% of the cases. Fetal neuroblastoma may 
be seen on obstetric ultrasound with a mean age of discovery 
at 36 weeks gestation but has been seen as early as 19 weeks 
gestation. Fetal neuroblastoma is associated with hepatic and 
bone marrow metastases. Metastases to the bone cortex are 
extremely rare. Fetal neuroblastomas are usually stage 1, 2, 
or 4S at presentation based on the International Neuroblastoma 
Staging System. Placental metastases are typically limited to 
the placental vasculature but rarely may involve the placental 
parenchyma. Fetal hydrops can result from placental vascu-
lar metastases. Catecholamines released from these tumors 
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Fig. 11.6 Left adrenal neuroblastoma in a 15-year-old girl. Coronal 
single-shot T2-weighted MR image (a) demonstrates a large left adre-
nal lesion hyperintense to muscle that is inferiorly displacing the left 
kidney. Axial T1-weighted fat-suppressed MR images before (b) and 
after (c) contrast administration show that mass to have internal regions 
of T1-weighted hyperintense hemorrhage (b) and heterogeneous 
enhancement (b and c; arrows)
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have been implicated in the development of maternal pre-
eclampsia. The prognosis for patients with fetal neuroblas-

toma is excellent, and conservative approach to management 
is recommended [11].

 Ganglioneuroma Ganglioneuroma is a rare tumor. As 
previously discussed, ganglioneuroma, being a mature neu-
roblastic tumor, presents later in life (median age of 
7 years). It can occur along the location of the sympathetic 
ganglia but most commonly occur in the posterior medias-
tinum, retroperitoneum, adrenal gland, and neck in descend-
ing order. Elevated levels of catecholamine metabolites in 
the urine such as vanillylmandelic acid and homovanillic 
acid may be present in 37% of patients compared to around 
90% of neuroblastomas and ganglioneuroblastomas. These 
tumors are comprised entirely of mature gangliocytes and 
Schwannian stroma and do not contain immature elements 
and are considered benign. The MR imaging features are 
similar to neuroblastoma and ganglioneuroblastoma; how-
ever, they typically do not demonstrate aggressive invasion 
or metastatic disease [11]. Figure 11.9 demonstrates a left 
adrenal ganglioneuroma in a 16-year-old boy who had a 
right ganglioneuroma resected at age 9.

a b

Fig. 11.7 Paraspinal neuroblastoma with intraspinal extension in a 
5-year-old boy. (a) Axial T2-weighted MR image demonstrates intra-
spinal extension (arrow) of the paraspinal mass. (b) Axial T1-weighted 

fat- suppressed post-contrast MR image confirms neuroforaminal exten-
sion (arrow) of the mass as well as variable enhancement

Fig. 11.8 Neuroblastoma metastatic to the liver in the same 15-year- 
old girl seen in Fig. 11.6. Axial T1-weighted fat-suppressed MR image 
obtained 20  minutes post-contrast (gadoxetate) in the hepatobiliary 
phase demonstrates multiple hypointense hepatic metastases (black 
arrows)
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Pheochromocytoma

Pheochromocytomas, although rare in the pediatric popula-
tion compared to adults, are the most common endocrine 
neoplasm in children. They can arise from chromaffin cells 
both within and external to the adrenal gland [18]. The 
majority of pediatric pheochromocytomas arise from the 
adrenal medulla. Extra-adrenal pheochromocytomas, also 
called extra-axial paragangliomas, commonly occur along 
the great vessels of the abdomen, including the upper retro-
peritoneum and the organ of Zuckerkandl near the origin of 
the inferior mesenteric artery [18–20]. However, extra-adre-
nal pheochromocytomas can also be found in the head and 
neck, chest, and pelvis. Children are more likely than adults 
to have bilateral or extra-adrenal lesions [21]. 

Pediatric pheochromocytomas are twice as common in boys 
and typically appear in young adolescents, with an average age 
of presentation of 11 years [18]. Nearly 40% of pheochromo-
cytomas are associated with known genetic mutations such as 
multiple endocrine neoplasia type 2, von Hippel-Lindau syn-
drome, neurofibromatosis type 1, and familial paraganglioma 
syndromes [20]. Adrenal pheochromocytomas often are hor-
monally active and result in excessive production and secretion 
of catecholamines such as epinephrine and norepinephrine as 
well as vasoactive intestinal peptides. Symptoms associated 
with the catecholamine excess in hormonally active pediatric 
pheochromocytomas include hypertension, headaches, sweat-
ing, anxiety, pallor, and weight loss [20].

Diagnosis of pheochromocytoma includes both biochemical 
testing for evidence of excess catecholamines followed by 

imaging to localize the tumor. MR imaging is an ideal modality 
to evaluate children with suspected pheochromocytoma and, 
when compared to CT and nuclear medicine metaiodobenzyl-
guanidine (MIBG) scanning, has been shown to be more sensi-
tive in the detection of adrenal pheochromocytomas [22]. The 
tumors are typically round to oval solid lesions that measure 2 to 
5 cm in diameter but may be larger [19]. Pheochromocytomas 
are isointense on T1-weighted sequences and are characteristi-
cally markedly hyperintense on T2-weighted sequences (known 
as the “light bulb” sign; Fig. 11.10). Larger tumors may demon-
strate intermediate or low intensity on T2-weighted sequences 
secondary to necrosis or internal hemorrhage. Most pheochro-
mocytomas avidly and homogeneously enhance after contrast 
administration [20]. There is no signal loss with T1-weighted 
chemical shift opposed-phase imaging. Although the majority 
of pediatric pheochromocytomas are benign, malignant lesions 
can demonstrate local invasion or metastatic spread to bones, 
lungs, liver, and lymph nodes [21]. 

Surgical excision is the treatment of choice for solitary 
benign pheochromocytomas. The high incidence of associ-
ated genetic mutations requires genetic screening in chil-
dren with pheochromocytomas.

Adrenocortical Tumors

Adrenocortical tumors are rare in children. They typically 
are seen in children under the age of 5 years. In this young 
age group, there is a 2:1 female predominance that is not 
present in older children. There is an association with 
congenital syndromes including Li-Fraumeni syndrome, 
Beckwith-Wiedemann syndrome, and multiple endocrine 
neoplasia type 1. These tumors are often hormonally 

Fig. 11.9 Left adrenal ganglioneuroma in a 16-year-old boy with a 
history of prior right adrenal ganglioneuroma removed at 9  years of 
age. Axial T2-weighted fat-suppressed MR image shows a hyperintense 
left adrenal lesion (arrow), unchanged in size over the previous 7 years, 
consistent with ganglioneuroma

Fig. 11.10 Right adrenal pheochromocytoma discovered on screening 
ultrasound in a 12-year-old girl with von Hippel-Lindau syndrome. 
Axial T2-weighted fat-suppressed MR image demonstrates an adrenal 
mass (arrow) with characteristically marked T2-weighted hyperinten-
sity. Small cystic areas within the mass are also present
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active. As the cortex of the adrenal gland produces miner-
alocorticoids, glucocorticoids, and androgens, the clinical 
presentation of adrenocortical tumors often involves 
endocrine abnormalities related to the excess hormone. 
Laboratory evaluation for excess hormones is helpful for 
both the diagnosis of adrenocortical tumors and monitor-
ing for tumor recurrence. Most commonly, adrenocortical 
tumors manifest with excessive androgens, leading to vir-
ilization of girls and premature puberty in boys. Less 
 commonly, younger children present with symptoms of 
Cushing syndrome, although this is a more common pre-
sentation in older children. Hypertension is a common 
presenting symptom and is thought to be due to either 
excessive mineralocorticoid or glucocorticoid production 
or, like neuroblastic tumors, tumor mass effect on the 
renal artery.

It can be difficult to distinguish whether an adrenocortical 
tumor is malignant (adrenocortical carcinoma) or benign 
(adenoma) based on imaging and histology alone. Increased 
size, invasion of adjacent organs and vessels, and regional 
lymph node involvement are indicative of malignancy [23]. 
The majority of adrenocortical tumors in children are thought 
to be malignant on pathologic analysis [24, 25]. 

On MR imaging, adrenocortical carcinoma appears as 
large (greater than 4 centimeter) suprarenal masses that 
demonstrate heterogeneous T1-weighted isointensity and 
T2-weighted hyperintensity relative to the liver. The het-
erogeneity often reflects areas of central necrosis and hem-
orrhage. The lesion does not demonstrate uniform signal 
loss on in- and opposed- phase imaging. Adrenocortical car-
cinoma avidly enhances after gadolinium administration 
and shows slow contrast washout (Fig. 11.11). There may 
be focal areas of central calcification which are better 
appreciated on CT. MR imaging is useful for the detection 
of local metastatic invasion [26]. 

Treatment of both benign and malignant adrenocortical 
neoplasms relies upon surgical excision with close clinical 
and diagnostic follow-up for evidence of recurrence.

Adrenal Adenoma

Adrenal adenomas are benign lesions that arise from the 
zona fasciculata in the adrenal cortex. In an adult-focused 
radiology practice, there is substantial discussion on how to 
detect adrenal adenoma fat by MR imaging as they are 
common incidental findings often without clinical signifi-
cance. Most commonly, radiologists assess adrenal signal 
loss on opposed-phase imaging qualitatively. Quantitative 
assessment of signal intensity may also be performed using 
(in-phase signal intensity  – opposed-phase signal inten-
sity)/(in-phase signal intensity) × 100% greater than 16.5% 
indicating a lipid-rich adrenal adenoma. Adrenal adenoma 

a

b

c

Fig. 11.11 Adrenocortical carcinoma in a 3-year-old boy who pre-
sented with precocious puberty. Coronal T2-weighted MR image (a) 
demonstrates a large right adrenal mass (arrow) with heterogeneous 
signal intensity causing inferior displacement of the right kidney. Axial 
T1-weighted fat-suppressed MR images obtained before (b) and after 
(c) contrast administration show the mass (arrows) to demonstrate avid 
enhancement. (Case courtesy of Nancy A. Chauvin, MD, Penn State 
College of Medicine, and Asef Khwaja, MD, Children’s Hospital of 
Philadelphia, Philadelphia, Pennsylvania, USA)
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MR imaging characterization sensitivity and specificity are 
reported at 81% to 100% and 94% to 100%, respectively 
[27]. In adults, pathologic distinction is often not warranted 
given the high sensitivity and specificity of MR imaging. 
Like much of pediatric care, children are different than 
adults – even for adrenal adenomas. In contradistinction to 
adults, adrenal adenomas are quite rare in children and 
more common in girls. Also in pediatrics, adrenal adeno-
mas are often either hormonally active or with potential 
endocrine manifestations such as precocious puberty.

While suspected adrenal adenomas in adults are often 
characterized by either multiphase CT or MR imaging, MR 
imaging is the modality of choice in children. Adrenal ade-

nomas with “lipid-rich” content demonstrate signal loss on 
opposed-phase imaging, as demonstrated in Fig.  11.12. 
However, “lipid-poor” adenomas (Fig. 11.13) without obvi-
ous fat elements are also seen but do not have any distin-
guishing imaging features from other adrenal lesions such as 
metastases, adrenocortical carcinoma, or neurogenic tumors 
[7]. One advantage of CT over MR imaging for adrenal ade-
noma characterization is its ability to diagnose lipid-poor 
adenomas on the basis of enhancement kinetics.

Given that childhood adrenal adenomas are often hor-
monally active as well as the potential overlap of “lipid- 
poor” adenomas with adrenocortical carcinomas, biopsy 
or surgical resection is typically performed unless there is 

a b

Fig. 11.12 Lipid-rich adrenal adenoma in a 16-year-old obese girl 
being evaluated for an elevated serum DHEA. Axial T1-weighted in-
phase (a) and opposed-phase (b) MR images demonstrate a left adrenal 
nodule with intrinsic T1-weighted signal intensity (a; arrow) and signal 

loss on opposed-phase imaging (b; arrow) consistent with intracellular 
fat within an adenoma. (Case courtesy of Nancy A. Chauvin, MD, Penn 
State College of Medicine, and Asef Khwaja, MD, Children’s Hospital 
of Philadelphia, Philadelphia, Pennsylvania, USA)

a b

Fig. 11.13 Lipid-poor adenoma in a 14-year-old girl with an inciden-
tal discovered left adrenal lesion during imaging evaluation for appen-
dicitis. Axial T1-weighted in-phase (a) and opposed-phase (b) MR 
images demonstrate a small T1-weighted hypointense left adrenal 

lesion (a; arrow) with no signal loss on opposed-phase imaging (b; 
arrow) indicating an absence of detectable intracellular fat. This was 
confirmed histologically to be an adrenal adenoma
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a b

Fig. 11.14 Subacute right adrenal hemorrhage in a 16-year-old girl 
6 days after a motor vehicle collision, seen on MR imaging performed 
to evaluate a pancreatic duct injury. Axial single-shot T2-weighted 
image (a) shows a predominantly hypointense right adrenal lesion 

(arrow) with peripheral areas of increased signal intensity. Axial 
T1-weighted fat-suppressed image (b) shows the lesion (arrow) to have 
high intrinsic T1-weighted signal intensity suggestive of subacute adre-
nal hemorrhage in the setting of recent trauma

clear imaging evidence of adenoma and the patient is 
asymptomatic.

 Traumatic Adrenal Gland Disorder

Adrenal Hemorrhage There is rarely a primary indica-
tion for requesting MR imaging in the setting of adrenal 
hemorrhage in children although understanding its imaging 
characteristics remains important. The most common cause 
of adrenal hemorrhage is neonatal adrenal hemorrhage, 
which occurs in approximately 1/500 births. The etiology 
of neonatal adrenal hemorrhage is variable but is most 
commonly associated with birth trauma, sepsis, hypoxia as 
well as renal vein thrombosis [7]. This occurs much more 
commonly than neonatal neuroblastoma although the dis-
tinction is important. The critical imaging feature is evolu-
tion and resolution from imaging at multiple points over a 
time period of weeks to several months.

Serial ultrasound is the best imaging modality in the neo-
natal period to follow adrenal lesions. In addition to becom-
ing smaller over time, another important distinguishing 
feature of adrenal hemorrhage is its lack of internal Doppler 
vascularity. Although uncommon, the other cause of adrenal 
hemorrhage in children is severe blunt abdominal trauma, 
which typically occurs outside the neonatal period and is 
imaged by CT in the acute setting. The evaluation of adrenal 
hemorrhage is rarely the primary cause for abdominal imag-
ing, but adrenal hemorrhage can still be encountered during 
neuroblastoma evaluation or unrelated examination such as 
MR cholangiopancreatography following blunt trauma and 
pancreatic duct injury. In Fig. 11.14, a known adrenal hemor-
rhage is demonstrated by MR imaging during evaluation for 

traumatic pancreatic duct injury in this 16-year-old girl, 
6 days after she was injured as an unrestrained passenger in 
a motor vehicle collision.

The appearance of adrenal hemorrhage on MR imaging can 
be quite variable and in part depends on the age of the adrenal 
hemorrhage. In the acute phase, the paramagnetic effect of 
deoxyhemoglobin results in isointense to hypointense signal on 
T1-weighted images and hypointense signal on T2-weighted 
images. In the subacute phase, the paramagnetic effects of met-
hemoglobin result in hyperintensity on T1-weighted images and 
variable signal on T2-weighted images. Eventually, the hemor-
rhage transforms into cystic changes with low signal intensity at 
the margins due to peripheral hemosiderin deposition. Overall, 
an “ideal”  picture of adrenal hemorrhage would be a T1-weighted 
hyperintense lesion with hyperintense T2-weighted fluid with 
peripheral and layering hypointense blood products. On post-
gadolinium images, hemorrhage should be without enhance-
ment, although an associated mass lesion may show a solid 
enhancing portion [7, 27].

 Conclusion

MR imaging is useful in evaluating congenital and acquired 
pediatric adrenal gland abnormalities. The comprehensive 
view of the abdomen and pelvis allows for characterization of 
congenital adrenal abnormalities in the context of adjacent 
organs that may also be involved, such as renal agenesis asso-
ciated with a discoid adrenal gland and testicular adrenal rest 
tumors in the setting of congenital adrenal hyperplasia. While 
there are MR imaging features of adrenal tumors that are 
similar, specific MR imaging features, such as opposed- phase 
T1-weighted signal loss in adrenal adenomas or marked 
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T2-weighted hyperintensity in pheochromocytomas, can be 
quite helpful in lesion diagnosis. Additionally, MR imaging 
provides evidence of metastatic or local spread of malignant 
adrenal lesions such as neuroblastic or adrenocortical tumors. 
MR imaging also permits repeat follow-up imaging for the 
assessment of tumor response to treatment without exposure 
to ionizing radiation. In conclusion, utilization of MR imag-
ing of the adrenal gland in children provides great value by 
identifying and characterizing adrenal lesions and providing 
critical information to facilitate both surgical planning and 
response to medical treatment.
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Gastrointestinal Tract

Samantha G. Harrington, Katherine Nimkin, 
and Michael S. Gee

 Introduction

Magnetic resonance (MR) imaging is an excellent modality 
for the evaluation of bowel pathology and adjacent perien-
teric changes. The lack of ionizing radiation means that MR 
imaging can be performed serially in pediatric patients with 
conditions that often require multiple imaging studies over 
time, such as inflammatory bowel disease. In addition, MR 
imaging allows multiple acquisitions of the same body part 
in one examination, which is ideally suited for cinematic 
evaluation of bowel peristalsis and multiphase assessment of 
bowel enhancement. The superior soft tissue contrast of MR 
imaging is well suited to evaluate spaces associated with the 
gastrointestional (GI) tract, such as the small bowel mesen-
tery, greater omentum, and anal sphincter complex, which 
can be sites of associated GI tract pathology. Lastly, gastro-
intestinal abnormalities seen on other imaging modalities 
may be further evaluated with MR imaging to aid with lesion 
localization and tissue characterization. 

This chapter reviews up-to-date MR protocols to evaluate 
the GI tract (Table 12.1); the embryology and normal devel-
opment of the esophagus, stomach, small bowel, and large 
bowel; as well as imaging findings of various congenital, 
infectious/inflammatory, and neoplastic processes in the 
pediatric population (Table 12.2).
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Table 12.1 Typical pulse sequences in pediatric gastrointestinal tract 
MR protocols

Protocol Sequence Planes
Fetal SST2W Axial, sagittal, 

coronal
bSSFP Axial, sagittal, 

coronal
T1W GRE Axial, sagittal, 

coronal
Enterography SST2W Axial, coronal

bSSFP Coronal
SS or FSE T2W FS Axial
Thick-slab cinematic bSSFP Coronal
DWI Axial
Multiphase T1W FS GRE pre- and 
post-contrast images (including 
55–70 second enteric phase)

Coronal 
(multiphase),  
axial (delayed)

Perianal 
fistula

Large FOV T2W Axial, coronal
Small FOV (16–20 cm)  
T2W FS or short tau  
inversion recovery (STIR)

Axial, coronal

T1W FS GRE pre- and 
post-contrast

Axial, coronal

DWI Axial
Appendicitis SST2W Axial, coronal

SST2W FS Axial, coronal
Radial FSE T2W FS (optional) Axial

SS single-shot, bSSFP balanced steady-state free precession, T1 
T1-weighted, T2W T2-weighted, FSE fast spin echo, GRE gradient- 
recalled echo, DWI diffusion-weighted imaging, FOV field of view

Table 12.2 Spectrum of pediatric gastrointestinal tract pathologies 
seen on MR imaging

Congenital disorders Infectious and 
inflammatory 
disorders

Neoplastic 
disorders

Congenital diaphragmatic 
hernia

Inflammatory bowel 
disease

Gastrointestinal 
stromal tumors

Gastrointestinal atresias Appendicitis Lymphoma
Other bowel malformations 
(e.g., duodenal web)

Meckel diverticulum

Foregut duplication cysts Typhlitis
Anorectal malformation Pneumatosis 

intestinalis

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31989-2_12&domain=pdf
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 Magnetic Resonance Imaging Techniques

 MR Imaging Pulse Sequences and Protocols

 Fetal MR Gastrointestinal Tract Imaging Protocol
Fetal MR imaging can be used to diagnose in utero bowel 
abnormalities detected on prenatal ultrasound. Protocols for 
fetal MR bowel imaging vary depending on the suspected 
abnormality. Ultimately, the protocol is tailored to help 
answer questions that impact prenatal and antenatal manage-
ment of the fetus. Single-shot T2-weighted and balanced 
steady-state free precession sequences are primarily used for 
fetal anatomic evaluation due to their fast imaging time and 
minimal motion artifact. In addition, fast gradient-recalled 
echo (GRE) T1-weighted sequences are helpful for colonic 
evaluation due to the high T1-weighted signal intensity of 
meconium, which is seen in the colon at approximately 
20 weeks’ gestation [1]. Given the frequent movement of the 
fetus in utero, acquisition of the sequences is typically moni-
tored by radiologists to optimize acquiring axial, sagittal, 
and coronal planes relative to the fetus.

 MR Enterography Protocol
MR enterography has become the preferred imaging modal-
ity for evaluating pediatric patients with inflammatory bowel 
disease (IBD) [2]. The protocol is optimized to evaluate the 
bowel wall (e.g., thickness, enhancement, edema, and nar-
rowing) and mesentery (e.g., lymphadenopathy, stranding, 
fistulous tracts, and fluid) [3, 4]. Extraintestinal manifesta-
tions, such as sclerosing cholangitis or sacroiliitis, can also 
be seen incidentally. MR enterography protocol requires 
both large-volume oral contrast (nonabsorbable biphasic 
contrast demonstrating low signal intensity on T1-weighted 
images and high signal on T2-weighted images) and intrave-
nous contrast. Enteric contrast is given over a period of 
45–60  minutes prior to imaging, to optimize distention of 
small bowel loops inaccessible to optical endoscopy. Typical 
sequences acquired include T2-weighted single-shot fast 
spin echo (ssFSE), balanced steady-state free procession 
(bSSFP), thick-slab cinematic bSSFP, diffusion-weighted 
imaging (DWI), and multiphase 3D T1-weighted fat- 
suppressed GRE post-contrast imaging, including images 
obtained during the enteric phase (55–70 seconds) [5].

 Perianal Fistula Protocol
Fistulizing perianal disease is a common complication of 
Crohn disease. MR imaging provides detailed anatomic eval-
uation of the anal sphincter complex and the perianal soft 
tissues, which is critical for fistula visualization and planning 
medical and/or surgical therapy [6]. The protocol is tailored 

to evaluate for fistulous tracks and abscesses and their rela-
tionship to the anal sphincter complex. Typical sequences 
acquired include small field of view (16–20 cm) T2-weighted 
fat-suppressed or short tau inversion recovery (STIR) images, 
3D T1-weighted fat-suppressed GRE post-contrast images in 
the axial and coronal planes, and diffusion-weighted  imaging 
(DWI) [7].

 Appendicitis Protocol
There is growing evidence that MRI has similar sensitivity 
and specificity to computed tomography (CT) for the detec-
tion of acute appendicitis in the pediatric population, without 
ionizing radiation exposure [8–11]. A rapid appendicitis pro-
tocol with four sequences (axial and coronal single-shot 
T2-weighted images with and without fat suppression) can 
be acquired in under 5 minutes and does not require oral or 
intravenous contrast, thereby obviating the need for sedation 
for children 5  years of age and older. Additional fast spin 
echo T2-weighted images can be obtained, if the patient is 
able to tolerate, which are longer but have higher image con-
trast for detecting subtle appendiceal tip inflammation and 
assessing for appendix perforation [8].

 Anatomy

 Embryology

 Esophagus The folding of the embryo during the 4th week 
of gestation results in the primitive gut, which can be 
divided into the foregut, midgut, and hindgut (Fig. 12.1). 
The foregut includes the pharynx to the proximal duode-
num. The esophagus arises from the foregut. The tracheo-
esophageal septum develops during the 4th week, separating 
the respiratory and digestive tracts. Errors in the develop-
ment of the tracheoesophageal septum result in tracheo-
esophageal fistulas or esophageal atresias. The esophagus 
elongates rapidly and eventually occludes by the 5th week 
due to proliferation of epithelium. The esophagus recana-
lizes by the 9th week. Esophageal stenosis occurs with 
errors in recanalization.

 Stomach The stomach also arises from the foregut. Although 
initially a fusiform tube, asymmetric growth of the dorsal side 
of the stomach produces the greater curvature, while the ven-
tral side develops into the lesser curvature. The stomach 
undergoes 90° rotation along the craniocaudal (longitudinal) 
axis, which results in the greater curvature being located to 
the left and the lesser curvature located to the right.
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 Small Bowel and Large Bowel The small and large bowel 
arise from all three portions of the primitive gut. The foregut 
includes the first and second portions of the duodenum. The 
midgut includes the third and fourth parts of the duodenum, 
jejunum, ileum, cecum, ascending colon, and proximal 
transverse colon. The hindgut includes the distal transverse 
colon, descending colon, sigmoid colon, and rectum. The 
midgut loop herniates out of the umbilicus, rotates 270° 
counterclockwise, and retracts by the 10th week (Fig. 12.2). 
Errors in rotation result in malrotation. Failure of retraction 
produces an omphalocele. Persistence of the vitelline duct 
(connection between the ileum and yolk sac) results in a 
Meckel diverticulum.

 Normal Development and Anatomy

Esophagus The esophagus extends from the hypophar-
ynx to the gastroesophageal junction. The esophageal 
wall is composed of four layers: (1) mucosa, (2) submu-
cosa, (3) muscularis externa, and (4) adventitia (or serosa 
in the abdominal portion). The Z-line marks the transition 

of the mucosa from stratified squamous epithelium to sim-
ple columnar epithelium. The upper third muscularis is 
striated muscle, while the inferior third is composed of 
smooth muscle. The arterial supply includes the inferior 
thyroid artery (upper third), esophageal branches of the 
thoracic aorta (middle third), and esophageal branches of 
the left gastric artery (lower third). The venous drainage is 
generally divided into the systemic system, while the 
abdominal portion has a component of portal drainage via 
the gastric veins.

Stomach The stomach extends from the gastroesopha-
geal junction to the pyloric sphincter and is composed of 
the cardia, fundus, body, and pylorus (Fig. 12.3). Similar 
to the esophagus, the stomach contains mucosa, submu-
cosa, muscularis externa, and serosa. The arterial supply 
of the stomach comes from the celiac trunk, while the 
venous drainage includes the portal, splenic, and superior 
mesenteric veins.

Small Intestines The small intestines include the duode-
num, jejunum, and ileum and run from the pylorus to the 

Fig. 12.1 Embryonic divisions of the gastrointestinal tract. The 
primitive gut is divided into the foregut, midgut, and hindgut. The 
foregut includes the trachea, respiratory tract, esophagus, stomach, 
liver, gallbladder, pancreas, and the first two portions of the 
 duodenum. The midgut includes the remaining duodenum, jejunum, 
ileum, cecum, ascending colon, and proximal two-thirds of the 

transverse colon. The hindgut includes the distal one-third of the 
transverse colon, descending colon, rectum, upper anal canal, and 
urogenital sinus. (Image: Susanne L.  Loomis, MS, FBCA; 
Department of Radiology, Massachusetts General Hospital, Boston, 
Massachusetts, USA)

12 Gastrointestinal Tract



314

ileocecal valve (see Fig.  12.3). The duodenum is catego-
rized into four parts based primarily on location. The arte-
rial supply of the small bowel primarily comes from the 

superior mesenteric artery. However, there is a small por-
tion that arises from the celiac trunk (gastroduodenal and 
pancreaticoduodenal arteries supply the duodenum). While 

a b

c d

Fig 12.2 Embryonic folding of the gastrointestinal tract. (a) At 
approximately 6 weeks’ gestation, (b) the midgut herniates out of the 
umbilicus, (c) rotates 270°, and (d) eventually retracts by 10  weeks’ 

gestation. (Image: Susanne L.  Loomis, MS, FBCA; Department of 
Radiology, Massachusetts General Hospital, Boston, Massachusetts, 
USA)
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some  duodenal veins drain directly to the portal vein, 
venous drainage is mostly via the superior mesenteric vein.

Large Bowel The large bowel includes the cecum, colon 
(ascending, transverse, descending, and sigmoid), rectum, 
and anus (see Fig.  12.3). The arterial supply is via the 
superior mesenteric artery and the inferior mesenteric 
artery. The venous drainage is primarily through the infe-
rior mesenteric and superior mesenteric veins.

 Anatomic Variants

Although anatomic variants often present with symptoms 
(e.g., malrotation with volvulus), other variants are 
asymptomatic. For example, a duodenal diverticulum is 
an outpouching of all three layers of the duodenal wall, 
usually located in the second or third part of the duode-
num. The prevalence of duodenal diverticulum is up to 
23% [12, 13]. Although duodenal diverticula are often 
asymptomatic, affected pediatric patients can present with 
chronic  abdominal pain, bloating, or vomiting (Fig. 12.4). 
A potential complication of duodenal diverticulum is duo-
denal diverticulitis.

B

S

AC

TC

SC

SB

DC

Fig 12.3 A normal MRE exam in a 10-year-old boy shows the typical 
appearance of the stomach (S), small bowel (SB), ascending colon 
(AC), transverse colon (TC), descending colon (DC), sigmoid colon 
(SC), and bladder (B) on a coronal single-shot T2-weighted image

a b

Fig 12.4 Duodenal diverticulum in an 18-year-old boy with epigastric 
pain. Axial contrast-enhanced CT image (a) demonstrates a diverticu-
lum (arrow) of the second portion of the duodenum. Magnetic reso-
nance cholangiopancreatography (MRCP) (b) demonstrates common 

bile duct (CBD) dilation with a transition at the level of the diverticu-
lum (arrow). Axial T2-weighted fat-suppressed MR images (c, d) dem-
onstrate a dilated CBD above the diverticulum (arrows), which is 
narrowed and displaced by the diverticulum
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 Spectrum of Gastrointestinal Tract Disorders

 Congenital Gastrointestinal Tract Disorders

 Abnormalities Diagnosed In Utero

Congenital Diaphragmatic Hernia Fetal MR imaging is 
useful for the assessment of congenital diaphragmatic hernias 
(CDH), particularly for anatomic evaluation, as well as for 
screening for associated malformations. Anatomic assess-

ment is essential for surgical management, including location 
of the diaphragmatic defect and hernia contents. CDH can be 
classified as intrapleural (left lateral) or mediastinal (ventral, 
Morgagni, or hiatal) [14]. The most common type of dia-
phragmatic hernia is intrapleural [14, 15] (Fig. 12.5). There 
are a wide range of associated malformations, including 
tetralogy of Fallot, Beckwith-Wiedemann, Fryns syndrome, 
and holoprosencephaly. Fetal lung volumes and the presence 
of herniated visceral organs can be readily assessed using MR 
imaging and are used to predict patient outcomes.

a b

Fig. 12.5 Congenital diaphragmatic hernia in a fetus. Sagittal (a) and coronal (b) single-shot T2-weighted MR images demonstrate a large left 
posterior congenital diaphragmatic hernia containing loops of bowel (arrows) resulting in contralateral mediastinal shift in a 22-week fetus

c d

Fig. 12.4 (continued)
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Gastrointestinal Atresias Fetal MR imaging can be used 
to assess bowel atresias, including esophageal, duodenal, 
and jejunal/ileal small bowel atresias. Anal atresia is diffi-
cult to assess on MR imaging because colon caliber can be 
normal [1]. Typical findings of atresias include upstream 
dilation and downstream collapse. For example, esophageal 
atresia demonstrates a dilated esophageal pouch with con-
tracted stomach (Fig.  12.6). Duodenal atresia classically 
demonstrates the “double bubble” sign of distended stom-
ach and duodenal bulb (Fig. 12.7). Jejunal and ileal atresias 
are the most common intestinal atresias [16]. In these cases, 
dilated small bowel is associated with a microcolon con-
taining meconium that demonstrates T1-weighted hyperin-
tensity (Fig. 12.8). Fetal MR imaging can be particularly 
useful for differentiating meconium ileus from ileal atresia 
[17, 18]. Diagnoses of esophageal or duodenal atresia 
should prompt evaluation for associated disorders, such as 
VACTERL (vertebral anomalies, anal atresia, cardiac 
defects, tracheoesophageal fistula, renal anomalies, and 
limb defects) or trisomy 21.

Fig. 12.6 Esophageal atresia in a fetus. Axial T2-weighted GRE fat- 
suppressed MR image demonstrates a dilated esophagus (asterisk) in 
esophageal atresia at 24 weeks gestation

S

S

D

D

a b

c

Fig. 12.7 Duodenal atresia in a fetus. Sagittal (a), axial (b), and coronal (c) SSFP MR images demonstrate a blind-ending duodenum (arrow) with 
a “double bubble” sign, with distension of the stomach (S) and proximal duodenum (D) at 23 weeks gestation
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Other Bowel Malformations Bowel malformations may 
be found incidentally on MR imaging. For example, a duo-
denal web is an incomplete obstruction of the duodenum, 
which can have a variety of clinical presentations. Duodenal 
webs are often detected on fluoroscopy with a classic “wind-
sock” sign [19]. However, duodenal webs can be incidentally 
found on MR imaging (Fig. 12.9).

Foregut Duplication Cysts Foregut duplication cysts encom-
pass a variety of anomalies including bronchogenic, neuren-
teric, esophageal, lingual, and gastric duplication cysts [20, 
21]. Pediatric patients with foregut duplication cysts are 
often asymptomatic. However, they may present with 
vague symptoms, such as chest pain, dysphagia, or cough. 
MR imaging is useful for distinguishing the anatomy of 

a b cc

S

Fig. 12.8 Jejunal atresia in a fetus. Coronal (a) and sagittal (b) single-
shot T2-weighted as well as sagittal (c) T1-weighted images demonstrate 
multiple dilated small bowel loops (a and b; arrows) consistent with jeju-
nal atresia in a 22-week fetus. T1-weighted MR images show meconium 

in the microcolon (c; arrow), S = stomach. (Case courtesy of Teresa 
Victoria, MD, PhD, Children’s Hospital of Philadelphia, Philadelphia, 
Pennsylvania, USA)

a b

Fig. 12.9 Duodenal web in a 15-year-old girl who presented with 
abdominal pain. Axial single-shot T2-weighted (a) and coronal single- 
shot T2-weighted fat-suppressed (b) MR images demonstrate a curvi-

linear intraluminal structure (arrows) in the second portion of the 
duodenum associated with duodenal dilation. Surgical pathology con-
firmed diagnosis of a duodenal web
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the cyst, as well as excluding other diagnoses such as neo-
plasms (Fig. 12.10).

Anorectal Malformations MR imaging is increasingly 
utilized for preoperative evaluation of anorectal malforma-
tions (ARMs); associated spinal and genitourinary anoma-
lies are also well delineated. MR imaging is useful in 
delineating the position of the rectum relative to the levator 
ani and sphincter complex, which guides surgical manage-
ment. The classification of ARMs has evolved over time 
with the most recent categorization divided by gender, as 
well as malformations that share common features. Male 
ARMs include rectovesical (bladder neck) fistula, rectoure-
thral (prostatic) fistula (Fig. 12.11), rectourethral (bulbar) 
fistula, rectoperineal fistula, imperforate anus without fis-
tula, and rectal atresia. Female ARMs include rectoperineal 
fistula, rectovestibular fistula, cloaca with short common 
channel (<3  cm), cloaca with long common channel 
(>3 cm), imperforate anus without fistula, and rectal atresia 
[22]. Postoperatively, MR imaging is particularly useful to 
evaluate the position of the rectum relative to the levator ani 
and anal sphincter complex.

 Infectious and Inflammatory Gastrointestinal 
Tract Disorders

Inflammatory Bowel Disease MR enterography and 
pelvic fistula protocol MR imaging have become the gold 
standard for imaging of pediatric inflammatory bowel dis-
ease, particularly Crohn disease [23]. MR enterography is 
useful for characterizing both active and chronic Crohn 
disease, which guides medical and surgical management 
of the disease (Fig. 12.12). As previously described, MR 

enterography can characterize bowel wall and mesenteric 
involvement. Disease activity can be quantified in terms 
of scoring systems, such as the magnetic resonance index 
of activity (MaRIA), which includes bowel wall thick-
ness, contrast enhancement, edema, and ulcerations [5]. 
Additionally, MR imaging can be used to assess penetrat-
ing complications including fistulae and abscesses, which 
are an important complication of Crohn disease that may 
require urgent intervention (Fig. 12.13).

a b c

Fig. 12.10 (a) Esophageal duplication cyst in a 7-month-old girl with 
a cystic lesion noted on prenatal ultrasound. Sagittal (a), axial (b), 
and coronal (c) single-shot T2-weighted MR images demonstrate a 

 well- defined simple cystic lesion (arrows) adjacent to the gastroesopha-
geal junction consistent with an esophageal duplication cyst

Fig. 12.11 Recurrent anorectal malformation with a rectourethral fis-
tula in a 16-year-old boy. A sagittal T1-weighted fat-suppressed GRE 
MR image following rectal contrast instillation demonstrates a fistulous 
tract (arrow) between the rectum and urethra. Catheters are present in 
both the bladder and rectum. (Case courtesy of Daniel J. Podberesky, 
MD, Nemours Children’s Hospital, Orlando, Florida, USA)
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Appendicitis Although ultrasound is usually the first 
step for the assessment of acute appendicitis in children, 
MR imaging is an excellent modality for equivocal ultra-
sound findings, particularly in cases of a nonvisualized 
retrocecal appendix. Findings of acute appendicitis on 
MR imaging include enlarged appendix (greater than 
7 mm in caliber) and periappendiceal fluid or inflamma-
tory stranding (Fig.  12.14). MR imaging is also helpful 
for visualizing appendicoliths (which demonstrate low 
signal intensity on T1-weighted and T2-weighted images) 
as well as evidence of appendiceal perforation. One poten-

tial issue for appendiceal MR imaging at some centers is 
scanner availability after-hours, in which case low-dose 
CT with intravenous contrast can be considered [24].

Meckel Diverticulum A Meckel diverticulum is a blind- 
ending structure along the antimesenteric side of the distal 
ileum, which represents persistence of the vitelline duct. The 
prevalence of a Meckel diverticulum is 2%, making it the most 
common congenital anomaly of the GI tract [25, 26]. Although 
a Meckel diverticulum can be asymptomatic, it can present with 
bleeding, infection, or obstruction (Fig.  12.15). Usually a 

a b

Fig. 12.12 Active Crohn disease in a 17-year-old girl who presented 
with abdominal pain. Coronal T1-weighted fat-suppressed GRE post-
contrast (a) and axial non-enhanced T2-weighted (b) MR images dem-

onstrate wall thickening, hyperenhancement (a, arrow), and edema (b, 
arrow) of the terminal ileum consistent with active Crohn disease

a b

Fig. 12.13 Perianal fistula in a 15-year-old boy with known Crohn disease who presented with perianal discomfort. Axial (a) and coronal (b) 
STIR MR images demonstrate an intersphincteric perianal fistula containing fluid (arrows)
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a b

Fig. 12.14 Acute appendicitis in a 14-year-old boy who presented 
with right lower quadrant pain. Coronal (a) and axial (b) single-shot 
T2-weighted fat-suppressed MR images demonstrate a distended 

appendix with wall edema (arrows) and periappendiceal fluid consis-
tent with acute appendicitis

a b

Fig. 12.15 Closed-loop bowel obstruction from a Meckel diverticu-
lum in an 11-year-old girl who presented with acute abdominal pain. 
Abdominal radiograph (a) demonstrates multiple loops of dilated 
bowel. Coronal single-shot T2-weighted MR image (b) demonstrates a 

blinded-ending diverticulum (arrow) with associated dilated loops of 
small bowel and free fluid consistent with an inflamed Meckel diver-
ticulum causing obstruction
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Meckel diverticulum can be diagnosed on ultrasound, CT or 
with a 99mTc-Na-pertechnetate scintigraphy. Although MR 
imaging is not first-line imaging modality of choice, it can be 
helpful in making the diagnosis, particularly in cases associated 
with perforation to distinguish from perforated appendicitis 
(Fig. 12.16). The soft tissue contrast of MR imaging can help to 
distinguish abscess from diverticulum and also establish a site 
of origin in the distal small bowel rather than the cecum.

Typhlitis MR imaging can be used to assess for less com-
mon GI pathologies such as typhlitis (also known as neutro-
penic enterocolitis). Typhlitis is characterized by necrotizing 
inflammation of the bowel, usually the cecum, in immuno-
compromised patients [27]. In the pediatric population, typh-

litis is often associated with patients with malignancy and 
neutropenia secondary to cytotoxic therapy. Although not 
typically first-line imaging study for evaluating acute abdom-
inal pain, MR imaging can be used to diagnose typhlitis inci-
dentally in patients undergoing MR imaging for appendicitis 
or inflammatory bowel disease evaluation (Fig. 12.17).

Pneumatosis Intestinalis Pneumatosis intestinalis refers to 
gas within the bowel wall and is considered a sign of bowel 
ischemia. In infants, it is most commonly associated with necro-
tizing enterocolitis, which is usually evaluated by radiographs 
or ultrasound [28]. However, pneumatosis intestinalis can be 
seen on MR imaging as punctate intramural foci of low signal 
intensity on T1-weighted and T2-weighted images (Fig. 12.18). 

a b

Fig. 12.16 Perforated Meckel diverticulum in a 20-month-old boy 
who presented with multiple episodes of abdominal pain and vomiting. 
Axial T1-weighted fat-suppressed post-contrast (a) and axial non- 
enhanced single-shot T2-weighted (b) MR images demonstrate a com-

plex, enhancing mass (arrows) with central non-enhancing cystic 
components in the right lower quadrant adjacent to the distal ileum. 
Surgical pathology revealed a perforated Meckel diverticulum

a b

Fig. 12.17 Typhlitis in an 18-year-old male with a history of ulcerative 
colitis, primary sclerosing cholangitis and lymphoma who presented with 
abdominal pain. Axial T1-weighted fat-suppressed post-contrast (a) and 

axial unenhanced T2-weighted fat-suppressed (b) MR images demon-
strate cecal bowel wall thickening and pericolonic inflammatory changes 
(arrows) consistent with typhlitis in an immunosuppressed patient
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If pneumatosis is present, close attention should be paid to other 
signs of bowel ischemia including bowel wall thickening and air 
in the portal venous system or in the peritoneum. Two general 
patterns of pneumatosis are recognized on the basis of the mor-
phology of the air foci: cystic or bubbly pneumatosis with large 
air foci that is more often chronic and benign and linear pneu-
matosis with smaller dots of air that is more suspicious for acute 
ischemia [29].

 Neoplastic Gastrointestinal Tract Disorders

Gastrointestinal Stromal Tumors Gastrointestinal 
stromal tumors (GISTs) are significantly more common 
in adults than in children [30]. These tumors arise from the 
interstitial cells of Cajal and are commonly associated 
with an activating mutation in the KIT receptor tyrosine 
kinase [31], although the mutation frequency is much 
lower in pediatric patients compared with adults [32]. A 
number of congenital syndromes are associated with 
increased risk of GIST development, including neurofibro-
matosis type 1 and the Carney triad (pulmonary chon-
droma, GIST, paraganglioma) [32]. In the adult population, 
GISTs are typically evaluated by CT or PET-CT. However, 
MR imaging can be used for anatomic assessment, as well 
as for surveillance of disease in the pediatric population 
[32] (Fig. 12.19).

Lymphoma Lymphoma is not commonly evaluated with 
MR imaging, with few exceptions (e.g., head and neck 
 imaging of CNS lymphoma or whole-body MR imaging sur-
veillance of Hodgkin lymphoma) [33]. However, non-CNS 
lymphoma may be incidentally found on MR imaging. 
Primary gastrointestinal tract lymphoma is usually non- 
Hodgkin’s B-cell lymphoma [34]. Lymphoma of the bowel 
can appear as either a focal mural mass or circumferential 
wall thickening, with associated aneurysmal luminal dilation 
present if there is lymphomatous involvement of the bowel 
wall autonomic plexus (Fig. 12.20). Bowel lymphoma can 

Fig. 12.18 Pneumatosis intestinalis in a 3-year-old girl. Axial T2-weighted 
MR image demonstrates extensive pneumatosis involving partially imaged 
colon (arrow). Given lack of symptoms, the pneumatosis was thought to 
be benign cystic pneumatosis secondary to prior steroid use

a b

Fig. 12.19 Gastrointestinal stromal tumor in a 17-year-old boy who 
initially presented with gastrointestinal bleed and was found to have a 
mass on endoscopy. Axial single-shot T2-weighted (a) and coronal 

SSFP (b) MR images demonstrate a well-circumscribed mass (arrows) 
in the anterior wall of the gastric antrum. Surgical pathology of the 
mass revealed a gastrointestinal stromal tumor
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either be the primary site of lymphoma or secondary to lym-
phatic involvement. Burkitt lymphoma is a highly aggressive 
variant of B-cell lymphoma that often presents with other 
abdominal visceral organ involvement [35]. Lymphoma 
often demonstrates marked diffusion restriction on DWI due 
to the high nucleus/cytoplasm ratio associated with the tumor 
cells.

 Conclusion

MR imaging is useful for the evaluation of both acute and 
chronic conditions of the GI tract in children. Given the lack 
of ionizing radiation, MR imaging is particularly well suited 
for the pediatric population. Continued refinement of MR 
protocols has increased the feasibility of MR imaging use, 
including reducing the need for sedation in infants and young 
children [36]. The radiologist should also be aware of inci-
dental or unexpected pediatric GI findings on MR imaging.
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Kidney, Ureter, and Bladder

Jeffrey J. Tutman, Edward Y. Lee, Abdusamea Shabani, 
and Harriet J. Paltiel

 Introduction

Disorders of the urinary tract are common in children and have 
been traditionally evaluated with a combination of sonographic, 
fluoroscopic, and scintigraphic imaging. Recent advances in 
MR imaging techniques that permit motion reduction and lim-
ited use of sedation and anesthesia have made the routine incor-
poration of this powerful technique a feasible option in pediatric 
imaging.

In this chapter, up-to-date MR imaging techniques for 
evaluating the kidney, ureter, and bladder in pediatric patients 
are discussed. The pertinent embryology and common ana-
tomic variants are reviewed. The clinical features, character-
istic MR imaging findings, and current treatment approaches 
to congenital, infectious, neoplastic, and traumatic urinary 
tract disorders affecting infants and children are discussed.

Magnetic Resonance Imaging Techniques

 Patient Preparation

Patient cooperation varies by age. A “feed and wrap” proto-
col is generally successful in the evaluation of young infants, 
precluding the need for sedation. Most children 8 years of 

age and older are able to cooperate with the MR imaging 
examination. For pediatric patients falling between these two 
age groups, sedation is frequently necessary. Many children 
are more comfortable when allowed to use MR-compatible 
music or video systems during their imaging examinations.

 MR Imaging Pulse Sequences and Protocols

MR imaging of the pediatric urinary tract may be performed 
on either 1.5 T or 3.0 T magnets, with each having advan-
tages and disadvantages. The benefits of 3.0  T imaging 
include high signal-to-noise and contrast-to-noise ratios, 
resulting in better image resolution and shorter imaging 
times. Disadvantages include increased energy deposition 
that may prevent the performance of some pulse sequences 
and exacerbation of magnetic susceptibility and chemical 
shift artifacts [1].

An adult head coil usually fits well for abdominal imag-
ing of infants and small children, while a phased array or 
whole-body coil is usually required for larger children [2]. For 
evaluation of renal parenchymal abnormalities or masses, the 
examination should include T1-weighted, T2-weighted, Dixon 
in-phase and out-of-phase, and T1-weighted fat- suppressed 
post-contrast MR images [2]. Gadolinium chelate contrast 
agents are administered at a dose of 0.1 mmol/kg [3]. Our cur-
rent preferred protocol for evaluation of renal masses includes 
axial, coronal, and sagittal T2-weighted fat- suppressed fast 
spin echo, axial T1-weighted Dixon (in- phase and out-of-
phase), and axial and coronal volumetric T1-weighted fat-
suppressed post-contrast MR images (Table 13.1).

 MR Urography

MR urography is particularly useful when evaluation of paren-
chymal function is desired. In the authors’ department, patients 
are asked to void prior to the study. A Foley catheter is placed 
in infants as well as in those children with suspected vesico-
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ureteral reflux (VUR). They are hydrated with intravenous 
fluid over 20 minutes (10 mg/kg NS up to 500 mL) followed 
by administration of 1.0 mg/kg intravenous (IV) furosemide 
(up to 20 mg). The diuretic assists in distribution of the con-
trast agent and prevents the loss of signal from T2∗ effects that 
may occur from concentrated gadolinium [4]. After contrast 
administration, coronal radial stack of stars 3D T1-weighted 
fat-suppressed images are obtained every 3  seconds over a 
period of 6 minutes. Continuous imaging allows assessment 
of renal perfusion and also permits post-processing for calcu-
lation of data such as split renal function and glomerular filtra-
tion rate (GFR). Multiplanar T2-weighted fat-suppressed or 
heavily T2-weighted (such as a 3D magnetic resonance chol-
angiopancreatography) images and delayed axial T1-weighted 
fat- suppressed images are then obtained (Table 13.2).

 Anatomy

 Embryology

Development of the urinary tract begins in the fourth week 
of gestation. It arises from a ridge of mesodermal tissue, the 
intermediate mesoderm, which is located along the posterior 
wall of the abdominal cavity. The urogenital ridge, a longi-
tudinal elevation of the mesoderm, forms along both sides 
of the abdominal aorta. A portion of the urogenital ridge 
develops into the nephrogenic cord that ultimately forms the 
urinary system. A separate portion develops into the gonadal 
ridge that ultimately forms the genital system.

Three pairs of excretory organs develop in the human 
embryo, the pronephros, the mesonephros, and the meta-

nephros. These embryonic kidneys appear sequentially from 
cranial to caudal in position. The pronephros and mesoneph-
ros arise from the nephrogenic cord. They both eventually 
regress in utero, while the metanephros develops into the 
permanent kidney.

The mesonephros contains glomeruli and mesonephric 
tubules. The mesonephric tubules drain into the mesonephric 
(Wolffian) duct which in turn opens into the cloaca, the com-
mon embryonic excretory cavity. The mesonephros regresses 
toward the end of the first trimester. In the fifth week of 
gestation, the metanephros begins to develop in the sacral 
region from the ureteric bud, a diverticulum of the meso-
nephric duct, and from the metanephric blastema, which 
arises from the nephrogenic cord (Fig. 13.1). The stalk of the 
ureteric bud becomes the ureter. The ureteric bud grows into 
the metanephric blastema, with each component exerting an 
inductive effect on the other. Branching of the ureteric bud 
leads to formation of the renal pelvis, calyces, and collecting 
tubules. Nephron formation occurs in the metanephric blas-
tema and includes the glomerulus, proximal tubule, loop of 
Henle, and distal tubule.

In the 4th to 6th weeks of gestation, the urorectal septum 
develops and separates the cloaca into the urogenital sinus 
anteriorly and the rectum posteriorly. The superior portion of 
the urogenital sinus develops into the bladder. The uretero-
vesical junction (UVJ) develops as the distal portions of the 
mesonephric duct are incorporated into the enlarging blad-
der. Development of the ureters and bladder is complete by 
the fourth gestational month.

The inferior portion of the urogenital sinus develops into 
the membranous urethra in both males and females. The 

Table 13.1 Essential MR imaging protocol for evaluation of a renal 
mass

Body coil
Coronal T2-weighted FSE
Sagittal T2-weighted FSE
Axial T1-weighted Dixon
Axial DWI
Coronal 3D GRE T1-weighted fat-suppressed post-contrast
Axial 3D GRE T1-weighted fat-suppressed post-contrast

FSE Fast spin echo, DWI Diffusion-weighted imaging, GRE Gradient- 
recalled echo

Table 13.2 Essential MR imaging protocol for MR urography

Body coil
Dynamic oblique coronal 3D GRE T1-weighted fat-suppressed 
post-contrast
Sagittal T2-weighted FSE
Axial T2-weighted FSE
Coronal T2-weighted FSE
Coronal T2-weighted 3D high TE
Axial FS VIBE

FSE Fast spin echo, TE Echo time, GRE Gradient-recalled echo

Mesonephric duct

Ureteric bud

Metanephric blastema 

Cloaca

Mesonephric tubules

Fig. 13.1 Embryonic development of the metanephros, the precursor 
to the permanent kidney and collecting system. The mesonephric 
tubules regress as the metanephros forms. The ureteric bud arises from 
the caudal mesonephric duct and in combination with the metanephric 
blastema leads to development of the permanent kidney (arrows)
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distal male urethra is derived from a cord of ectoderm that 
grows from the tip of the glans penis to meet the spongy 
portion of the urethra derived from the caudal portion of the 
urogenital sinus.

Congenital anomalies of the urinary tract are frequent. 
Early degeneration of a ureteric bud or involution of the 
metanephros leads to regression of the metanephric blas-
tema and renal agenesis. If the ureteric bud and metaneph-
ric blastema do not join normally, abnormal induction of 
the blastemal elements may result in a multicystic dysplas-
tic kidney. Bifurcation of the ureteric buds results in partial 
duplication of the collecting system. Maldevelopment or an 
abnormal location of the origin of the ureteric bud may lead 
to the development of VUR and/or ureteral ectopia [5, 6].

Early in embryonic life, two pairs of genital ducts 
develop from mesodermal tissue in males and females: 
the mesonephric (Wolffian) ducts described above and 
the paramesonephric (Müllerian) ducts. The parameso-
nephric ducts are present in both sexes at 6  weeks. In 
males, regression of the paramesonephric ducts begins at 
8 weeks and is almost complete by 10 weeks. In females, 
the paramesonephric ducts extend caudally, reaching the 
urogenital sinus by 9 weeks. By the 12th week, the two 
ducts fuse into a single tube, the uterovaginal canal, which 
terminates at the Müllerian tubercle, an elevation on the 
posterior wall of the urogenital sinus. The unfused upper 
portions of the paramesonephric ducts form the fallopian 
tubes, while the lower fused portions form the uterus. 
The vaginal plate develops from outgrowths of the dis-
tal paramesonephric ducts. The upper vagina forms from 
vacuolization of the vaginal plate, while the lower vagina 
forms from vacuolization of paired outgrowths from the 

Müllerian tubercle. Canalization begins caudally and pro-
ceeds proximally and is complete by the fifth month of 
gestation.

The germ cell layers involved in the formation of the 
reproductive tract in males and females include the meso-
derm, endoderm, and ectoderm. An insult to or defect in 
the mesodermally derived mesonephros or metanephros 
may lead to congenital anomalies of the kidneys, gonads, 
and associated ducts. Fusion of endoderm and ectoderm 
is involved in the canalization process of the genital tract 
in both males and females. Defects in this process lead to 
fusion failure or obstructive lesions.

 Normal Development and Anatomy

The structure of the kidney is complete by 32–36 weeks of 
gestation, although nephron maturation continues after birth. 
The permanent kidneys are initially located in the pelvis. As 
the embryo grows, the kidneys ascend to a lumbar position 
and undergo a 90-degree rotation so that their convex borders 
are directed laterally. The ureters course inferiorly through 
the retroperitoneum along the psoas muscles and into the 
pelvis, crossing anteriorly to the iliac vessels and connecting 
to the bladder. The normal ureter inserts along the posterolat-
eral aspect of the bladder trigone.

On MR imaging the normal renal cortex is hyperintense 
to the medulla on both T1- and T2- weighted images [7]. 
Distinct corticomedullary differentiation should be seen. 
Normal fetal lobulations may be seen early in life, and while 
these usually regress, they may persist into adulthood as a 
normal variant (Fig. 13.2).

a b

Fig. 13.2 Normal MR imaging appearance of the kidneys in a 33-day- 
old boy (a, c) and an 11-year-old boy (b, d). Coronal T1-weighted MR 
images in an infant (a) and adolescent (b) demonstrate a relatively 
hyperintense appearance of the renal cortex (a, arrow) compared to the 

medulla. Coronal T2-weighted MR images in an infant (c) and adoles-
cent (d) also demonstrate relative hyperintensity of the cortex compared 
to the medulla. Fetal lobulations (c, arrow) are present in the infant
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 Anatomic Variants

 Renal Agenesis
Renal agenesis denotes a complete absence of one or both 
kidneys. There is a strong association with anomalies of 
the associated mesonephric (Wolffian) duct derivatives 
in the male (seminal vesicles, vas deferens, and epididy-
mis) and paramesonephric (Müllerian) duct derivatives in 
the female (uterus, cervix, fallopian tubes, upper vagina). 
The incidence of associated reproductive tract anoma-
lies is estimated at 20% in males and 30% in females [8]. 
Bilateral renal agenesis is incompatible with life. The 
absence of renal tissue and of urine in the bladder is an 

important diagnostic feature of bilateral renal agenesis on 
fetal MR imaging. Children with unilateral renal agenesis 
may present with a wide range of symptoms. Long-term 
consequences include proteinuria, hypertension, and/or 
renal insufficiency [9].

MR imaging typically demonstrates complete unilateral 
absence of renal tissue anywhere from the pelvis to the renal 
fossa and exquisitely depicts any associated genitourinary 
anomalies (Fig. 13.3).

Treatment of unilateral renal agenesis is primarily sup-
portive. The remaining kidney usually undergoes compensa-
tory hypertrophy, and survival rates are similar to those of 
age- and sex-matched controls [9].

a b
Fig. 13.3 Renal agenesis in a 
3-year-old girl. Coronal (a) 
T2-weighted fat-suppressed 
MR image demonstrates 
absence of renal parenchyma 
in the right renal fossa 
(arrow). Sagittal (b) 
T2-weighted fat-suppressed 
MR image demonstrates distal 
vaginal agenesis with dilation 
of the proximal vagina 
(arrowhead) and absence of 
the uterus

c d

Fig. 13.2 (continued)
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 Renal Ectopia
Renal ectopia is characterized by an abnormal location of one 
or both kidneys and results from abnormal migration of the 
kidney during embryological development. The ectopic kid-
ney may be located anywhere from the pelvis to the thorax. 
The majority of patients with renal ectopia are asymptom-
atic, and the diagnosis is usually made incidentally. The term 
“crossed renal ectopia” refers to the location of both kidneys 
on the same side of the spine. The crossed ectopic kidney 
may be fused to the ipsilateral kidney or unfused. Crossed 
renal ectopia represents a more severe migration anomaly 
than simple ectopia, and up to half of affected patients have  
additional associated congenital anomalies and develop 
complications such as urinary tract infection, obstruction, or 
renal calculi [10].

MR imaging demonstrates the ectopic kidney and its 
relationship to adjacent structures (Figs.  13.4 and 13.5). 
Associated abnormalities are common, with VUR identified 
in 30% of patients with simple renal ectopia. In addition, 
there is a high incidence of VUR in the contralateral ortho-
topic kidney, and therefore evaluation with voiding cystoure-
thrography (VCUG) is warranted [11].

Patient management is focused on treatment of associated 
abnormalities. Overall prognosis is excellent for both simple 
ectopia and crossed ectopia, without demonstrable long-term 
adverse effects on blood pressure or renal function [12].

 Horseshoe Kidney
Horseshoe kidney represents the most common fusion 
anomaly, where kidneys located on both sides of the spine 
are fused together by an isthmus of fibrous tissue or renal 
parenchyma. Fusion may be symmetric, with the connecting 
tissue located in the midline, or asymmetric, with the con-

necting tissue located laterally. Although no clear genetic 
predisposition has been elucidated, the incidence of horse-
shoe kidney is higher in several chromosomal disorders 
than in the general population, including Down syndrome 
(trisomy 21), Turner syndrome, and Edward syndrome (tri-
somy 18) [13]. Affected children are commonly asymp-
tomatic, with 1/3 remaining asymptomatic throughout their 
lives. Horseshoe kidneys are characterized by abnormalities 
of position, rotation, and vascular supply and are predis-
posed to ureteropelvic junction obstruction (UPJO) and its 
associated complications of hydronephrosis, infection, and 
stone formation. Affected pediatric patients are susceptible 
to blunt trauma due to the location of the isthmus in relation 
to the spine and are at increased risk for numerous malig-
nancies, including Wilms tumor and transitional cell carci-
noma [14].

MR imaging readily demonstrates fusion of the right- 
and left-sided kidneys (Fig. 13.6) and is useful for depict-
ing complications such as sequelae of infection, UPJO, and 
tumor.

Treatment of pediatric patients with horseshoe kidney is 
primarily supportive [14]. If a diagnosis is made prenatally, 
a postnatal ultrasound study should be performed to delin-
eate renal anatomy and to evaluate for obstruction. Pediatric 
patients with associated urinary tract infection should 

Fig. 13.4 Renal ectopia in a 12-year-old girl with a known uterine 
anomaly. Axial T2-weighted fat-suppressed MR image demonstrates an 
ectopic kidney (arrow) located within the right hemipelvis

L

R

Fig. 13.5 Crossed renal ectopia in a 60-day-old girl with multiple con-
genital anomalies. Coronal T2-weighted fat-suppressed MR image 
demonstrates the right kidney (R) in the left hemiabdomen, fused to the 
lower pole of the orthotopic left kidney (L)
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undergo a VCUG. Lithotripsy is less effective for treatment 
of stones in patients with horseshoe kidney, and percutane-
ous removal may be necessary [15].

 Duplex Kidney and Ureteral Duplication
Duplex kidney results from anomalies in development of 
the ureteric bud and may be partial or complete. Ureteral 
duplication is the most common anomaly of the urinary 
tract, with incomplete duplication being far more com-
mon than complete duplication [16]. The overall estimated 
incidence ranges from 0.8% to 5% [17]. Affected pediat-
ric patients may be asymptomatic, particularly in the case 
of incomplete duplication, and no further investigation is 
warranted. However, symptoms of reflux or obstruction 
may occur.

MR imaging, and in particular MR urography, is useful 
in depicting pelvic and ureteral duplication. In complete 
 duplication, the lower pole ureter inserts orthotopically 
and is prone to reflux, while the upper pole ureter inserts 
ectopically and is prone to obstruction and ureterocele 
formation (Fig. 13.7). In females, the ectopic upper pole 
ureter may insert below the urethral sphincter, resulting 
in urinary incontinence. MR urography is particularly 
useful when the anatomy is complex (e.g., when the site 
of ectopic ureteral insertion is unclear by ultrasound and/
or fluoroscopy) or when functional evaluation is required.

The vast majority of duplex kidneys require no inter-
vention. Depending on the function of the upper moiety, a 
duplex system with an ectopic ureter may be treated surgi-
cally with reimplantation or with resection of the dysplastic 
renal segment and proximal ureter [18].

 Urinary Tract Disorders

 Congenital Urinary Tract Abnormalities

 Ureteropelvic Junction Obstruction
Ureteropelvic junction obstruction (UPJO) is the most com-
mon cause of urinary tract obstruction in children. Various 
theories regarding pathogenesis have been proposed, such as 
abnormal smooth muscle or abnormal innervation at the UPJ 
[19]. The most common associated anomaly is contralateral 
multicystic dysplastic kidney (MCDK). The diagnosis is fre-
quently made prenatally. Affected individuals are typically 
asymptomatic [20]. Previously undiagnosed patients may 
present later in life with infection, pain, or hematuria.

The classic imaging appearance of UPJO is dilation of 
the renal pelvis and calyces with abrupt transition to a nor-
mal caliber ureter at the UPJ (Fig. 13.8). Ultrasound is the 
initial imaging examination of choice, while MR imaging 
and MR urography are particularly helpful for identifying 
associated crossing vessels and providing functional infor-
mation [21].

Fig. 13.6 Horseshoe kidney in a 6-year-old boy who presented for 
evaluation of hydronephrosis. Axial T2-weighted fat-suppressed MR 
image demonstrates midline fusion (arrow) of the lower poles of both 
renal moieties. There is hydronephrosis (asterisk) on the left

Fig. 13.7 Duplex left kidney in a 4-year-old girl. Coronal 3D 
T2-weighted sequence with high TE MR image demonstrates a dilated 
left upper pole ureter (asterisk) with an ectopic ureteral insertion 
(arrow) near the bladder base

J. J. Tutman et al.
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Treatment is based on the severity of obstruction and its 
effect on kidney function. The obstruction often resolves spon-
taneously, with excellent long-term outcomes provided that 
renal function is preserved. In patients with compromised renal 
function, surgical intervention is frequently required [22].

 Primary Megaureter
Primary megaureter is the sequela of a functional or ana-
tomic abnormality at the UVJ. It is the second most common 
cause of neonatal hydronephrosis after UPJO, accounting 
for approximately 20% of cases [23]. It occurs bilaterally 
approximately 30–40% of the time [24]. Primary megaure-
ter is classified into several types based on the presence of 
reflux and/or obstruction, as their presence or absence affects 
patient management. Affected patients are usually diagnosed 
by antenatal ultrasound. If not detected prenatally, affected 
children may present with urinary tract infection (UTI), 
hematuria, or abdominal pain [25].

On MR imaging, and in particular MR urography, the 
obstructive site is well demonstrated, with a narrowed, aperi-

staltic segment of distal ureter (Fig. 13.9). MR imaging also 
demonstrates the degree of hydronephrosis and can be useful 
to evaluate for concomitant UPJO or congenital megacalyces 
[26, 27]. Renal parenchymal abnormalities such as cortical 
thinning and scarring are also readily depicted [28].

Asymptomatic pediatric patients are typically monitored 
conservatively with serial ultrasound studies and diuretic 
renography, as spontaneous resolution of the obstruction 
may occur. Surgical intervention is warranted when patients 
become symptomatic or when there is evidence of progres-
sive hydronephrosis or a decrease in renal function [25].

 Ureterocele
Ureterocele represents a cystic dilation of the submucosal 
segment of the distal ureter. It may be associated with an 
ectopic or orthotopic ureteral insertion and with single or 
duplicated ureter(s). The ureterocele may be intravesical or 
may insert into the bladder neck or urethra [29]. In children, 
ureterocele generally presents as a congenital obstruction of 
the ureteral orifice [30], manifesting as urinary tract infection 
in infancy, or with the sequelae of stasis, including infection 
and/or stone formation in older children [31].

MR urography is particularly useful in the diagnosis of ure-
terocele, with a sensitivity of 89%, compared to 31% for ultra-
sound and 74% for VCUG [32]. The ureterocele usually appears 
as a cystic outpouching of the distal ureter that protrudes into 
the urinary bladder (Fig. 13.10). MR urography can also evalu-
ate function of the affected kidney and provide anatomic infor-
mation regarding associated gynecologic abnormalities in girls.

Treatment of ureterocele varies widely and depends on patient 
age, mode of presentation, ureterocele type, and renal function. 
Management is largely dictated by the need to preserve renal 
function, including relief of associated obstruction and treatment 
of associated VUR. In the neonatal period, endoscopic incision is 
frequently performed, particularly with intravesical ureteroceles. 
In children with duplex systems and a poorly functioning upper 
pole moiety, upper pole heminephrectomy with or without lower 
tract reconstruction may be the treatment of choice [33].

 Multicystic Dysplastic Kidney
MCDK represents the most severe form of cystic renal dys-
plasia. Numerous non-communicating cysts are present 
with dysplastic intervening tissue and pelviureteral or ure-
teral atresia. The affected kidney is generally nonfunctional. 
Abnormalities of the contralateral kidney occur up to 25% of 
the time with the most common anomalies being VUR and 

Fig. 13.8 Ureteropelvic junction obstruction in a 4-year-old boy who 
presented with flank pain. Coronal T2-weighted fat-suppressed MR 
image demonstrates dilation of the left renal pelvis and calyces, with an 
abrupt transition at the ureteropelvic junction (arrow) to a normal cali-
ber ureter

13 Kidney, Ureter, and Bladder



334

a b

c d

Fig. 13.9 Primary megaureter in a 65-day-old boy with prenatal 
hydronephrosis. Coronal 3D T2-weighted sequence with high TE MIP 
image (a) and coronal T2-weighted fat-suppressed MR image (b) dem-
onstrate moderate-to- severe left-sided hydroureteronephrosis. The right 

kidney is normal. Dynamic early (c) and late (d) coronal 3D T1-weighted 
fat-suppressed post-contrast MR images from MR urography demon-
strate symmetric cortical transit time, parenchymal enhancement, and 
excretion of contrast material

J. J. Tutman et al.
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UPJO [34]. The affected kidney commonly involutes, and 
the contralateral kidney usually undergoes compensatory 
hypertrophy. Inheritance is considered sporadic, although 
some genetic mutations have been implicated in the etiology 
of MCDK [35]. Affected children are commonly diagnosed 
prenatally but are usually asymptomatic. If the patient is not 
diagnosed prenatally, a bulging flank mass may occasionally 
be detected on physical examination.

MR imaging typically plays a complementary role to 
ultrasound in the diagnosis and follow-up of MCDK.  If 
the sonographic appearance is typical, no additional imag-
ing is needed. If there are atypical features, there may be 
overlap with other cystic renal pathology, and MR imaging 
may be useful in better characterizing the renal abnormality 
[36]. A reniform mass in the renal fossa with numerous non- 
communicating cysts replacing normal renal parenchyma is 
a characteristic of MCDK (Fig. 13.11). No renal function is 
demonstrated by MR urography.

Patients with simple MCDK should undergo a repeat 
ultrasound study at 1–2  years to document compensatory 
hypertrophy of the contralateral kidney. Historically, it was 

thought that patients with MCDK were at increased risk of 
Wilms tumor, although more recent studies do not support 

a b

Fig. 13.10 Ectopic ureterocele in a 28-day-old girl who presented 
with prenatal hydronephrosis. Coronal T2-weighted fat-suppressed MR 
image (a) demonstrates severe hydroureteronephrosis of the upper pole 
collecting system and ureter of a duplex right kidney. Sagittal 

T2-weighted fat-suppressed MR image (b) demonstrates the upper pole 
ureter terminating in a cystic structure (arrow) located close to the blad-
der neck consistent with a ureterocele

Fig. 13.11 Multicystic dysplastic kidney in a 10-day-old boy. Axial 
T2-weighted fat-suppressed MR image demonstrates multiple hyperin-
tense, non-communicating cysts replacing the left kidney, with no iden-
tifiable normal renal parenchyma
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this claim. Patients with complex MCDK, such as those with 
identifiable abnormalities of the contralateral kidney, war-
rant further urological or nephrology follow-up [37].

 Autosomal Recessive Polycystic Kidney Disease
Autosomal recessive polycystic kidney disease (ARPKD) 
is a hereditary cystic condition resulting from mutations of 
the polycystic kidney and hepatic disease 1 gene (PKHD1). 
Mutation of this gene results in ectasia of the tubules 
and collecting ducts of the kidney [38]. Pulmonary and 
 musculoskeletal abnormalities may develop in tandem due to 
associated oligohydramnios. The clinical course of affected 
patients varies according to the degree of renal and hepatic 
involvement. The diagnosis can usually be made prenatally 
by 24–26 weeks of gestation, although occasionally the pre-
natal appearance may be normal and the child may not pres-
ent until later in life. Associated conditions related to renal 
and hepatic impairment, such as systemic hypertension and 
portal hypertension, occur frequently in these patients [39].

MR imaging demonstrates nephromegaly with diffuse 
intermediate to low signal intensity on T1-weighted images 
and high signal intensity on T2-weighted images, likely a 
reflection of the innumerable tiny, fluid-filled parenchymal 
cysts (Fig. 13.12). A linear radial pattern of enhancement has 
been described that is related to microcystic dilation of the 
collecting ducts [40]. Macrocysts are not usually identified at 
birth but may be seen in later childhood.

Treatment varies based on disease severity. Renal transplan-
tation is frequently required, with dialysis as a bridge to trans-
plant. Nephrectomy is performed when mass effect from the 
kidney(s) impairs respiratory function. Hepatic transplantation 
may also be necessary due to progressive hepatic fibrosis.

 Autosomal Dominant Polycystic Kidney Disease
Autosomal dominant polycystic kidney disease (ADPKD) 
represents the other major hereditary cystic renal disease. 
Resulting from a mutation in the PKD1 or PKD2 gene, the 
disease manifests as cystic dilation in all parts of the neph-

ron. The overall prevalence of ADPKD is greater than that of 
ARPKD and is the most common hereditary kidney disease, 
although it is not usually manifested until adulthood [41]. 
Pancreatic and hepatic cysts may also be present, although 
they are much rarer in children than in adults. Affected 
children may present with a range of symptoms, including 
hematuria, proteinuria, hypertension, or pain. Renal insuf-
ficiency is uncommon before adulthood [42].

MR imaging depicts renal cysts with intervening normal 
renal parenchyma (Fig. 13.13). A single cyst is adequate to 

a bFig. 13.12 Autosomal 
recessive polycystic kidney 
disease in a 4-year-old boy. 
Axial T1-weighted MR image 
(a) of the kidneys 
demonstrates bilateral renal 
enlargement with symmetric, 
diffusely decreased 
T1-weighted parenchymal 
signal. Coronal T2-weighted 
fat-suppressed MR image (b) 
demonstrates diffusely 
increased T2-weighted signal 
intensity in both kidneys. 
Multiple tiny, discrete 
bilateral parenchymal cysts 
are also depicted

Fig. 13.13 Autosomal dominant polycystic kidney disease in a 
33-month-old girl with a palpable abdominal mass. Coronal 
T2-weighted fat-suppressed MR image demonstrates numerous well- 
circumscribed cysts replacing most of the renal parenchyma, with 
marked renal enlargement
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make the diagnosis in at-risk individuals with a positive fam-
ily history [43]. The cysts are hypointense on T1-weighted 
images and hyperintense on T2-weighted images and dem-
onstrate no contrast enhancement. MR imaging has high sen-
sitivity for cyst detection and allows concurrent detection of 
hepatic and pancreatic cysts. Nephromegaly may be present, 
even in the absence of a significant cyst burden [44, 45].

The course of the disease in children is usually benign 
with a good prognosis, and specific interventions are not 
performed in the absence of symptoms. Therefore, screen-
ing is not recommended in asymptomatic children with a 
positive family history. Targeted imaging evaluation may 
be performed for evaluation of specific symptoms such as 
hypertension, pain, or infection [43].

 Bladder Exstrophy
Bladder exstrophy is a rare malformation characterized by an 
infra-abdominal wall defect, incomplete closure of the bladder 
with mucosa continuous with the anterior abdominal wall, epi-
spadias, diastasis of the pubic symphysis, and abnormal pelvic 
floor musculature [46]. Bladder exstrophy is the most com-
mon disorder of the exstrophy-epispadias complex, with cloa-
cal exstrophy representing the most severe end of the spectrum 
and epispadias the mildest abnormality. It has an incidence of 
approximately 1 in 10,000–50,000 live births and is more fre-
quently seen in males. Most cases are sporadic [47]. Affected 
patients are commonly diagnosed prenatally. After birth the 
anomaly is readily apparent, with a low umbilicus; extruding, 
open bladder; epispadias; short penis in males with wide sepa-
ration of the corporal attachments; bifid clitoris in females; 
and anterior displacement of the anus [46, 48].

Prenatal MR imaging may demonstrate a low abdominal 
mass below the cord insertion, absence of a normal urinary 
bladder, and normal amniotic fluid volume. Although these 
findings may be seen on ultrasound, fetal MR imaging pro-

vides greater anatomic detail with higher sensitivity. Fetal MR 
imaging also allows ease of differentiation of classic bladder 
exstrophy and the more complex abnormalities associated with 
cloacal exstrophy [49]. On MR imaging done postnatally, the 
abdominal wall defect, symphyseal diastasis, and open bladder 
are readily apparent (Fig. 13.14). MR imaging is also useful for 
preoperative evaluation of the pelvic floor musculature [50, 51].

Treatment involves surgical repair of the bladder exstrophy 
and associated anomalies. Two approaches have been described. 
In modern staged repair of bladder exstrophy, the patient under-
goes closure of the bladder, posterior urethra, and abdominal 
wall defect as well as epispadias repair in the newborn period. 
Concurrent pelvic osteotomy may also be performed depending 
on the degree of diastasis. At 4–5 years of age, bladder neck 
reconstruction and ureteral reimplantation are performed with 
the goal of achieving urinary continence. Alternatively, com-
plete primary repair of bladder exstrophy, epispadias repair, and 
ureteral reimplantation may be combined into a single opera-
tion [52, 53]. It is currently undetermined as to which approach 
results in better long- term outcomes.

 Prune-Belly Syndrome
Prune-belly syndrome, also known as Eagle-Barrett syndrome, 
is characterized by urinary tract malformations, bilateral crypt-
orchidism, and abdominal wall muscle deficiency. It has an 
estimated incidence of 1 in 30,000–50,000 live births. Nearly 
all affected patients are male (95–99%). Although its etiology 
and pathogenesis are currently unknown, theories include early 
in utero bladder outlet obstruction and a primary mesodermal 
defect [54]. Nearly all affected patients present with hydroure-
teronephrosis, and a large number have VUR. Chronic kidney 
disease is relatively common, with many affected children 
ultimately requiring kidney transplant [55]. Nearly half of all 
patients have additional congenital anomalies, most commonly 
of the cardiac or musculoskeletal systems.

a b

Fig. 13.14 Bladder exstrophy in a 38-day-old boy. Axial T2-weighted fat-suppressed MR image (a) demonstrates an anterior abdominal wall defect 
with an extruded, open bladder (arrow). Axial T2-weighted fat-suppressed MR image (b) shows the marked pubic symphyseal diastasis (arrows)

13 Kidney, Ureter, and Bladder



338

MR imaging plays a valuable role in the evaluation of these 
patients, particularly MR urography which permits both anatom-
ical and functional evaluation. There is usually some degree of 
bilateral hydroureteronephrosis (Fig. 13.15a). Other frequently 
seen abnormalities include renal dysplasia, scarring, and/or 
calyceal diverticula [56]. The abdominal wall musculature and 
location of the testes can also be evaluated (Fig. 13.15b).

The main prognostic factor is the degree of renal dysplasia, 
and approximately 15% of patients ultimately require renal 
transplantation [55]. Surgery is frequently required and may 
include upper urinary tract reconstruction, ureteral reimplan-
tation, abdominoplasty, orchiopexy, and vesicostomy [57]. 
Outcomes depend on the comorbidities, ranging from perina-
tal death to a relatively normal quality of life. Many of these 
patients can be successfully treated despite severe malforma-
tions, and aggressive intervention is frequently warranted [58].

 Megacystis-Microcolon-Intestinal 
Hypoperistalsis Syndrome
Megacystis-microcolon-intestinal hypoperistalsis syndrome 
(MMIHS) is a disease affecting smooth muscle function in 
the genitourinary and gastrointestinal tracts. It is inherited in 
an autosomal recessive fashion and is much more common in 
females, with fewer than 30% of reported cases occurring in 
males [59, 60]. It is one of a group of conditions caused by 
mutations in the ACTG2 gene and is either inherited in an auto-
somal dominant manner or as a result of de novo mutations in 
the ACTG2 gene. Presentation usually occurs in the neonatal 
period, with abdominal distension or an inability to void. The 
symptoms may mimic other more common neonatal disorders 
such as bladder outlet obstruction and proximal bowel obstruc-
tion (e.g., bilious emesis, abdominal distension) [61].

The most common imaging findings include hydroure-
teronephrosis, megacystis, microcolon, and small bowel 

dilation related to hypoperistalsis (Fig. 13.16) [62]. Due to 
the rarity of the disease, the MR imaging features of MMIHS 
are not well described in the literature. The diagnosis may be 
suggested on prenatal MR imaging when a combination of 
megacystis, microcolon, and/or sparse meconium is demon-
strated in a female fetus [62]. T2-weighted images are use-
ful for evaluation of the renal collecting systems and ureters, 
while T1-weighted images best demonstrate the fetal micro-
colon and absence of hyperintense meconium.

a b

Fig. 13.15 Prune-belly syndrome in a 10-year-old boy with bowel 
pseudo-obstruction. Coronal T2-weighted fat-suppressed MR image (a) 
of the kidneys demonstrates malrotation of the right kidney (arrowhead) 
and bilateral collecting system dilation. A simple cyst (arrow) is also 

present in the upper pole of the left kidney. Coronal T2-weighted fat- 
suppressed MR image of the pelvis (b) demonstrates an irregular blad-
der contour (asterisk) and absence of testes within the scrotum (arrows)

Fig. 13.16 Megacystis-microcolon-intestinal hypoperistalsis syn-
drome in a 5-month-old girl. Coronal T1-weighted MR image of the 
abdomen demonstrates a dilated urinary bladder (arrow). (Case cour-
tesy of Beth M.  Kline-Fath, MD, Cincinnati Children’s Hospital 
Medical Center, Cincinnati, Ohio, USA)
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Management of these patients is complex and generally 
futile, with most infants dying within a year of birth. Surgical 
intervention and prokinetic drugs are not effective at restor-
ing intestinal function. Children who survive beyond the first 
few months of life inevitably require long-term total paren-
teral nutrition. Multiorgan transplantation is currently the 
only intervention that has been somewhat effective in pro-
longing the lives of these patients [63].

 Infectious Urinary Tract Disorders

 Pyelonephritis
Pyelonephritis is an acute infection of the renal parenchyma 
which may result from hematogenous seeding or via ascent 
from the lower urinary tract, with the majority of cases occur-
ring via the latter mechanism [64]. While many risk factors 
exist for UTI, including anatomical abnormalities, functional 
disorders, and immunosuppression, a secondary mechanism 
for ascent to the kidney needs to be present in order for pyelo-
nephritis to develop [65]. Approximately 25–40% of cases 

are associated with VUR which is more common in females, 
and therefore pyelonephritis is also more frequent in girls 
[66]. Affected children present with a variety of symptoms, 
which vary based on age of presentation. Younger children 
usually present with non-specific symptoms such as malaise, 
fever, and abdominal pain, while children older than 5 years 
of age present with more classic symptoms such as dysuria, 
urgency, urinary frequency, and flank pain [64].

Pyelonephritis is primarily a clinical diagnosis, with 
imaging performed to evaluate for predisposing factors 
such as reflux or for complicating features such as abscess. 
If imaged in the acute phase, T1-weighted images of an 
affected kidney demonstrate loss of normal corticomedul-
lary differentiation, while T2-weighted images show hyper-
intense signal in the regions of the affected parenchyma, 
with corresponding areas of decreased contrast enhancement 
related to hypoperfusion. Diffusion-weighted images depict 
diffusion restriction corresponding to areas of nephritis or 
abscess formation, with a similar sensitivity to perfusion 
defects demonstrated on contrast-enhanced T1-weighted 
sequences (Fig. 13.17) [67].

a

c

b

Fig. 13.17 Pyelonephritis in a 17-year-old girl with fever and left 
flank pain. Coronal T2-weighted fat-suppressed MR image (a) demon-
strates peripheral foci of striated signal abnormality (arrows) within the 
left kidney. Axial T1-weighted fat-suppressed contrast-enhanced MR 

image (b) demonstrates corresponding areas of decreased enhancement 
(arrows). Axial diffusion-weighted MR image (c) demonstrates zones 
of restricted diffusion (arrows) in the left kidney in the same distribu-
tion as the abnormalities depicted in (a) and (b)
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a b

Fig. 13.18 Xanthogranulomatous pyelonephritis in a 14-year-old boy 
who presented with a 4-month history of low grade fever and weight 
loss. Contrast-enhanced coronal (a) and axial (b) T1-weighted fat- 
suppressed MR images demonstrate a heterogeneous cystic and solid 

mass in the upper pole of the right kidney. Axial diffusion-weighted (c) 
and (d) apparent diffusion coefficient (ADC) MR images show corre-
sponding diffusion restriction within the mass

Treatment of pyelonephritis includes prompt initiation 
of antibiotic therapy. Fluids and other supportive measures 
may be required depending on the clinical course [64]. Renal 
scarring often occurs regardless of the rapidity of disease 
detection and treatment, and therefore diagnosis and man-
agement of VUR and other predisposing factors in the devel-
opment of pyelonephritis are of paramount importance [68].

 Xanthogranulomatous Pyelonephritis
Xanthogranulomatous pyelonephritis is a chronic kidney 
infection characterized by a destructive granulomatous 
inflammatory infiltrate that contains lipid-laden macro-
phages. Predominantly occurring in adults, it develops in 
association with long-term urinary tract obstruction and 
infection. The disease may rarely be seen in children who are 
usually less than 5 years of age [69]. Both diffuse and focal 
forms of xanthogranulomatous pyelonephritis have been 
described, with the latter form being less frequent overall but 
more commonly seen in children. Affected children present 
with non-specific findings including abdominal pain, fever, 
weight loss, anorexia, or a palpable abdominal mass [70].

Imaging findings are non-specific and frequently overlap 
with other entities, making the diagnosis challenging. The 
diffuse form demonstrates global renal enlargement with 
multiple collections of intermediate to high T1-weighted 
and T2-weighted signal intensity and associated diffusion 
restriction related to internal debris and/or purulent material 

(Fig. 13.18). Peripheral contrast enhancement is seen, and a 
staghorn calculus is frequently present. Local extension into 
the perinephric fat or psoas muscle is possible, and the diag-
nosis should be considered in children presenting with a peri-
renal or psoas abscess. The focal form shows similar imaging 
characteristics but does not involve the entire kidney, and 
focal calcification is seen rather than a staghorn calculus [71]. 
The focal form may mimic many different neoplastic entities.

In the diffuse form of xanthogranulomatous pyelonephri-
tis, antibiotics are a temporizing measure, with effective treat-
ment ultimately requiring nephrectomy. Antibiotics may be 
effective in treating focal xanthogranulomatous pyelonephri-
tis, assuming the diagnosis can be confidently made by imag-
ing and histologic sampling. Patients with the focal form also 
frequently require at least partial nephrectomy [72].

 Neoplastic Urinary Tract Disorders

MR imaging evaluation of renal neoplasms in children pro-
vides valuable information that can aid in initial diagnosis, 
surgical planning, and follow-up (Table 13.3).

 Benign Urinary Tract Neoplasms

Mesoblastic Nephroma Mesoblastic nephroma is a benign 
tumor usually diagnosed in the first 3 months of life and is the 
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most common solid renal tumor of infancy [73]. It is composed 
of spindle cells and is divided into classic and cellular types, 
with the cellular type being the more common and aggressive 
variant [74]. Affected patients most commonly present with a 

palpable abdominal mass, with less common presentations 
including hypertension, vomiting, or anemia [75].

Congenital mesoblastic nephroma may be diagnosed with 
prenatal ultrasound. The tumor is usually large with involve-
ment of the renal sinus. On MR imaging, its appearance var-
ies, depending on the extent of internal cystic components 
and of hemorrhage (Fig. 13.19). The classic type typically 
presents earlier and usually includes a prominent solid com-
ponent. The cellular type usually presents later, is larger, and 
more frequently demonstrates T2-weighted hyperintense 
cystic components or necrosis and T1-weighted hyperintense 
internal hemorrhage. Both types are generally heterogeneous 
in appearance with varying enhancement of the solid and 
septal components [74].

Wide resection of mesoblastic nephroma is almost always 
curative. Disease recurrence or metastases are extremely rare 
but have been reported, with metastatic sites including the 
lung, heart, and liver [76].

Multilocular Cystic Renal Tumor Multilocular cystic 
renal tumor (MCRT) is a benign neoplasm arising from the 
metanephric blastema. This term actually encompasses two 
separate pathologic entities, cystic nephroma and cystic par-
tially differentiated nephroblastoma, which are indistin-
guishable by imaging and gross pathologic appearance [77]. 
MCRT demonstrates a bimodal age and sex distribution, 
most commonly occurring in young males aged 3 months to 
4 years and older females aged 40–60 years [78]. Affected 
pediatric patients most commonly present with a painless 
abdominal mass, although hematuria and UTI may also 
occur [79].

Table 13.3 Characteristic MR imaging findings of pediatric renal 
neoplasms

Renal neoplasms Characteristic MR imaging findings
Benign urinary tract neoplasms 
Mesoblastic nephroma Mass involving the renal sinus, with 

variable cystic and solid components
Multilocular cystic 
renal tumor

Solitary multicystic lesion with thin 
enhancing septations

Angiomyolipoma Mass containing varying degrees of internal 
fat

Malignant urinary tract neoplasms
Wilms tumor Large homogenous mass that may contain 

focal areas of necrosis or hemorrhage
Nephroblastomatosis Focal or diffuse T1-weighted hypointense 

and T2-weighted hyperintense nodules
Renal cell carcinoma Heterogeneous mass with variable necrosis, 

hemorrhage, and calcification
Clear cell sarcoma Non-specific and often indistinguishable 

from Wilms. Mass with variable 
calcification and necrosis and heterogeneous 
enhancement

Rhabdoid tumor Heterogeneous, lobulated mass with central 
hilar location and curvilinear calcifications 
outlining tumor lobules. May have a 
crescentic subcapsular fluid collection

Medullary carcinoma Infiltrative, heterogeneous mass with 
extensive hemorrhage and necrosis

Lymphoma Homogenous, T1- and T2-weighted 
hypointense mass that enhances less than 
renal parenchyma

c d

Fig. 13.18 (continued)
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On MR imaging, the most commonly demonstrated 
features are a solitary multicystic lesion with thin internal, 
enhancing septations (Fig. 13.20). The signal intensity of the 
cystic spaces most commonly follows fluid signal but may 
vary depending on the degree of internal hemorrhage or pro-
teinaceous material. Herniation of the tumor into the renal 
collecting system is commonly seen [80].

Although considered benign, MCRT cannot be differenti-
ated with certainty from other malignant tumors such as cys-
tic Wilms tumor or cystic renal cell carcinoma on the basis of 
imaging features, and therefore partial or complete nephrec-
tomy is the treatment of choice. Removal of the tumor with 
clear margins is curative [81].

Angiomyolipoma Angiomyolipoma is a benign tumor 
composed of varying amounts of smooth muscle, vessels, 
and adipose tissue. While most commonly occurring as an 

isolated, sporadic lesion (80% of the time), there is also a 
strong syndromic association with tuberous sclerosis com-
plex and pulmonary lymphangioleiomyomatosis [82]. 
Angiomyolipomas occur in approximately 80% of patients 
with tuberous sclerosis [83]. Affected children are most 
commonly asymptomatic but can also present with flank 
pain, hematuria, or hemorrhage.

On imaging, angiomyolipomas are readily diagnosed 
if they contain fat. The fatty portion of the tumor classi-
cally displays high T1- and T2-weighted signal intensity 
and signal loss on fat-suppressed MR images (Fig. 13.21). 
Opposed- phase images can demonstrate loss of signal due 
to microscopic fat in lipid-poor angiomyolipomas but is 
not diagnostic. Contrast administration does not contribute 
to the diagnosis and is not necessary in evaluating patients 
with known tuberous sclerosis. Contrast administration may 
be necessary in the evaluation of indeterminate or growing 

a

c

b

Fig. 13.19 Mesoblastic nephroma in a 7-day-old boy with a prenatally 
detected abdominal mass. Coronal T1-weighted (a) and inversion 
recovery (b) MR images demonstrate a round, well-circumscribed mass 

in the upper pole of the right kidney. Axial enhanced T1-weighted fat-
suppressed MR image (c) demonstrates homogeneous enhancement of 
the tumor
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Fig. 13.20 Multilocular cystic renal tumor in an 11-year-old boy who 
presented with flank pain. Axial balanced steady-state free precession 
fat-suppressed MR image (a) demonstrates a multiloculated cystic 

mass in the mid-left kidney. Contrast-enhanced coronal T1-weighted 
fat- suppressed MR image (b) demonstrates no internal enhancement of 
the lesion

a

c

b

Fig. 13.21 Angiomyolipomas in a 16-year-old boy with tuberous scle-
rosis. Axial T1-weigthted Dixon fat only MR image (a) demonstrates 
multiple fatty lesions (arrows) in both kidneys. Axial T2-weighted fat- 

suppressed MR image (b) shows corresponding signal loss within the 
lesions (arrows). Axial T1-weighted out-of-phase MR image (c) dem-
onstrates signal loss within the lesions (arrows) in keeping with fat
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lesions. The primary diagnostic dilemma is in the evalua-
tion of lipid-poor angiomyolipomas, which cannot always 
be  differentiated from renal cell carcinoma. In this situation, 
percutaneous biopsy may be necessary [84].

Conservative management is the management approach 
of choice. MR imaging should be done at the time of diag-
nosis, and surveillance should be performed at 1- to 3-year 
intervals [85]. Treatment involves prophylaxis of hemor-
rhage, with an increase in risk associated with an increase in 
tumor size. Historically, lesions less than 4 cm in diameter 
have been followed, while those greater than 4 cm in diame-
ter were considered for partial nephrectomy or embolization. 
These recommendations have recently come under scrutiny, 
with active surveillance being preferred in select patients 
[86]. For tumors more than 3 cm in diameter, treatment with 
mTOR inhibitors such as sirolimus or everolimus is often 
recommended [85].

 Malignant Urinary Tract Neoplasms

Wilms Tumor and Nephroblastomatosis Wilms tumor is 
the second most common pediatric solid tumor and the most 
common renal tumor of childhood, accounting for greater 
than 90% of renal tumors in this population [87]. It arises 
from metanephric rests, considered to be a precursor lesion 
to Wilms tumor. These rests are termed “nephroblastomato-
sis” after 36  weeks of gestation. Although the majority of 
these tumors are sporadic, several conditions have a known 
association with Wilms tumor, including hemihypertrophy, 
Beckwith-Wiedemann syndrome, and WAGR syndrome 
[88]. Affected children are usually asymptomatic, although 

20–30% of patients may present with malaise, abdominal 
pain, hematuria, or hypertension [89].

On MR imaging, Wilms tumor appears as a large, usually 
homogenous mass with a claw of surrounding renal paren-
chyma (Fig. 13.22). Focal areas of necrosis, hemorrhage, or 
cystic degeneration may be present, with fat and calcification 
less commonly seen. Tumors are T1-weighted hypointense 
and T2-weighted hyperintense and demonstrate heteroge-
neous contrast enhancement [90]. The primary utility of 
MR imaging compared to other imaging modalities lies in 
its ability to better define disease extent. Particular attention 
should be paid to the contralateral kidney to assess for bilat-
eral involvement, and the renal vein should also be examined 
closely for invasion, as both of these findings affect patient 
management [3]. Nephroblastomatosis may be multifocal 
or diffuse and appears as multiple T1 hypointense and T2 
hyperintense nodules without significant contrast enhance-
ment [78].

Nephrectomy followed by chemotherapy is the mainstay 
of treatment for Wilms tumor, with radiation being used 
in some cases. For bilateral disease, preoperative chemo-
therapy is given followed by nephron-sparing surgery [91]. 
Currently, the approach to treatment of nephroblastomatosis 
is varied and may consist of observation, chemotherapy, and/
or surgery. Close surveillance is necessary to detect progres-
sion to Wilms tumor.

Renal Cell Carcinoma Renal cell carcinoma (RCC) is a 
rare, malignant tumor of childhood, accounting for approxi-
mately 2–3% of all pediatric renal tumors [92]. The inci-
dence increases with age, with a median age at diagnosis of 

a b

Fig. 13.22 Wilms tumor and nephroblastomatosis in a 33-month-old 
girl who presented with abdominal pain. Axial T2-weighted fat- 
suppressed MR image (a) demonstrates multiple homogeneous, round 
masses throughout both kidneys in keeping with nephroblastomatosis. 
In addition, heterogeneous lesions (arrows) are seen in the anterior 

right kidney and mid-left kidney. Contrast-enhanced axial T1-weighted 
fat-suppressed MR image (b) demonstrates a necrotic, non-enhancing 
lesion (arrowhead) within the anterior right kidney and a heteroge-
neously enhancing lesion (arrow) in the mid-left kidney consistent with 
focal bilateral progression to Wilms tumor
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9 years [93]. The relative prevalence also increases with age, 
with renal cell carcinoma accounting for 32% of all primary 
renal tumors in children between the ages of 10 and 14 years 
and 63% of all primary renal tumors in patients between the 
ages of 15 and 19 years [94]. The incidence of RCC in the 
second decade of life is similar to that of Wilms tumor [95]. 
It has been suggested that pediatric RCC is a separate entity 
compared to adult RCC, based on differences in clinical 
behavior, genetics, and pathologic characteristics of the 
tumor in these two different populations [96]. Several sub-
types exist, with translocation RCC and papillary RCC being 
the most common in the pediatric population [97]. The clear 
cell subtype has an association with von Hippel-Lindau dis-
ease [94]. Affected patients most commonly present with 
macroscopic hematuria or flank pain but can also present 
with a palpable abdominal mass, anemia, or fever [92].

On MR imaging, pediatric RCC has a variable appear-
ance. It is usually unilateral and solitary, although multi-
focal or bilateral disease can occasionally occur. The mass 
is most often T1-weighted hypointense and T2-weighted 
hyperintense (Fig. 13.23), although it may be heterogeneous 
in appearance due to necrosis, hemorrhage, or calcification 
[3]. Internal or perilesional hemorrhage has been reported 
in 50% of tumors and internal calcification in up to 40% 
of tumors [94]. The greatest utility of cross-sectional imag-
ing is in tumor staging. Extracapsular or vascular extension, 
nodal spread, and metastatic disease are readily evaluated 
by MR imaging. It is frequently not possible to confidently 
distinguish RCC from other renal neoplasms such as Wilms 
tumor [91].

Treatment and prognosis depend on tumor staging. 
Survival rate ranges from greater than 90% for stage I dis-

a
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b

Fig. 13.23 Renal cell carcinoma in a 14-year-old boy who presented 
with decreased appetite and fatigue. Axial T2-weighted fat-suppressed 
MR image (a) demonstrates a heterogeneous, multiseptated mass in the 
mid-left kidney. Axial T1-weighted fat-suppressed MR image (b) 

shows a predominantly hypointense mass within the mid-left kidney 
that contains foci of intermediate and hyperintense signal. Contrast- 
enhanced axial T1-weighted, fat-suppressed MR image (c) demon-
strates heterogeneous enhancement of the mass
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ease to less than 15% for stage IV disease, with an overall 
survival rate of 63%. In contrast to adults, the presence of 
local lymph node involvement is associated with a relatively 
favorable prognosis. All patients receive radical nephrec-
tomy, and consideration may be given to interleukin-2 ther-
apy in patients with metastatic disease. Chemotherapy and 
radiotherapy have not been shown to influence outcome [93].

Clear Cell Sarcoma Clear cell sarcoma is a rare, malignant 
tumor accounting for approximately 4–5% of pediatric renal 
tumors. The incidence peaks between 1 and 4 years of age 
and occurs predominantly in males. It has a unique propen-
sity for bone metastases, although other renal tumors, includ-
ing Wilms tumor, can also metastasize to bone. Affected 

pediatric patients typically present with a painless abdominal 
mass; rarely they may present with pain related to bone 
involvement [91].

MR imaging features are non-specific and indistin-
guishable from Wilms tumor. There is typically a large, 
heterogeneous, T1-weighted hypointense and T2-weighted 
hyperintense mass with heterogeneous enhancement 
(Fig.  13.24). Calcification, vascular invasion, and cystic 
or necrotic foci may be present [3]. Metastatic lesions 
may occur to the lymph nodes, lungs, bone, liver, and 
brain [98].

Clear cell sarcoma of the kidney is aggressive and dif-
ficult to treat. Current management consists of radical 
nephrectomy followed by radiotherapy and chemotherapy. 

a b

c d

Fig. 13.24 Clear cell sarcoma in a 2-year-old girl who presented with 
a palpable abdominal mass. Coronal T2-weighted fat-suppressed MR 
image (a) demonstrates a large mass arising from the left kidney, with 
predominantly intermediate signal. Axial contrast-enhanced 
T1-weighted fat-suppressed MR image (b) demonstrates heteroge-

neous enhancement of the mass. Axial diffusion weighted (c) and ADC 
map (d) MR images demonstrate restricted diffusion throughout most 
of the mass. (Case courtesy of Narendra Shet, MD, Children’s National 
Health System, the George Washington University School of Medicine 
and Health Sciences, Washington, DC, USA)
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Late relapse frequently occurs, with 30% of relapses occur-
ring at least 2 years after diagnosis. Long-term surveillance 
is therefore necessary [99]. Despite its aggressive nature, 
with recent advances in therapy, disease-free survival rates 
of up to 80% have been reported [100].

Rhabdoid Tumor Rhabdoid tumor is a rare, aggressive 
childhood tumor that accounts for approximately 2% of all 
pediatric renal malignancies [101]. Most are diagnosed 
within the first year of life and have a uniformly poor prog-
nosis [102]. There is a unique association of rhabdoid tumors 
of the kidney with central nervous system (CNS) malignan-
cies, both primary and metastatic, particularly atypical tera-
toid rhabdoid tumor which is seen in up to 10–15% of 
patients with rhabdoid tumor of the kidney [103]. Affected 
pediatric patients typically present with hematuria or a pal-
pable abdominal mass or may present secondarily with neu-
rologic symptoms attributable to CNS or other metastatic 
lesions [102].

On MR imaging, the most typical feature is an eccentric, 
crescentic subcapsular fluid collection attributable to either 
hemorrhage or necrosis, occurring as often as 50–70% of 
the time (Fig. 13.25). Other tumor pathologies may uncom-
monly show a similar peripheral subcapsular fluid collection, 
and therefore this finding is non-specific [104]. Other com-
mon imaging features include a lobulated mass with a central 
hilar location and the presence of curvilinear calcifications 
outlining tumor lobules [102].

The prognosis of rhabdoid tumor of the kidney is poor, 
with overall survival rates of 20–25%. Younger patients and 
those with metastatic disease or CNS tumors have a worse 

outcome [103]. Treatment includes a combination of surgical 
resection, radiation, and chemotherapy.

Medullary Carcinoma Renal medullary carcinoma is a 
highly aggressive tumor uniquely occurring in young 
African-American males with sickle cell trait, but not sickle 
cell disease [105]. It is a tumor of adolescence and young 
adulthood, with a mean age of diagnosis of 20 years. Most 
tumors are large, and metastases are usually present at the 
time of diagnosis. Affected patients most frequently present 
with gross hematuria or flank pain and less commonly with a 
palpable mass or weight loss [106].

The tumor typically originates in the renal medulla and 
extends into the renal sinus, resulting in caliectasis and 
renal enlargement. On MR imaging, it typically appears as 
an infiltrative, heterogeneous mass with extensive hemor-
rhage and central necrosis (Fig. 13.26). Local invasion into 
the renal vein and IVC frequently occur. The most common 
sites of metastatic disease are the lung and liver [90]. While 
MR imaging and CT are similar in their ability to depict the 
borders of the mass and to detect lymphadenopathy, MR 
 imaging is superior for evaluation of intratumoral hemor-
rhage and better demonstrates liver metastases [107].

Treatment of this aggressive tumor is difficult, with 
most patients presenting with advanced disease at the time 
of diagnosis. Despite chemotherapy and radiotherapy, the 
mean survival from the time of diagnosis is approximately 
15 weeks [91].

Lymphoma Lymphoma comprises a large group of malig-
nant neoplasms of the lymphoid tissues, broadly categorized 

a b

Fig. 13.25 Rhabdoid tumor in a 3-year-old boy who presented with 
vomiting and abdominal distension. Coronal contrast-enhanced 
T1-weighted fat- suppressed MR image (a) demonstrates a solid mass 
(arrow) in the mid-right kidney with a large subcapsular fluid collection 

(asterisk). The right kidney (arrowhead) is compressed against the 
spine. Axial T2-weighted fat-suppressed MR image (b) shows the 
large, lobulated mass with a fluid-fluid level (arrow) in the subcapsular 
collection in keeping with hematoma
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into Hodgkin’s and non-Hodgkin’s types. Renal involve-
ment occurs in approximately 8% of all cases of lymphoma 
[108] and is usually secondary, developing as a consequence 
of hematogenous or retroperitoneal spread [3]. It occurs 
more frequently with non-Hodgkin’s lymphoma. Primary 
renal lymphoma is exceedingly rare due to the absence of 
intrinsic renal lymphoid tissue [109]. Affected patients pres-
ent with a wide range of symptoms, usually attributable to 
the systemic manifestations of lymphoma. Specific renal 
symptoms include obstructive uropathy and renal insuffi-
ciency [108].

MR imaging of renal lymphoma is sparsely described 
in the literature. Three patterns of involvement have been 
described on CT, including unilateral solitary or bilateral 
masses, multiple bilateral masses, or diffuse infiltration of 
the affected kidney. The masses enhance less than the renal 
parenchyma [108]. Small series of adult patients have sug-

gested that MR imaging is as accurate as CT in the detec-
tion of renal lymphoma. The renal lesions are hypointense 
on T1-weighted images, hypointense to isointense on 
T2-weighted images, and enhance less than normal renal 
parenchyma after contrast administration (Fig.  13.27) 
[110]. Lymphomatous renal lesions can also demonstrate 
diffusion restriction on diffusion-weighted imaging due to 
the low nucleus: cytoplasm of the tumor cells. The imag-
ing features are often non-specific, and attention should be 
paid to the extrarenal tissues to detect additional sites of 
lymphoma.

Management of secondary renal lymphoma involves treat-
ment of the primary disease, including chemotherapy and 
radiation. Any renal dysfunction typically resolves rapidly 
after the initiation of treatment. Primary renal lymphoma is 
associated with a poor prognosis. Affected patients have 
been treated with chemotherapy, but no consensus treatment 
regimen exists due to the rarity of this diagnosis [108].

 Traumatic Urinary Tract Injury

Blunt abdominal trauma in the pediatric patient most fre-
quently occurs as a result of motor vehicle collisions, auto- 
pedestrian accidents, and falls. Children are at increased 
risk of solid organ injury compared to adults due to their 
comparative lack of abdominal fat, underdeveloped muscu-

Fig. 13.27 Lymphoma in a 16-year-old boy who presented with 
weight loss. Coronal STIR MR image demonstrates multiple bilateral, 
homogeneous, round renal masses (arrows) of intermediate signal 
intensity. Bilateral adrenal masses (arrowheads) demonstrate signal 
characteristics, similar to the renal tumors

Fig. 13.26 Medullary carcinoma in a 17-year-old boy who presented 
with right flank pain. Coronal contrast-enhanced T1-weighted fat- 
suppressed MR image demonstrates an infiltrative, predominantly necrotic 
mass in the upper pole of the right kidney. (Case courtesy of Netta 
M. Blitman, MD, NYU Langone Health, New York, New York, USA)
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lature, and relatively larger abdominal viscera. Renal injury 
occurs in approximately 25–30% of cases of pediatric blunt 
abdominal trauma [111]. Affected children most commonly 
present with microscopic or macroscopic hematuria.

MR imaging does not play a primary role in the evalua-
tion of traumatic urinary tract disorders, related to its limited 
availability and slow scan time. The primary utility of MR 
imaging is in the acute setting of a patient with suspected 
renal injury with a contraindication to iodinated contrast and 
with a negative or equivocal ultrasound study. MR imaging 
has been shown to be similar to CT in terms of its depic-
tion of renal parenchymal perfusion and in the evaluation of 
contrast extravasation, particularly when delayed images are 
obtained [112, 113]. MR urography also plays a role in the 

evaluation of renal parenchymal function in patients with 
high-grade injuries (Fig. 13.28).

Treatment of children with traumatic renal injury is gener-
ally conservative, even with higher-grade injuries. However, 
surgical intervention may be required in a hemodynamically 
unstable patient or in the setting of arterial injury [114].

 Urinary Tract Calcification

 Nephrocalcinosis
Nephrocalcinosis is generally defined as increased calcium 
content in the kidneys, related to deposition of calcium 
within the renal cortex or medulla at either the microscopic 

a b

c

Fig. 13.28 Renal trauma in a 13-year-old boy who presented 3 months 
following grade V renal injury with transection of the interpolar region 
of the right kidney. Coronal T2-weighted fat-suppressed MR image (a) 
demonstrates dilation of the right upper renal pole collecting system. 
The left kidney is normal. Coronal early contrast-enhanced radial stack 
of stars T1-weighted fat-suppressed MR image (b) shows relatively 

delayed enhancement of the right upper pole renal parenchyma com-
pared to the right lower pole parenchyma and left renal parenchyma. 
Coronal delayed contrast-enhanced radial stack of stars T1-weighted 
fat-suppressed MR image (c) demonstrates delayed excretion into the 
right upper pole collecting system (arrow), with normal excretion into 
the right lower pole and left renal collecting systems
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or macroscopic level [115]. The medullary subtype is much 
more common than the cortical subtype. As compared to 
urolithiasis, nephrocalcinosis tends to occur earlier in life, 
as it is more frequently associated with renal tubulopathies 
or inborn errors of metabolism. Prematurity is also a known 
risk factor, related to the immaturity of the kidney and medi-
cation use (particularly furosemide) [116]. Affected children 
are usually asymptomatic, and the diagnosis is made when 
imaging is performed for other reasons [116].

MR imaging is not a primary tool for the diagnosis of 
nephrocalcinosis, due to the relatively poor visualization of 
calcium [117]. However, when detectable, it manifests as 
low signal on both T1- and T2-weighted images and does 
not demonstrate enhancement (Fig. 13.29).

Treatment consists of correction of the underlying cause 
of the nephrocalcinosis. Prognosis is variable and depen-
dent on etiology. The majority of patients do not progress 
to end- stage renal disease. Most affected neonates with 
nephrocalcinosis who do not have an underlying genetic 
defect demonstrate spontaneous resolution within the 
first years of life. Surveillance US imaging should be per-
formed to document resolution or progression [118].

 Urolithiasis
Urolithiasis is the formation of stones within the urinary 
tract. The etiology of stone formation is broad and includes 

dietary, genetic, metabolic, climatic, infectious, and anatomic 
influences. The frequency of stone formation in the pediatric 
population has been increasing in recent years. The majority 
of patients with urinary tract stones have an underlying meta-
bolic abnormality, most frequently hypercalciuria or hypoci-
traturia. Bladder stones develop most often in patients with 
a history of urinary tract reconstruction. Affected children 
typically present with hematuria, flank pain, or abdominal 
pain. Patients may also have recurrent UTI or urinary tract 
dysfunction such as enuresis or incontinence [119].

MR imaging does not play a primary role in the evaluation 
of the pediatric patient with suspected urolithiasis. Although 
its sensitivity for stone detection is similar to that of ultra-
sound, it is not routinely used due to its low specificity, high 
cost, limited availability, and associated time constraints. A 
urinary tract stone appears as a signal void on all imaging 
sequences [120]. Due to its lack of signal, the stone usu-
ally requires adjacent contrasting urine or renal parenchyma 
in order to be visible and is best depicted on T2-weighted 
images (Fig. 13.30). MR imaging has limited sensitivity for 
the detection of stones smaller than 1 cm, with a lower limit 
of detectable size of about 4–5 mm [121, 122].

Treatment depends on the size of the stone. Most stones 
less than 5 mm in diameter typically pass spontaneously, 
and treatment is expectant, including pain control and 
hydration [123]. Surgical intervention may be warranted 

aa b

Fig. 13.29 Nephrocalcinosis in a 6-year-old boy with a history of renal tubular acidosis. Coronal T1-weighted MR image (a) and coronal 
T2-weighted fat-suppressed MR image (b) demonstrate diffusely hypointense signal within the renal medullary pyramids (arrows)
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for small stones that do not pass within 2–4  weeks or 
for larger stones that are unlikely to pass spontaneously. 
Bladder calculi necessitate surgical intervention, with per-
cutaneous cystolithotomy currently favored over open pro-
cedures [124].

 Conclusion

MR imaging offers a valuable adjunct to the more traditional 
imaging modalities in the evaluation of the pediatric genito-
urinary tract. It has the capability of providing useful ana-
tomic information without the risks associated with ionizing 
radiation and can also supply useful functional information 
with MR urography. Familiarity with the techniques and 
capabilities of MR imaging can therefore be a boon to the 
provider in the evaluation of the pediatric patient.
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Male Genital Tract

Gerald Behr, Jennifer K. Son, Ricardo Restrepo, 
and Edward Y. Lee

 Introduction

The male genital tract is a complex set of pelvic anatomic 
structures. A clear understanding of its development and the 
various disease entities that affect it is needed for prompt 
diagnosis of male genital pathology in pediatric patients. 
Traditionally, the genital tract has been imaged primarily 
with fluoroscopy and ultrasound. However, the complex rela-
tionship of the multiple soft tissue structures, which may be 
obscured by surrounding bowel, requires an imaging modal-
ity with multiplanar capability, excellent soft tissue contrast, 
and an ability to image anatomically deeply situated struc-
tures. MR imaging is well suited for this task. MR imaging 
in some cases is the preferred imaging modality for male 
genital tract pathology evaluation, while in others, it serves 
as a second-line tool to characterize abnormalities initially 
seen on other imaging studies.

This chapter reviews up-to-date MR imaging techniques, 
including pediatric patient preparation as well as MR imag-
ing pulse sequences and protocols. In addition, male genital 
tract anatomy including embryology, normal development, 
and anatomic variants is discussed. Finally, clinically rel-
evant male genital disorders, which are encountered in daily 
clinical practice in the pediatric population, are reviewed.

 Magnetic Resonance Imaging Techniques

 Patient Preparation

As with all MR imaging, patient comfort is of paramount 
importance in order to minimize motion artifact and optimize 
patient experience, particularly for young children. If detailed 
images of the bladder are to be performed, a moderately full 
bladder may be useful although this should be balanced against 
the patient’s potential discomfort in the non-sedated patient. If 
the patient is not undergoing sedation, fasting is not necessary.

Male pelvic MR imaging studies are usually obtained 
with phased array coils and with the patient in supine posi-
tion. If dedicated scrotal imaging is desired in the older 
child, a folded towel placed between the legs can serve to 
elevate the scrotum out of the plane of the upper thighs. 
In the older child, the penis may be secured to the anterior 
abdominal wall with tape, depending on the desired anatomy 
to be imaged. Endorectal coils – often used in adult prostate 
imaging – are not utilized in the pediatric population.

 MR Imaging Pulse Sequences and Protocols

Ideally, the MR imaging strategy should be tailored to the anat-
omy of interest and to the relevant clinical question. Nonetheless, 
there are some general guidelines that apply to most MR imag-
ing studies of the male genital tract (Table 14.1). For exam-
ple, a high-resolution T2-weighted fast spin-echo sequence is 
recommended for nearly all MR imaging of the male genital 
tract (Fig. 14.1). At least one fluid-sensitive sequence with pre-
served visualization of the normal pelvic fat (i.e., without fat 
suppression) is essential because it provides anatomic contrast 
for depiction of disease margins, lymph nodes, and anatomy 
(Fig. 14.2). A single fluid-sensitive sequence with fat suppres-
sion can often render the pathology itself more conspicuous 
and may be achieved by either inversion recovery (e.g., STIR) 
or spectral fat suppression (Fig. 14.3).

As some of the relevant anatomy is near an air interface, 
the resultant inhomogeneous magnetic field can render 
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Table 14.1 Suggested male genital tract MR imaging protocols

General Bladder Notes
3-plane localizer 3-plane localizer
Cor T2 single-shot spin-echo technique. 
Wide FOV to include kidneys

Cor T2 single-shot spin-echo technique. 
Wide FOV to include kidneys

Some institutions use an MRCP with reconstructed maximal 
intensity projection (MIP) as an overview of the collecting system

Axial T2 FSE (preferably high 
resolution)

Axial T2 FSE with fat suppression 1.  The fat suppression technique is optional for tumors isolated 
to the bladder. Many such pediatric tumors exhibit a higher 
signal intensity than muscle but considerably lower than urine

2.  Add coronal FSE for scrotal imaging (without fat 
suppression) to assess integrity of tunica albuginea (in the 
setting of trauma or tumor)

Axial T2 FSE with spectral fat 
suppression or short tau inversion 
recovery (STIR)

High resolution
Sagittal T2 FSE and T1 FSE

Axial diffusion- weighted images (or 
coronal if unclear location of testes)

Axial or sagittal diffusion-weighted 
sequence

This is a key sequence when searching for a “missing” testicle

Axial T1 FSE with spectral fat 
suppression before and after IV 
gadolinium-based contrast

Gradient echo- based dynamic contrast 
sequence (e.g., LAVA, VIBE, THRIVE, 
FLASH) in axial or sagittal planes

Administration of gadolinium-based contrast agent is optional, 
depending on study indication

MRCP magnetic resonance cholangiopancreatography, FSE fast spin echo, LAVA liver acquisition with volume acquisition, VIBE volumetric inter-
polated breath-hold examination, THRIVE T1W high resolution isotropic volume examination, FLASH fast low angle shot

1

Fig. 14.1 A 2-year-old boy with history of neuroblastoma. High- 
resolution three-dimensional sagittal T2-weighted MR image (CUBE, 
General Electric) demonstrates the normal appearance of the male ure-
thra (arrows). The penile urethra demonstrates low signal as it is void of 
urine. Calipers delineate a rectal wall abscess

a

b

Fig. 14.2 Hydrocele of the spermatid cord in a 17-month-old boy. Axial 
T2-weighted MR image (a) shows a well-defined fluid collection (arrow) 
with similar signal intensity to the urinary bladder. Coronal T2-weighted 
MR image (b) demonstrates a well-defined fluid collection (arrow) in the 
left inguinal canal with similar signal intensity to the urinary bladder. 
Note that the left inguinal canal can be seen further caudally on the coro-
nal plane due to the background contrast from the adjacent fat

spectral fat suppression techniques incomplete. The sup-
pression of the fat signal in a STIR sequence, however, is 
less sensitive to field heterogeneity, and thus this sequence 
may be more effective in the pelvis. The trade-off is lower 
signal-to- noise ratios using inversion recovery technique 
as compared with spectral fat suppression techniques.

For T1-weighted images, a spin-echo sequence offers excel-
lent signal and depiction of anatomy. If gadolinium contrast 
is used (such as for assessment of neoplasms or infection), 
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a

c

b

Fig. 14.3 Cowper gland syringocele in a 13-year-old boy who pre-
sented with perineal pain and gross hematuria. Axial T2-weighted fat- 
suppressed MR image (a) shows an oblong cystic structure (asterisk). 
Coronal T2-weighted fat-suppressed MR image (b) shows that the cys-

tic structure (asterisk) is located just ventral to the urethra. Note 
improved conspicuity of the lesion with the use of fat suppression tech-
nique (compare with c). Sagittal T2-weighted MR image (c) demon-
strates a syringocele (asterisk) ventral to the urethra

three-dimensional gradient recalled echo (GRE) T1-weighted 
fat-suppressed sequences such as T1-weighted high-resolution 
isotropic volume excitation (THRIVE; Philips, Amsterdam, 
Netherlands), liver acquisition with volume acquisition (LAVA; 
General Electric, Boston, Massachusetts), or volumetric inter-
polated breath-hold examination (VIBE; Siemens, Munich, 
Germany) are generally acquired before and after intravenous 
(IV) contrast administration. Alternatively, T1-weighted fast 
spin-echo sequences can be used before and after contrast, 
although with longer acquisition times compared with GRE 
sequences. The use of spin-echo post-contrast imaging is possi-
ble in the lower pelvis because there is less respiratory and peri-
staltic motion degradation compared with imaging of the upper 
abdomen, and spin-echo sequences are less prone to suscepti-
bility artifact from air within the colon or lesion calcifications.

One caveat involves post-contrast imaging of the bladder 
post-contrast. Imaging of the ureters and bladder can be diffi-
cult on excretory phase MR imaging post-contrast because of 
the relative delay in bladder excretion of contrast compared 
with the ureters. A single, wide field of view MR urography 
sequence that is heavily T2-weighted using a long echo time 
(TE) may provide a better overall view of the entire urinary 
collecting system without reliance on IV contrast.

Motion artifact is particularly problematic in infants 
and young children. This includes both bulk motion (in the 
younger or noncooperative child) and physiologic motion 
from respiration and bowel peristalsis. Supportive tech-
niques, including involvement of a child life specialist, can 
be of benefit although in many cases, including younger 
children, sedation is required. Peristaltic motion is less prob-
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lematic in lower pelvic imaging than abdominal imaging. 
In children, antiperistalsis agents (glucagon or Buscopan, 
IV or intramuscular [IM]) have been advocated for bowel 
imaging although there is a paucity of literature advocat-
ing its use for genital tract MR imaging in children [1]. In 
adult pelvic imaging, use of pharmacologic peristalsis sup-
pressants is more commonly employed [2]. Respiratory 
motion is also relatively less problematic in lower pelvic 
imaging compared with abdominal imaging. There are sev-
eral techniques to minimize this including different forms of 
respiratory gating and non-Cartesian filling of k-space strat-
egies that are beyond the scope of this chapter. Addition of 
a pre-saturation pulse (“saturation band”) over the anterior 
abdominal wall can often mitigate this artifact by nulling the 
signal from tissues outside the area of interest, particularly 
on MR imaging sequences where the signal from the ante-
rior abdominal wall fat is not suppressed.

 Anatomy

 Embryology

Both the urinary and genital system develop from the 
intermediate mesoderm which arises from the urogenital 
ridge on either side of the primitive abdominal aorta [3]. 
The urogenital ridge gives rise to the gonadal ridge, the 
embryologic precursor to the genital system. The neph-
rogenic cord also arises from the urogenital ridge to give 
rise to the urinary system. This process is further explored 
in Chap. 14.

At about 7 weeks gestation, the genital ridge differentiates 
into either a testis or an ovary, contingent on the presence 
of the sex-determining region (SYR gene) that is present 
on the Y chromosome (Fig. 14.4). The SYR gene encodes 
for testis-determining factor. Together with H-Y antigens 
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Müllerian
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Germinal
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Wolffian duct

Seminiferous
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Involuting
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Seminiferous
tubule
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Rete testis
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Ducts
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Fig. 14.4 Embryologic 
development of the testis. The 
gonadal ridge, derived from 
the medial portion of the 
urogenital ridge, is shown 
where primordial germ cells 
have migrated from the 
hindgut. The cortical tissue 
(shown in pink) involutes, and 
the medullary tissue develops 
into the testis, the 
seminiferous tubules, and 
Sertoli cells. The male genital 
ductal system develops from 
the mesonephric tubules
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expressed on cells of the XY genotype, testis-determining 
factor directs both testicular differentiation and germ cells 
to differentiate into Sertoli and Leydig cells. A cascade of 
downstream cellular and biochemical events, which include 
secretion of Müllerian inhibiting substance and production 
of dihydrotestosterone (DHT), results in the Wolffian duct 
system to develop into the epididymis, vas deferens, semi-
nal vesicles, penis, and scrotum. In the absence of the SYR 
gene or in the event of its abnormal encoding, the gonad 
defaults to ovarian differentiation (passive differentiation).

 Normal Development and Anatomy

The ventral portion of the cloaca, a common cavity at the 
end of the digestive tract for the release of both excretory 
and genital products in vertebrates, is the urogenital sinus 
(Fig. 14.5). Its superior portion gives rise to the posterior 
urethra and bladder. Initially, the bladder is contiguous 
along its superior margin with the allantois. The lumen of 
the allantois obliterates, forming the urachus which persists 
and connects the bladder apex to the umbilicus. The cau-
dal extent of the cloaca (phallic cloaca) opens through the 
genital tubercle, exiting just caudal to the glans. The distal 
cloaca fuses, forming the urethral plate and further direct-
ing urethral opening caudally. The most distal urethra in the 
male is formed by way of fusion of folds from the glans and 
the urethral plate.

The middle segment of the urogenital sinus gives rise to 
the prostate gland in males, through which the posterior ure-
thra passes. The posterior (proximal urethra) is anatomically 
divided into prostatic and membranous segments (Fig. 14.6). 
The anterior urethra (distal urethra) is divided into the bul-
bous urethra and the longer, penile urethra.

During infancy, much of the body of the bladder and its 
dome occupy the lower abdomen. During bladder filling, 
it can often demonstrate mass-like impressions from adja-
cent bowel on contrast fluoroscopic or radiographic studies. 
Although this seldomly presents a diagnostic dilemma for 
the experienced radiologist, a cross-sectional study, such 
as MR imaging, can demonstrate the benign nature of the 
finding. In fact, a coronal single-shot T2-weighted sequence, 
in which all of k-space is filled in one “shot” (TR interval), 
might best demonstrate the finding because the technique is 
fast and consequently far less sensitive to artifact from bowel 
peristalsis.

Genital tubercle

Urogenital sinus

Labioscrotal swelling

Urogenital fold

Male/female differentiation

Fig. 14.5 Schematic of the genital system from the cloaca at the 
junction of differentiation toward the male or female phenotype. The 
urogenital sinus arises from the ventral portion of the cloaca. The 
caudal extent of the cloaca meets and opens through the genital 
tubercle

Urethral
opening

Bulbar
urethra

Penile
urethra

Membranous
urethra

Prostatic
urethra

BladderFig. 14.6 The urethral 
segments in males, consisting 
of the prostatic, membranous, 
bulbar, and penile portions of 
the urethra
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 Anatomic Variants

There are several anatomic variants that can be understood 
in the context of the relevant embryology. For example, 
incomplete or failure of obliteration of the allantois lumen 
above the bladder dome results in a persistent patent ura-

chus (urachal fistula), urachal cyst, sinus, or diverticulum 
(Fig.  14.7) [4]. Distally, failure of the proliferating meso-
derm to properly direct the distal urethra to the glans may 
result in  epispadias [3]. Discontinuity in the urethral plate 
or abnormality of fusion of the urethral folds can result in 
hypospadias.

a

c

b

1

Fig. 14.7 Urachal cyst in a 16-year-old asymptomatic boy. Sagittal 
T2-weighted MR image (a) demonstrates a urachal cyst (calipers) 
along the expected course of the median umbilical ligament (urachus). 

Sagittal T2-weighted MR image (b) demonstrates a normal urachal 
remnant (arrow). Axial T2-weighted MR image (c) demonstrates a nor-
mal urachal remnant (arrow)
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aa

c

bFig. 14.8 Bladder exstrophy 
in a 32-week gestational age 
fetus. Sagittal (with respect to 
the fetus) T2-weighted fetal 
MR image (a) shows 
exstrophy of the bladder 
(arrow). Coronal T2-weighted 
fetal MR image (b) 
demonstrates presence of both 
kidneys (arrows). Postnatal 
axial T2-weighted fat- 
suppressed MR image (c) 
demonstrates high signal 
mucosal bladder plate which 
is externalized. The ureters 
(arrows) course toward the 
anterior wall. There is also a 
large bowel containing right 
inguinal hernia (asterisk) 
(different patient than in 
Fig. 14.8a, b)

If, in early fetal life, mesenchymal cells between the 
ectoderm and cloaca fail to migrate, the bladder does not 
fuse and instead gives rise to bladder exstrophy, in which 
the entire bladder mucosa is externally exposed and is 
contiguous with the anterior abdominal wall (Fig.  14.8). 
Cloacal exstrophy, a more complex disorder, is charac-
terized by two hemi-bladders separated by externally 
exposed ileocecal bowel mucosa. The terminal ileum pro-

lapses through the exposed cecum in what is known as an 
“elephant trunk” deformity. Affected patients may have a 
two-vessel cord, omphalocele, abnormal genitalia, spinal 
defects, and renal abnormalities. Maldevelopment of the 
cloacal membrane during development underlies this con-
stellation of abnormalities.

The common origin of the renal and genital system from 
the intermediate mesoderm underlies the association of 
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Fig. 14.9 Association of agenesis of the seminal vesicles and kidney in 
a 14-year-old boy. Coronal T2-weighted MR image (a) shows normal 
right-sided seminal vesicles (arrow) with absent seminal vesicles on the 
left (asterisk). Axial T2-weighted fat-suppressed MR image (b) shows 

normal right-sided seminal vesicles (arrow) with absent seminal vesi-
cles on the left (asterisk). Coronal T2-weighted MR image (c) shows a 
normal right kidney and agenesis of the left kidney

renal agenesis and deficient Wolffian duct structures such 
as agenesis of the seminal vesicles or dysplastic seminal 
vesicle with cyst [5, 6] (Figs. 14.9 and 14.10). Seminal ves-
icle agenesis or hypoplasia is also associated with the cystic 
fibrosis transmembrane regulator (CFTR) gene mutations 
[7] (Fig. 14.11).

MR imaging is ideal for evaluation of disorders of sex 
differentiation [8–10], which often presents at birth with 
ambiguous genitalia. For example, in a genetic female (46, 
XX) with virilization from exposure to androids, there is 
no testicular tissue nor presence of Wolffian duct deriva-
tives. Ovaries and uterus should be visible. Adrenal glands 

may be imaged most efficiently with a coronal single-shot 
T2-weighted sequence without fat suppression because they 
may be enlarged in the setting of 21-hydroxylase deficiency. 
Hyperintense urine can be seen in the bladder and often in 
the uterus due to communication from persistence of the uro-
genital sinus.

The spectrum of male (46, XY) disorder of sex differ-
entiation includes the family of androgen hormonal abnor-
malities, partial or complete androgen receptor insensitivity, 
and gonadal dysgenesis/agenesis. In the latter case, there 
is no Müllerian inhibiting factor. Thus, MR imaging may 
reveal Müllerian derivatives such as a dysplastic uterus and/
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or a pseudo-vagina, unilateral fallopian tube, and urogenital 
sinus in addition to the presence of testes (Fig. 14.12). The 
testis has varying appearances due to fibrous stroma and 
may appear streak-like with lower signal on T2-weighted 
MR imaging sequences than normal. Signal and morpho-
logic atypia suggest dysgenesis, but diagnosis still needs 
histologic confirmation. Notably, the uterus is present; how-
ever, it may be difficult to visualize because there is loss 
of the typical uterine zonal anatomy seen on T2-weighted 
MR imaging sequences, instead demonstrating uniform low 

myometrial MR imaging signal [8]. Patients with complete 
androgen receptor insensitivity, also referred to as “tes-
ticular feminization syndrome” (Fig. 14.13), have external 
female genitalia, absent uterus but often presence of unde-
scended testes.

Gender assignment may or may not be completed in 
childhood. It is a complex process that includes radiologic 
anatomy and chromosomal makeup, as well as patient and 
environmental considerations. Gender decisions also encom-
pass psychosocial considerations and thus include input from 

a b

Fig. 14.10 Normal seminal vesicle in a 15-year-old boy who under-
went MR imaging for evaluation of appendicitis. Axial T2-weighted 
MR image (a) demonstrates the normal MR imaging appearance of the 

seminal vesicles (arrows). Coronal T2-weighted MR image (b) demon-
strates the normal MR imaging appearance of the seminal vesicles 
(arrows)

a b

Fig. 14.11 Azoospermia and cystic fibrosis in a 15-year-old boy. Axial T2-weighted MR image (a) demonstrates small and dysplastic bilateral 
seminal vesicles (arrows). Coronal T2-weighted MR image (b) demonstrates small and dysplastic bilateral seminal vesicles (arrows)
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a

bb c

Fig. 14.12 Ambiguous genitalia in a 3-year-old with genotype 46, XY 
with SRY mutation. Axial T2-weighted MR image during infancy (a) 
demonstrates a vagina, left-sided uterus (white arrow), and some por-
tions of the fallopian tube. Single, left-sided gonad (black arrow) within 
the left inguinal canal is also seen. Sagittal T2-weighted MR image (b) 

after first stage of bilateral orchiopexy. There is a left-sided uterus 
(arrow) with suspected left fallopian tube (not shown). Sagittal 
T2-weighted MR image in the midline (c) demonstrates a penis (arrow) 
with hypospadias

multiple specialities including psychiatry and other men-
tal health counsellors. After gender determination is made, 
treatment is aimed at surgically fashioning the appropriate 
genitalia. In the event of gonadal dysgenesis, gonadectomy 
is performed due to eliminate potentially increased risk of 
neoplasia [8].

Polyorchidism, or presence of more than two testes, is 
a developmental anomaly of uncertain etiology but gener-
ally believed to be related to peritoneal bands dividing the 
embryologic genital ridge. There is increased risk of tes-
ticular torsion and cryptorchidism associated with polyor-
chidism [11].
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 Spectrum of Male Genital Tract Disorders

 Congenital Male Genital Tract Disorders

Posterior Urethral Valves Posterior urethral “valves” 
(PUV) are thought to be due to a remnant Wolffian duct 
membrane which originates in the region of the verumonta-
num. The luminal narrowing can cause severe obstruction 
resulting in bladder muscular wall hypertrophy, bladder tra-
beculation, vesicoureteral reflux, and renal damage 
although in practice, there is a wide spectrum of disease 
severity. Unilateral vesicoureteral reflux occurs in 50% of 
patients with PUV and can mitigate bladder pressures by 
acting as a “pop-off” valve [12]. This often results in asym-
metric kidney function in which the kidney receiving the 
refluxate becomes hypofunctional, while the contralateral 
kidney without reflux has preserved function.

Renal/bladder ultrasound and voiding cystourethrogram 
are the mainstays of diagnosing posterior urethral valves, 
including assessment of the upper urinary tract. In the post-
natal setting, MR imaging plays a lesser role. However, 
since the advent and developing popularity of functional MR 

urography, the bladder and urethra are often included in the 
field of view or partially depicted on localizer sequences. A 
dilated prostatic urethra with high T2-weighted urine sig-
nal delineating the lumen may be seen. Sequelae of blad-
der outlet obstruction, including bladder muscular wall 
thickening, diverticula, and trabeculation, may be appar-
ent as well. These studies are typically performed with the 
bladder decompressed via bladder catheterization. To opti-
mize visualization of the bladder, including muscular wall 
thickening and diverticula, the catheter can be clamped. 
However, it should be remembered that, although contro-
versial, several authors believe an indwelling catheter can 
stent open a narrowed prostatic urethra, potentially obscur-
ing PUV [13–15]. This is not an issue during fluoroscopic 
voiding cystourethrograms in which images are acquired 
both with the urethral catheter in place and removed. There 
are few data to support or refute this claim in the context of 
MR imaging. As such, exclusion of PUV with an indwell-
ing catheter on MR imaging is not advised. On prenatal 
MR imaging, the generic term “lower urinary tract obstruc-
tion”, which is often used as the specific site of obstruction, 
is not always discernible [16]. Hydronephrosis, urinomas, 

a b

c d

Fig. 14.13 Androgen 
insensitivity disorder in a 
15-year-old with genotype 46, 
XY. Axial T2-weighted 
fat-suppressed MR image (a) 
demonstrates absence of the 
uterus. Dysplastic 
undescended small testes 
were found during surgical 
exploration. Sagittal 
T2-weighted fat-suppressed 
MR image (b) demonstrates 
absence of the uterus. Axial 
T2-weighted MR image (c) 
shows female external 
genitalia. Axial T2-weighted 
fat-suppressed MR image (d) 
shows female external 
genitalia
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and urinary ascites may be seen with lower urinary tract 
obstruction (Fig. 14.14).

A multidisciplinary effort is often needed in boys with pos-
terior urethral valves. This includes a nephrologist to manage 
associated metabolic derangements. Relief of the obstructed 
urinary tract in boys with posterior urethral valves should 
occur as early as possible in order to preserve both bladder 
and renal function and to promote growth of the child. Most 
patients undergo a primary endoscopic ablation of the valves 
with the minority needing preoperative urinary diversion [17].

Utricle Cyst An utricle cyst is thought to represent the 
remnant of the fused caudal ends of the Müllerian ducts. It 

is, in effect, the male homologue to the vagina and uterus 
[18]. Although the terms Müllerian cyst and utricle cyst 
are often applied arbitrarily, it seems still clear that the 
utricle cyst in the pediatric population is a distinct entity 
because it is associated with hypospadias and disorders of 
sex differentiation. In general, increasing utricle cyst size 
is associated with greater severity of hypospadias.

On MR imaging, the utricle cyst appears in the midline, 
posterior to the prostatic urethra, and is of variable size 
(Fig. 14.15). It is often more tubular than spherical because 
it communicates with the adjacent urethra. The utricle cyst 
may cause mass effect on the bladder or, if large enough, 
on the ureters. MR imaging signal characteristics follow 

a b

Fig. 14.15 Utricle cyst in a 16-year-old boy. Coronal (a), sagittal (b) and axial (c) T2-weighted MR images demonstrate  a midline cyst in the 
prostate consistent with utricle cyst (arrows)

a b

++

Fig. 14.14 Posterior urethral 
valves in a 30-week 
gestational age fetus. Sagittal 
(with respect to fetus) 
T2-weighted prenatal MR 
image (a) demonstrates a 
dilated posterior urethra 
(arrow) and ascites (asterisk). 
Axial (with respect to fetus) 
T2-weighted prenatal MR 
image (b) demonstrates 
bilateral hydronephrosis 
(arrows) with forniceal 
rupture and urinary ascites 
(asterisk). Maternal placenta 
(++) is also seen
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that of urine on all MR imaging sequences. There should 
be no internal enhancement after contrast administration.

Utricle cysts are most often small and require no treat-
ment [19]. They are surgically resected when large or symp-
tomatic, or if associated with infertility later in life. This is 
often performed via a transvesical approach. More recently, 
laparoscopic excision has been advocated [19, 20].

Müllerian Duct Cyst Müllerian duct cyst typically pres-
ents later in childhood or in the adult and may not communi-

cate with the urethra. More recent work has suggested that 
the term might be a misnomer because there is no histologic 
evidence that the structure actually arises from the Müllerian 
duct, at least in the adult population [21].

Müllerian duct cysts are midline cysts in the prostatic 
region and are most commonly low signal on T1-weighted 
and high signal on T2-weighted MR imaging (Fig. 14.16); 
however, this can be altered in the occasional setting of 
hemorrhage or pus [22]. Management of Müllerian duct 
cysts is similar to that of utricle cysts.

a b

Fig. 14.16 Müllerian duct cyst in a 5-year-old boy. Axial T2-weighted fat-suppressed MR image (a) demonstrates a high signal cyst (arrow) 
located posterior to the urethra. Sagittal T2-weighted MR image (b) demonstrates the posterior position of the periprostatic cyst (arrow)

c

Fig. 14.15 (continued)
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Cryptorchidism Cryptorchidism is defined as one or both 
testicles not positioned within the scrotal sac and the inabil-
ity to manually relocate [23]. It is much more common in 
premature infants. 70% of affected infants self-correct dur-
ing the first year of life [23]. Persistent cryptorchidism is a 
risk factor for both infertility and neoplastic transformation. 
Associated syndromes include prune belly syndrome, PUV, 
abdominal wall defects, spinal dysraphism, cloacal exstro-
phy, and disorders of sex differentiation (see Fig.  14.12). 
Most cases, however, are isolated and the underlying etiol-
ogy remains uncertain.

Although widely used, presurgical evaluation with ultra-
sound has not been shown effective due to poor sensitivity 
and specificity in localization of the testis, albeit its perfor-
mance is adequate when the testis is in the groin and not 
intra-abdominal [24]. It is the intra-abdominal position that 
is of most interest to the surgeon. Several investigators have 
assessed the performance of MR imaging in evaluation of 
cryptorchidism. Historically, MR imaging and ultrasound 
have both shown only modest ability to locate undescended 
testes, particularly in  localization of intra-abdominal tes-
tes [23]. However, recent work has shown an advantage of 
MR imaging over ultrasound when high b-value (≥800  s/
mm2) diffusion-weighted imaging was added to conventional 
sequences [23, 25]. DWI often highlights a “hidden” testicle 
because it uniquely restricts diffusion compared with the nor-
mal structures in the lower pelvis (see Figs. 14.17 and 14.18). 
Still, there are pitfalls for testicular DWI to be aware of; for 
example, a nonviable testis often does not restrict diffusion, 
while enlarged retroperitoneal or pelvic sidewall lymph nodes 
may show restricted diffusion. Finally, higher b values can 
cause anatomic distortion, especially when there is nearby 
air-filled bowel. Nonetheless, in the majority of patients, DWI 

can be of great value in confidently localizing undescended 
testes to the abdomen, inguinal canal, or scrotum.

Because DWI does not offer optimal anatomy, conven-
tional MR imaging sequences should be obtained as well for 
evaluation of cryptorchidism. STIR may be a complemen-
tary MR imaging sequence. The appearance of undescended 
testes on conventional MR imaging sequences is that of a 
homogenous signal which is moderately low on T1-weighted 
MR imaging sequences and moderately high on T2-weighted 
MR imaging sequences (Figs. 14.17 and 14.18). Ectopic or 
transposed but otherwise normal testes have similar MR 
imaging signal characteristics to intrascrotal testes (see 
Fig. 14.18). The coronal plane has been shown to add par-
ticular value in its detection although we recommend both 
axial and coronal plane acquisitions [26]. Contrast-enhanced 
MR angiography has been shown to be of added value in 
testicular localization [27]; however, gadolinium is not typi-
cally used for this indication.

If the testis fails to descend, orchiopexy is performed. 
Orchiopexy, if performed before puberty, can mitigate risk 
of malignancy [24]. Earlier intervention can also decrease 
the risk of infertility. The optimal age at which the pro-
cedure is performed, however, remains a matter of some 
debate.

 Infectious Male Genital Tract Disorders

Orchitis Inflammation, including infection, of the testes is 
known as “orchitis” and is most typically seen in the context 
of epididymitis (epididymo-orchitis). In this context, incit-
ing agents are often bacterial in the setting of sexual activity. 

a b

Fig. 14.17 Undescended testes in a 13-year-old boy. Axial T2-weighted 
MR image (a) shows incompletely descended testis (calipers) in each 
inguinal canal, associated with small size and low T2-weighted signal 

intensity. Axial diffusion-weighted MR image (b) demonstrates high 
signal in the undescended testes (arrows) consistent with diffusion 
restriction
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In isolated orchitis, multiple viruses can be responsible, 
most commonly mumps virus. It should be noted that 
mumps- associated orchitis is only seen in postpubescent 
males [11].

On MR imaging, the normal testes show a homoge-
neous, T1-weighted isointense, T2-weighted hyperintense 
(relative to muscle) MR imaging signal. The more fibrous 
albuginea and mediastinum testis are depicted as low-signal 
bands. When inflamed, testes show a lower T1-weighted and 
increased T2-weighted MR imaging signal. After adminis-
tration of a gadolinium-based contrast agent, there is either 
homogeneous enhancement or a more characteristic “tiger 
skin” pattern due to the presence of non-enhancing, interven-
ing septa [28]. Focal or diffuse orchitis can mimic neoplasia 
although there is little sign of mass effect in the former. Most 
commonly, the clinical history and laboratory abnormalities 
would confirm suspicion of infection.

In adolescent boys, antimicrobial therapy is usually initi-
ated empirically after urinalysis and culture. This can later 
be tailored based on the results of culture. In the setting of 
mumps orchitis, treatment is conservative unless there is a 
secondary bacterial infection. In prepubertal children, orchi-
tis is typically idiopathic and treatment is conservative.

Epididymitis In prepubescent boys, common etiologies of 
epididymal inflammation are not well-established although 
probably involve trauma, viruses, or other causes of inflam-
mation [29, 30]. In the postpubescent male, epididymitis is 
the most common cause of an acute, painful scrotum. Most 
often in the young adult, it is due to a bacterial infection 
such as Chlamydia trachomatis or Neisseria gonorrhoeae. 
The affected pediatric patient is often febrile with a unilater-
ally painful scrotum and may report dysuria or even pyuria 
[31]. Risk factors include urinary tract infection, distal ure-

a

c d

b

Fig. 14.18 A 16-year-old boy with rhabdomyosarcoma who has 
undergone temporary transposition of the testis for planned radiation 
therapy. Axial T2-weighted MR image (a) shows an ovoid structure 
(arrow) in the anterior abdominal wall. Without the proper history, this 
could easily be interpreted as a soft tissue neoplasm. Axial diffusion- 

weighted MR image (b) demonstrates high signal in the ovoid structure 
(arrow), normal for a testis. Axial T1-weighted MR image (c) shows 
normal low signal of the transposed testis (arrow). Sagittal T2-weighted 
MR image (d) demonstrates the transposed testis (arrow)
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thral obstruction, neurogenic bladder, or voiding dysfunc-
tion. Occasionally, epididymitis can be related to an enlarged 
seminal vesicle cyst; however, this is more commonly dis-
covered in young adults [22]. Although typically discovered 
only incidently in children, seminal vesicle cysts can also be 
related to urinary tract infections [6, 32] (Fig. 14.19).

In infants and young children, established etiologies of 
epididymitis include ectopic ureter draining into the vas 
deferens, anorectal malformation, ectopic vas deferens, or 
a congenitally patulous seminal duct orifice allowing urine 
to reflux from the urethra [22, 33]. Iatrogenic causes in all 
ages include urethral instrumentation and indwelling ure-
thral catheters.

Typically, the imaging diagnosis of epididymitis is based 
on ultrasound. When imaged by MR imaging, the affected 
epididymis appears enlarged and demonstrates increased 
and/or heterogeneous T2-weighted MR imaging signal 
intensity with hyperemia (Figs.  14.20, 14.21, and 14.22). 
There is often associated engorgement of the vessels, 
depicted as flow voids on T2-weighted fast spin-echo MR 
imaging sequences. There may be an associated hydrocele.

Treatment is aimed at the underlying cause, which, in 
the case of a bacterial agent, warrants antimicrobial therapy. 
However, establishing a causative agent in children is more 
challenging, and there is strong evidence that antibiotics 
have been overprescribed in this population [29].

a b

T
T

Fig. 14.20 Epididymitis in a 9-year-old boy who presented with scro-
tal pain and swelling. Axial inversion recovery MR image (a) demon-
strates an enlarged right epididymis (arrow). Note the associated 

hydrocele (asterisk). Axial enhanced T1-weighted fat-suppressed MR 
image (b) shows an enlarged, enhancing right epididymis (arrow). The 
testicle is also visualized (T)

a b

B

B

Fig. 14.19 Seminal vesicle 
cyst in a 1-year-old boy who 
presented with a history of 
multiple urinary tract 
infections. Sagittal 
T2-weighted MR image (a) 
demonstrates a large cyst 
(asterisk) posterior to the 
bladder (labelled B). Coronal 
thick slab reconstruction of a 
heavily T2-weighted MR 
image (b) shows the cyst 
(asterisk) just off of the 
midline
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Fig. 14.21 Epididymitis in an 8-year-old boy with a neurogenic 
bladder. Coronal T2-weighted fat-suppressed MR image shows an 
enlarged, edematous epididymis (arrow). Note the trabeculations in 
the urinary bladder (UB) in this patient with neurogenic bladder

a b

c d

Fig. 14.22 Epididymitis in a 16-year-old boy who presented with a 
right scrotal lump. Coronal T2-weighted fat-suppressed MR image (a) 
demonstrates enlargement and edema of the right epididymis (arrow). 
Coronal T1-weighted fat-suppressed post-contrast MR image (b) shows 

avid enhancement of the right epididymis (arrow). Longitudinal gray-
scale ultrasound image (c) demonstrates a markedly enlarged body and 
tail of epididymis. Longitudinal Doppler ultrasound image (d) shows 
marked epididymal hyperemia
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b

Fig. 14.23 Fournier gangrene in a 2-year-old boy with a history of 
immunodeficiency who presented with perineal swelling, erythema, 
and sepsis. Sagittal T2-weighted fat-suppressed MR image (a) shows 
ill-defined edematous soft tissues of the perineum. Coronal T2-weighted 
fat-suppressed MR image (b) demonstrates ill-defined edematous soft 

tissues of the perineum and scrotum. Note the subcutaneous reticula-
tions from scrotal skin thickening and edema (arrow). (c) Axial 
enhanced T1-weighted fat-suppressed MR image shows perineal 
abscesses (asterisk) with rectal displacement (arrow)

Fournier Gangrene An acute, necrotizing infection of the soft 
tissues involving the penis, scrotum, or perineum is known as 
Fournier gangrene. The infection is usually polymicrobial and 
often caused by inoculation from the skin, from the adjacent 
colon/rectum, or directly from the genita tract [34]. Although 
more common in adults, specific etiologies of Fournier gan-
grene in the pediatric population include omphalitis, diaper 
rash, burns, insect bites, anorectal trauma, abscess, recent cir-
cumcision, or herniorrhaphy [35, 36]. Children with hemato-
logic malignancies or other causes of compromised immune 
function are at elevated risk of developing Fournier gangrene.

The diagnosis of Fournier gangrene is typically clinical. 
Imaging is reserved for cases that are clinically uncertain 
or for evaluation of extent of infection. On CT, findings of 
Fournier gangrene include asymmetric soft tissue thicken-
ing and fat stranding associated with air and fluid. There is 
a paucity of data on the use of MR imaging in the workup 
of Fournier gangrene, as its rapidly progressive nature often 
leads to surgical debridement before MR imaging. However, 
given its superior soft tissue contrast, it is likely that MR 
imaging reliably demonstrates its findings at least as well 
as CT, including fascial involvement (Fig. 14.23). In addi-
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tion, MR imaging is particularly useful to assess the soft 
tissue anatomic extent of Fournier gangrene. For example, 
extension into the retroperitoneal planes is not uncommon, 
and MR imaging can provide precise anatomic information 
that could be helpful for potential surgical planning [34]. 
However, disadvantages of MR imaging in comparison with 
CT include inferior sensitivity to detection of soft tissue 
emphysema and longer time of image acquisition. These are 
relevant factors when the diagnosis of Fournier gangrene is 
under consideration because necrotizing fasciitis often mani-
fests early with crepitus and soft tissue gas, warranting rapid 
treatment.

Fluid resuscitation and broad-spectrum antimicrobial ther-
apy are standard initial treatments in the child with suspected 
Fournier gangrene, with surgical debridement reserved for 
rapidly progressive or medically refractory cases [36].

 Neoplastic Male Genital Tract Disorders

Testicular Germ Cell Tumor Testicular germ cell tumors 
can be divided into non-seminomatous and seminomatous 
type. The non-seminomatous germ cell tumors are a hetero-
geneous group comprised of embryonal carcinoma, tera-
toma, choriocarcinoma, and yolk sac carcinoma (endodermal 
sinus tumor). Approximately 95% of all newly diagnosed 
testicular malignant neoplasms in all patients are germ cell 
tumors, of which about half are of the seminomatous type 
[37]. In the prepubescent population, the proportion of 
malignant tumors is much lower although there is wide vari-
ation in reported incidence, probably due to selection bias 
[38–40]. In contradistinction to the adult population, terato-
mas are most often benign in this young population. Most 
prepubescent testicular tumors include teratomas and malig-
nant yolk sac tumor. Seminomas occur nearly exclusively in 
postpubescent patients except in the setting of cryptorchi-
dism [9].

Ultrasound is the primary imaging modality used to 
diagnose intratesticular masses. The role of MR imaging in 
the setting of an intratesticular tumor has not been clearly 
established, and its use is not widely adopted. However, in 
recent years, there has been growing interest in replacing the 
abdominal screening for retroperitoneal metastasis with MR 
imaging. This is particularly true in the setting of testicu-
lar malignancies because most affected patients have excel-
lent long-term outcomes, along with the potential long-term 
ionizing radiation risk associated with annual CT imaging. 
There are data suggesting that the sensitivity of detection of 
metastatic retroperitoneal lymph nodes by experienced radi-
ologists using MR imaging in patients with testicular tumors 
is comparable to that of CT [41, 42].

Despite the advances in using MR imaging in detec-
tion of metastatic disease, it is generally reserved for post-

operative surveillance and not routinely used for initial 
diagnosis of suspected testicular tumors, due to the high 
performance and low cost of ultrasound. It is possible 
that this may change in the future as there is now early 
evidence that seminomatous tumors can be differenti-
ated from non-seminomatous tumors using MR imaging 
[43, 44]. For example, seminomatous tumors have been 
reported to demonstrate homogeneous, low T2-weighted 
signal and septal enhancement after the administration of 
intravenous contrast. Conversely, it is reported that non-
seminomatous testicular tumors tend to have more het-
erogeneous signal and demonstrate cystic and necrotic 
elements [45] (Fig. 14.24).

Differentiating benign from malignant testicular tumors also 
would be useful because this can potentially obviate the need 
for, or reduce the extent of, surgery (e.g., enucleation rather 
than orchiectomy). Although there is currently not enough 
data to prove the ability of MR imaging to reliably and consis-
tently differentiate between the two, recent work has suggested 
enhancement kinetics may play a role. It has been shown that, 
in an adult population, malignant lesions demonstrate early 
enhancement and rapid washout of intravenous contrast on MR 
imaging [46]. However, these MR imaging findings should 
not automatically be extrapolated to the pediatric population 
because the preponderance of intratesticular tumors in the adult 
population is seminomas. Nonetheless, MR imaging is likely 
to be at least as accurate as ultrasound in the diagnosis of intra-
testicular tumors and can render a specific diagnosis in some 
cases, such as a testicular teratoma [47].

Among the non-seminomatous germ cell tumors, tera-
tomas may have specific features such as fatty elements 
that MR imaging excels at displaying. A sequence per-
formed both with and without spectral fat suppression is 
ideal. An alternative is to use an inversion recovery tech-
nique (i.e., STIR). One potential pitfall with inversion 
recovery, however, is the occasional loss of signal in a 
hemorrhagic tumor where methemoglobin may be con-
fused for fat [48]. Teratomas are typically well circum-
scribed [49].

Epidermoid cysts, or keratocysts, are benign, squamous 
cell-lined lesions of germ cell origin [50]. They usually lie 
just deep to the tunica albuginea and contain keratin. On 
MR imaging, they are hyperintense on T2-weighted and 
hypointense on T1-weighted MR imaging sequences [51]. 
Concentric rings may be seen, mirroring the well-known 
“onion skin” appearance on ultrasound. Additionally, these 
lesions show restricted diffusion [44].

For the overwhelming majority of childhood intratesticu-
lar tumors, including malignant tumors, the prognosis is very 
good [52]. Orchiectomy has historically been the mainstay 
of management for most intratesticular neoplasms. However, 
recent recognition of the high proportion of benign tumors in 
children coupled with better pretreatment imaging has resulted 
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in a more conservative surgical approach which includes testis-
sparing surgery in select cases [53]. Further treatment, includ-
ing retroperitoneal lymph node dissection, chemotherapy, and/
or chemoradiation, is based on tumor type and staging [54].

Testicular Non-germ Cell Tumors Testicular sex cord- stromal 
tumors in children are uncommon and usually benign, account-
ing for 25–30% of testicular tumors in the pediatric population 
[55]. They include juvenile granulosa cell tumors, Sertoli and 
Leydig tumors, and thecoma/fibroma.

Juvenile granulosa cell tumors typically present before 
6  months of age [56, 57]. Based on their appearance on 
ultrasound and one case report in the literature, these tumors 
are expected to demonstrate numerous low T1-weighted and 
high T2-weighted MR imaging areas, demarcated by inter-
vening septa [57]. Testicular Leydig cell tumors have a peak 
incidence of 4 years of age and often present with precocious 
puberty as they are hormonally active [9, 55]. On MR imag-

ing, testicular Leydig cell tumors show a homogeneously low 
signal on T2-weighted MR imaging, often with a high signal 
rim [58]. Beyond such generalizations, there are currently no 
known reliable discriminating MR imaging features among 
the family of testicular sex cord-stromal tumors in the pedi-
atric population. The differential diagnosis for infiltrative 
testicular and epididymal involvement is listed in Table 14.2.

Table 14.2 Differential diagnosis for infiltrative processes for testicle 
and epididymis

Entity Characteristic features
Epididymo- 
orchitis

Diagnosis supported by the clinical history such as 
pain, tenderness, and fever

Lymphoma Usually diffuse enlargement but may be multifocal 
discrete lesions

Leukemia Historically, often a site of disease relapse in 
children with acute lymphoblastic leukemia

Sarcoma Rare in childhood (except for rhabdomyosarcoma, 
which is typically extratesticular)

a b

c

Fig. 14.24 A 17-year-old boy with a non-seminomatous testicular tumor 
(teratoma). (a) Axial T1-weighted MR image demonstrates a predomi-
nantly low signal, heterogeneous testicular mass with internal hyperin-
tense areas. (b) Coronal T1-weighted, contrast-enhanced, fat-suppressed 

MR image demonstrates a heterogeneously enhancing multilocular cystic 
mass arising from the left testis. (c) Coronal T2-weighted MR image 
demonstrates the cystic locules and heterogeneity. (Case courtesy of Paul 
G. Thacker, Jr., MD, MHA, Mayo Clinic, Rochester, Minnesota, USA)
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Genital Rhabdomyosarcoma Rhabdomyosarcoma is a 
mesenchymal-derived tumor and is the most common soft 
tissue mass arising from the genital tract in the pediatric 
population. It is categorized as either alveolar, embryonal, 
or pleomorphic. Botryoid is a subtype of embryonal rhab-
domyosarcoma. In the child, the pleomorphic subtype is 
rare. In the genital tract, the embryonal type is much more 
common than the alveolar subtype and is comparatively 
less aggressive. However, the bladder and prostate are con-
sidered “unfavorable” anatomic sites with an overall worse 
prognosis. If the tumor involves the genital tract but arises 
from the perineum, it is usually of the alveolar, more 
aggressive subtype  – particularly in older children [59] 
(Fig. 14.25).

Before tissue sampling is performed, imaging is central 
to the diagnostic workup in a child suspected of genital 
tract rhabdomyosarcoma. There are no circulating tumor 

markers to assist in diagnosis. Most often, the initial imag-
ing examination of choice is ultrasound. If a genital mass 
is seen or suspected, MR imaging is obtained (1) to con-
firm the presence of the mass, (2) to localize the site of 
origin (e.g., bladder, urethra, or prostate), (3) to establish 
the extent of local invasion, and (4) to evaluate regional 
node involvement.

Rhabdomyosarcoma arising from the urinary blad-
der often involves the trigone and/or bladder neck and 
occurs in younger children during the first 3  years of 
life [60, 61]. On MR imaging, it is usually low signal on 
T1-weighted MR imaging with heterogeneously high sig-
nal on T2-weighted MR imaging with variable contrast 
enhancement. A bulky, polypoid intraluminal mass is 
characteristic (Fig. 14.26). However, in contradistinction 
to the common bladder masses in the adult which arise 
from the epithelium, rhabdomyosarcomas of the bladder 

a

c

b

Fig. 14.25 Rhabdomyosarcoma of the perineum and scrotum in a 
16-year-old boy. Coronal T2-weighted MR image (a) shows a focal 
tumor in the right corpus cavernosum (arrow) as well as extensive infil-
tration of the soft tissues (asterisk) of the perineum and lower scrotum. 

Axial T2-weighted MR image (b) demonstrates extensive infiltration of 
the soft tissue of the scrotum (circle). Axial T2-weighted MR image (c) 
shows the mass (arrows) displacing the right ischiocavernosus muscle

14 Male Genital Tract



376

can “tunnel” within the submucosa, even into the proxi-
mal urethra (see Fig. 14.26). Other than primary location, 
there are no known unique MR imaging signal charac-
teristics that can differentiate between the embryonal and 
alveolar histologic subtypes. Occasionally, other soft tis-
sue bladder masses may present with a  suggestive clinical 
history for an alternative, specific diagnosis. For example, 
bladder paragangliomas (aka extra-adrenal pheochromo-
cytoma), although rare, can present with hypertension in 
children. On MR, paragangliomas are often mildly hyper-
intense on T1-weighted imaging and avidly enhance [62] 
(Fig. 14.27).

Optimal bladder imaging presents unique trade-offs 
in the selection of MR imaging sequences in order to 
maximize signal contrast between a mural mass and the 
intraluminal urine contents. For example, MR imaging 
assessment of enhancement may be obscured by uri-

nary excretion of contrast. As such, care must be taken 
to ensure adequate post- contrast images are acquired 
before the excretory phase [62]. Further, a high-resolu-
tion T2-weighted MR imaging sequence can be invalu-
able in the detection of focal bladder lesions, particularly 
the lower signal masses [63] (see Figs. 14.1 and 14.26c). 
However, this must be complemented by T1-weighted MR 
imaging sequence because the high signal from the urine 
can potentially obscure mural lesions with prolonged 
T2 relaxation time. In fact, the margins of mural blad-
der tumors are often most conspicuous against the dark 
intraluminal urine signal on T1-weighted MR imaging 
sequences. This differs from tumors located outside the 
bladder that are typically more reliably seen on fluid-
sensitive sequences (STIR or T2-weighted). The addi-
tion of a diffusion- weighted MR imaging sequence can 
be of benefit. Importantly, the urine is “suppressed” on 

a

c d

b

Fig. 14.26 Rhabdomyosarcoma of the bladder in a 2-year-old boy. 
Axial T1-weighted MR image (a) shows lobular intraluminal masses 
(arrows) in the bladder with mild hyperintensity. Axial enhanced 
T1-weighted fat-suppressed MR image (b) demonstrates an intralumi-
nal, partially necrotic mass (arrow) as well as a plaque-like mass 
(arrowhead) along the mucosa. Sagittal T2-weighted MR image (c) 
shows lobular intraluminal, masses (short arrows) and a plaque-like 

mass (wide arrow) along the mucosa with soft tissue extending toward 
the prostatic urethra (long arrows). Of note, the high signal urine ren-
ders the low signal mass highly conspicuous. This is particularly help-
ful for outlining submucosal tunnelling of the tumor. Axial 
diffusion-weighted MR image (d) shows lobular intraluminal masses 
(arrow) with restricted diffusion
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this sequence, rendering bladder lesions more visible (see 
Fig. 14.26d). Its utility, however, has not yet been empiri-
cally validated in the evaluation of childhood bladder 
masses. In the posttreatment state, however, the finding of 
focal bladder wall thickening can be difficult to interpret 
because this can represent recurrent tumor or represent 
nonviable, treated disease or even focal cystitis [62].

Tumors that arise from the prostate often are larger and 
present with urinary retention and/or constipation [64] 
(Fig. 14.28). Often, the tumor involves both the urinary blad-
der and the prostate giving rise to the catch-all term “bladder- 
prostate rhabdomyosarcoma” [61].

Beside the description of the primary mass, cross- 
sectional imaging should assess for local and regional 
lymph nodes including pelvic or retroperitoneal nodes 
at or below the level of the renal vessels. Lymph node 
involvement beyond these sites is considered distant 
metastasis [65]. Involvement of vascular structures should 
be noted in the radiology report as well. To facilitate clear 
communication with the surgeon, the interpreting radi-
ologist should adhere to standard lexicon. For example, 
the term vessel “encasement” is used to describe a 1800 
or greater of circumferential contact without intervening 
normal tissue planes [65]. Cross- sectional images of the 
chest (with CT) and the remainder of the abdomen (either 

MR imaging or CT) are essential to search for distant dis-
ease which is present in 10–20% of presenting cases [62]. 
Complementary imaging with bone scintigraphy or PET is 
also warranted in the initial workup [66]. Metastasis from 
rhabdomyosarcoma has a predilection for the lungs and 
cortical bone.

Paratesticular Rhabdomyosarcoma In contrast to the 
adult in whom extratesticular masses are usually benign, 
childhood findings of a painless extratesticular mass have 
a 50% chance of malignancy, most of which are rhabdo-
myosarcomas of the embryonal histologic subtype [67, 
68]. The paratesticular location is considered a “favorable” 
site because it is associated with better prognosis.

Although ultrasound is currently considered the imag-
ing modality of choice for evaluation of pediatric patients 
suspected of having paratesticular rhabdomyosarcoma, 
MR imaging offers superior tumor localization and evalu-
ation for involvement of surrounding soft tissues [69, 70]. 
Paratesticular rhabdomyosarcomas often involve or arise 
from the epididymis or spermatic cord. They can involve 
the ipsilateral testis but rarely primarily arise from it. MR 
imaging signal and enhancement characteristics are simi-
lar to bladder-prostate rhabdomyosarcomatous masses. 
However, the surrounding structures render each sequence 

a

c

b

Fig. 14.27 Bladder pheochromocytoma in a 13-year-old boy who pre-
sented with hypertension and elevated catecholamines. Axial 
T1-weighted fat-suppressed MR image (a) shows a small, moderately 
hyperintense soft tissue tumor (arrow) involving the posterior bladder 

wall. Coronal T2-weighted MR image (b) demonstrates a soft tissue 
mass (arrow) seen as a “filling defect” along the right inferior wall of 
the bladder. Axial enhanced T1-weighted fat-suppressed MR image (c) 
shows avid mass enhancement (arrow)
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to be of different value when compared with bladder 
masses. For example, on T1-weighted MR images, the 
homogeneous low signal from the mass may be indistin-
guishable from the adjacent testis (Fig. 14.29a). However, 
on fluid-sensitive sequences, a sharp low signal from the 
tunica albuginea may be seen separating the two struc-
tures [71] (Fig. 14.29b). DWI may be useful but it should 
be remembered that the normal testis restricts diffusion. 
Other, mostly benign, extratesticular entities can poten-
tially mimic rhabdomyosarcoma on imaging. These are 
listed in Table 14.3 [68].

Most cases of suspected paratesticular rhabdomyosar-
coma undergo chemotherapy and radical orchiectomy via an 
inguinal approach [69]. Retroperitoneal lymph node dissec-
tion is often performed although there is some controversy 

surrounding patient selection. Radiation therapy is often 
used for local control unless there has been complete pri-
mary resection with clear margins.

Metastatic Disease The testis can also be a site for sec-
ondary malignancies, most commonly leukemia and lym-
phoma. The lesions are often bilateral and may be the first 
sign of disease relapse after bone marrow remission. In 
males with leukemia, the testicle is the most common 
extramedullary site of recurrence, and affected testes are 
usually enlarged [72]. There is little experience with scro-
tal MR imaging in the setting of lymphoma although it has 
been observed that there is a diffuse parenchymal infiltrat-
ing appearance but, in contrast to the germ cell tumors, the 
architecture is preserved [73]. Although to date there has 

a

M

b

c d

Fig. 14.28 Prostate rhabdomyosarcoma in a 14-year-old boy who pre-
sented with pelvic pain and constipation. Coronal T1-weighted MR 
image (a) shows a large hypointense mass (M) in the region of the pros-
tate gland. Coronal T2-weighted MR image (b) demonstrates the mass 
to be hyperintense compared with normal bladder parenchyma. Axial 

enhanced T1-weighted fat-suppressed MR image (c) shows an enhanc-
ing mass (asterisk) arising from the prostate. Axial diffusion-weighted 
MR image (d) demonstrates restricted diffusion in the mass (asterisk). 
Pathology revealed embryonal rhabdomyosarcoma
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been a dearth of data, this description is in keeping with 
the usual ultrasound appearance which may be diffusely 
hypoechoic and even normal on grayscale ultrasound but 
with increased blood flow seen with the use of Doppler. 
Others have reported multiple well- defined lesions in tes-
ticular lymphoma. Multiple lesions can also be seen in sys-
temic illnesses such as sarcoidosis or lymphoma with 
testicular involvement [11] (Figs.  14.30 and 14.31). The 
differential diagnosis for infiltrative testicular and epididy-
mal involvement is listed in Table 14.2.

Extratesticular malignancies other than rhabdomyosar-
coma are uncommon. Occasionally, however, metastatic 
disease can present in this space (Figs.  14.32 and 14.33). 
Although rare, neuroblastoma is among the more commonly 
reported pediatric malignancies with metastatic disease to 
the scrotum (see Fig.  14.33). Evidence suggests that this 

a

b c

Fig. 14.29 Paratesticular 
rhabdomyosarcoma in a 
15-year-old boy who 
presented with a palpable 
scrotal mass. Axial 
T1-weighted fat-suppressed 
MR image (a) shows a 
paratesticular mass (arrow) 
that is not well-differentiated 
from the testicle. Coronal 
T2-weighted MR image (b) 
demonstrates the mass 
(asterisk), which is more 
conspicuous than in 
Fig. 14.29a. Coronal 
enhanced T1-weighted 
fat-suppressed MR image (c) 
shows the heterogeneously 
enhancing paratesticular mass 
(asterisk)

Table 14.3 Differential diagnosis of paratesticular masses in children [68]

Entity Malignant 
or benign

Rhabdomyosarcoma Malignant
Metastasis Malignant
Pheochromocytoma/paraganglioma Benign; 

occasionally 
malignant

Neurofibroma Usually benign
Hemangiomas and vascular malformations of 
the scrotum

Usually benign

Inflammatory myofibroblastic tumor (aka 
fibrous pseudotumor, pseudotumor)

Benign

Meconium periorchitis (from in utero bowel 
perforation with patent process vaginalis)

Benign

Torsion of the appendix testis or appendix 
epididymis

Benign

Epididymitis Benign

14 Male Genital Tract



380

a b

Fig. 14.31 Testicular metastasis from non-Hodgkin lymphoma in a 
17-year-old boy. Axial T2-weighted MR image (a) demonstrates tes-
ticular replacement by multilobulated, mildly hyperintense masses 

(arrows). Axial enhanced T1-weighted fat-suppressed MR image (b) 
shows lesion enhancement (arrow)

a

c d

b

1

1

Fig. 14.30 Sarcoid involvement of the scrotum in a 16-year-old boy 
who presented with a scrotal mass. Axial T2-weighted MR image (a) 
shows an intratesticular hypointense granuloma (caliper in the right tes-
ticle). The left epididymis is enlarged (arrow). The patient also has an 
epididymal cyst (arrowhead) with low signal intensity likely from pro-
teinaceous content. Axial T1-weighted MR image (b) demonstrates the 
granuloma to have low signal intensity (arrow), in contrast to the hyper-
intense proteinaceous epididymal cyst (arrowhead). Axial enhanced 

T1-weighted fat- suppressed MR image (c) shows low signal intensity 
(caliper) in the right testicular granuloma with high signal intensity in 
the epididymal cyst (arrowhead) and epididymis (arrow). Axial digital 
subtraction MR image (d) shows non-enhancement in the right testicu-
lar granuloma and non- enhancement of the epididymal cyst (arrow-
head). The enlarged epididymis (arrow) does enhance, demonstrating 
the value of digital subtraction imaging for evaluation of lesions with 
high T1-weighted signal intensity on pre-contrast MR imaging
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occurs by malignant cells travelling from the adjacent retro-
peritoneum rather than hematogenous spread [74].

 Other Male Genital Tract Disorders

Testicular Torsion Ultrasound remains the imaging test 
of choice in the diagnosis of complete testicular torsion 
because it is highly sensitive, specific, and more widely 

and rapidly available compared with MR imaging [75]. 
However, in the setting of incomplete torsion, the sono-
graphic findings can be subtle [76]. One retrospective 
study showed disappointing performance of MR imaging 
in diagnosing incomplete torsion [77]. Other authors sug-
gest true added value of MR imaging in suspected incom-
plete torsion based on case reports. Both the twisting of the 
cord itself and relative decreased enhancement of the 
affected testis in the setting of surgically confirmed cases 

a

c

b

T

T

Fig. 14.32 Metastatic desmoplastic small round cell tumor to the scro-
tum in a 17-year-old boy who presented with a rapidly growing and 
painful scrotal mass. Axial T2-weighted fat- suppressed MR image (a) 
shows metastatic tumor implants (thin arrow) and a right-sided hydro-
cele (asterisk). Note the displaced right testis (thick arrow) with normal 

signal intensity. Transverse grayscale ultrasound image (b) demon-
strates metastatic soft tissue intrascrotal deposits (arrows). Note the 
hydrocele (asterisk). Axial enhanced T1-weighted fat-suppressed MR 
image (c) shows the enhancing scrotal masses (arrow). The testicle (T) 
and a hydrocele (asterisk) are also visible
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have been described on MR imaging [78, 79]. Diffusion-
weighted MR imaging has been studied and shows 
decreased ADC values in the affected testis compared with 
the contralateral control, consistent with ischemia-associ-
ated cytotoxic edema during the torsion process [80]. The 
acute nature of testicular torsion and time sensitivity of 
detorsion often preclude the use of MR imaging because of 
its relatively long wait and image acquisition times com-
pared with ultrasound.

Testicular torsion is considered a genital surgical emer-
gency with the goal of timely restoration of blood flow to 
the ischemic testicle. In the case of surgical delay or dur-
ing surgical preparation of the patient, manual detorsion is 
sometimes attempted. This does not replace surgery as an 
orchiopexy is still required if the testicle is salvageable. If 
infarcted, orchiectomy is performed.

Testicular and Epididymal Appendage Torsion Both the 
appendix epididymis and the appendix testis are embryo-
logic remnants of the mesonephric ducts [81]. Torsion of 
either of these structures presents with acute scrotal pain and 
typically occurs between 6 and 12 years of age, somewhat 
younger than the expected occurrence of testicular torsion. 
Clinically, this entity can mimic acute testicular torsion. On 
physical examination, a characteristic focal bluish hue over 
the affected area on the scrotal skin, the so-called “blue-dot” 
sign, may be present.

There is a paucity of literature describing MR imag-
ing features of torsion of these embryologic remnants. The 
imaging strategy, rather, should be focused primarily on 
excluding a urologic surgical emergency, namely, testicular 
torsion. Although intuitively appealing, it should not cur-
rently be assumed that an MR imaging diagnosis can be 
made based on diminished appendageal enhancement in 
combination with normal testis and epididymis. In fact, ultra-

sound Doppler studies often show reactive hyperemia in the  
adjacent epididymis or testis [82], which may be difficult to 
distinguish from infection.

Treatment is generally conservative and is centered on 
pain management.

Vascular Anomalies Affecting the Genitalia The spec-
trum of vascular anomalies in children is grouped into either 
vascular tumors or vascular malformations [83, 84]. 
Depending on the type and severity, they can be associated 
with bleeding, ulceration, pain, infection, or thrombocytope-
nia. The perineal area is particularly prone to ulceration [85]. 
Vascular tumors involving the perineum, such as the infantile 
hemangioma, are associated with spinal dysraphism and 
tethered cord. As such, MR imaging of the spine is recom-
mended when such a lesion is discovered in the child [86]. 
Vascular malformations, such as venous or lymphatic mal-
formations, can cause significant disfigurement, resulting in 
psychological distress.

On MR imaging, lymphatic malformations usually 
appear cystic (Fig. 14.34). On T1-weighted imaging, they 
have variable appearance depending on the presence of 
internal proteinaceous debris and hemorrhage. Lymphatic 
malformations are typically high signal on T2-weighted 
imaging. After the administration of gadolinium-based 
contrast agent, there is a lack of internal enhancement; 
however, their walls and intervening septa may enhance. 
In contradistinction, venous malformations enhance but in 
a delayed fashion after the administration of gadolinium 
contrast.

Treatment is aimed at the nature of the underlying biol-
ogy. Infantile hemangiomas most often regress during 
childhood. Vascular malformations are sometimes man-
aged conservatively or may undergo sclerotherapy or even 
surgical resection [87]. Surgical management of lymphatic 

a bFig. 14.33 Intrascrotal 
metastasis from 
neuroblastoma in a 2-year-old 
boy who presented with a 
painful and hard scrotal mass. 
Axial T2-weighted MR image 
(a) shows lobular, 
intermediate signal masses in 
the scrotum bilaterally. 
Metaiodobenzylguanidine 
(MIBG) planar scintigraphic 
image (b) demonstrates 
widespread metastasis, 
including bone marrow and 
scrotal disease (arrows)
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a b
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Fig. 14.34 Scrotal lymphatic malformation in a 9-year-old boy who 
presented with intermittent right inguinal swelling. Coronal 
T2-weighted fat- suppressed MR image (a) shows a multilobulated, 
high signal cystic collection (thin arrow). Note the involvement of the 
spermatic cord (thick arrow). Axial T2-weighted fat-suppressed MR 

image (b) demonstrates a multilobulated, high signal cystic collection 
(arrows) in the scrotum and perineum. Coronal T1-weighted MR image 
(c) shows a multilobulated, low signal cystic collection (arrows). Axial 
enhanced T1-weighted fat-suppressed MR image (d) demonstrates the 
cysts (arrow) to have peripheral but not central enhancement

malformations of the male genitalia is often uniquely com-
plicated as they are inclined to intertwine around the sper-
matic cord [85].

 Conclusion

There are several primary modalities for the imaging evalu-
ation of the male genital tract in the pediatric population. 
These include ultrasound, vesicourethrography, and retro-
grade urethrography. MR imaging has been used primarily 
as a complimentary modality. However, in recent years, it 
is rapidly gaining popularity. Besides its widely recognized 

role as a “problem-solving” technique when there are equiv-
ocal findings on another examination, it has been shown in 
many instances to be the superior imaging modality due to 
its superb soft tissue contrast. The soft tissues of the pelvis 
particularly lend themselves to evaluation by MR imaging. 
MR imaging has proven most valuable when detailed map-
ping of anatomy or extent of disease evaluation is called 
for. The unique advantages of MR imaging over alternative 
modalities for evaluating male genital tract disorders need 
to be weighed against its costs. These include financial cost, 
limited availability, potential need for sedation, and the 
small but present risks associated with gadolinium contrast 
material.
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Female Genital Tract

Sharon W. Gould, Juan S. Calle Toro, Susan J. Back, 
Daniel J. Podberesky, and Monica Epelman

 Introduction

Transabdominal ultrasound provides an excellent initial 
evaluation of the female pediatric genital tract; however, MR 
imaging is superior for detailed evaluation of the ovaries and 
uterus, as well as surrounding structures. Due to its high spa-
tial resolution and tissue contrast, MR imaging is increas-
ingly being used for pediatric female pelvic imaging.

Although high-resolution imaging may be obtained with 
transvaginal ultrasound, this technique is not generally 
appropriate for nonsexually active girls. MR imaging of soft 
tissue resolution is superior to that of computed tomogra-
phy (CT), and there is no exposure to ionizing radiation. MR 
imaging has been shown to decrease the need for diagnostic 
laparoscopy or additional imaging by providing definitive 
imaging characterization of pathology [1]. Therefore, MR 
imaging is an excellent problem-solving tool when transab-
dominal ultrasound is indeterminate.

This chapter discusses MR imaging techniques for the 
pediatric female pelvis through review of normal anatomy 
and development of the female genital tract as well as con-
genital and acquired disorders.

 Magnetic Resonance Imaging Techniques

 Patient Preparation

The MR imaging protocol should target suspected pathology 
identified on prior imaging studies, most commonly ultra-
sound, keeping in mind the length of the examination. While 
school-age and adolescent patients can usually tolerate MR 
imaging, infants, young children, and those with conditions 
that may limit cooperativity often require sedation. When 
needed, sedation or anesthesia protocols determine patient 
preparation including pre-procedure arrival time and with-
holding of meals. Young infants may tolerate the feed and 
swaddle technique [2, 3], in which case withholding of both 
sleep and food is required for at least 4 hours prior to the 
procedure. The child is then fed and swaddled immediately 
prior to the examination to promote natural sleep during the 
examination.

Other patient preparation includes placement of an intra-
venous (IV) catheter for contrast, best performed prior to 
feeding and swaddling for infants. In the setting of a com-
plex pelvic anomaly such as a persistent urogenital sinus 
or cloaca, catheters can be placed into perineal openings 
with fluid (including dilute contrast) or gel instilled into 
the body cavities during imaging to better define internal 
anatomy [4, 5].

 MR Imaging Pulse Sequences and Protocols

Protocols vary by institution and MR vendor; however, there 
are fundamental principles that apply to female pelvic MR 
imaging (Table 15.1).

T2-weighted sequences without fat suppression performed 
along oblique coronal and sagittal planes with respect to the 
uterus are essential for assessment of uterine fundal and zonal 
anatomy, respectively [6]. If a 3D acquisition is possible, a 
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series acquired in the sagittal or axial plane can then be refor-
matted along the planes of the uterus, reducing the overall 
study length [7]. Axial T1- and T2-weighted non-fat-sup-
pressed series are useful for identification of anatomic land-
marks. Fat-suppressed T1-weighted images are important in 
the differentiation of fat and blood products, for example, in 
cases of hemorrhagic cysts, suspected endometriosis, or tera-
toma. Diffusion-weighted imaging (DWI) may be helpful in 
inflammatory or ischemic conditions [8, 9], and susceptibil-
ity-weighted sequences may be helpful in the evaluation of 

endometriosis [10, 11]. T1-weighted in- and opposed-phase 
chemical shift imaging can be highly useful to identify small 
amounts of fat. Due to the longer echo time of in-phase 
images, susceptibility artifact from gas or calcium is more 
noticeable on in-phase images, thus improving detection [6]. 
Utilization of multipoint Dixon sequences that obtain simulta-
neous T1-weighted in- and out-of-phase, fat- suppressed, and 
water-suppressed images or T2-weighted fat-suppressed and 
water-suppressed images can decrease overall scan time.

Malignant or inflammatory lesions can be better charac-
terized with dynamic post-contrast sequences. In the setting 
of T1-weighted hyperintense areas on pre-contrast imag-
ing, digital subtraction techniques can aid in identification 
of subtle areas of contrast enhancement. Bony contusions 
and muscle strains causing pelvic pain are best seen with fat- 
suppressed fluid-sensitive sequences such as short tau inver-
sion recovery (STIR) [12].

Although respiratory motion is less of a concern in pelvic 
imaging than in abdominal imaging, newer techniques that 
can shorten acquisitions such as parallel imaging, radial or 
spiral acquisitions, or compressed sensing may help allevi-
ate bulk body motion in awake or restless patients [3, 7, 13]. 
For some indications, such as complicated pelvic malforma-
tions, a technique with high spatial resolution is desirable; 
however, these sequences have longer acquisition times. The 
need for high spatial resolution should be considered when 
determining if a patient requires sedation.

 Anatomy

 Embryology

Prior to 7 weeks of gestation, the ovaries begin as undifferen-
tiated gonads arising from primordial germ cells, sex cords, 
and epithelium in the retroperitoneum medial to the devel-
oping Wolffian and Müllerian structures [14] (Fig.  15.1). 
Traction of the round ligament causes the ovaries to ulti-
mately descend into the pelvis due to the change in alignment 
of the adnexal structures caused by Müllerian duct fusion.

Between 7 and 8 weeks of gestation, ovarian differentiation 
is influenced by several genes and multiple hormones [14, 15]. 
Around two million primordial follicles are initially formed 
that decrease in number to around 400,000 by menarche. The 
follicles are located in the outer cortex of the ovary surrounded 
by granulosa cells that arise from sex cord cells.

The uterus, fallopian tubes, and upper two-thirds of the 
vagina develop from the Müllerian (paramesonephric) ducts, 
whereas the lower third of the vagina develops from the 
urogenital (UG) sinus (Fig.  15.2). Müllerian and Wolffian 
(mesonephric) structures develop in all fetuses during the 
6th gestational week [14, 16]. The Wolffian ducts give rise to 
the ureteric buds and are intimately related to the developing 
Müllerian structures. In a female fetus with XX chromosomes, 
the absence of the sex-determining region of the Y chromo-

Table 15.1 Suggested pediatric female pelvic MR imaging protocol

Series Orientation Weighting Comments
1 Multiplanar T2, no FS Rapid localizer
2a Axial T2, no FS FSE or SSFSE
3a Sagittal 

oblique
T2, no FS Aligned to the 

endometrial canal from 
series 2

4a Coronal 
(oblique)

T2 with or 
without FS

Aligned to the 
endometrial canal from 
series 3 for suspected 
uterine abnormality 
without FS or straight 
coronal with FS for 
adnexal mass

5 Axial T1, no FS Routine for landmarks 
and tissues 
characterization

6 Axial In- and out-of- 
phase, T1 
gradient recalled

For tissue characterization

7 Axial DWI with 2 
B-values and 
ADC map

Highest reasonable B 
value for one acquisition 
for improved ADC map

8 Axial Susceptibility- 
weighted series

For assessment of blood 
products or endometriosis

9 Axial or 
coronal

FS heavily 
T2-weighted such 
as STIR

Assessment of 
musculoskeletal structures 
for pelvic pain cases

10 Axial T1 with FS pre- 
and post-contrast 
dynamic series

If a pre-contrast series is 
not included in the 
protocol, a separate 
T1-weighted, fat- 
suppressed series should 
be obtained
Also, subtraction of 
pre- and post-contrast 
series should be 
considered for lesions 
with hyperintense areas 
on pre-contrast 
T1-weighted series

11 Coronal T1 FS post-
contrast delayed

For additional lesion 
characterization

aThese series can be obtained without fat suppression as a single 3D 
acquisition in the coronal or axial plane and then reformatted along the 
planes of the uterus to decrease overall scan time. 3D acquisitions take 
longer to acquire and require a higher degree of patient’s cooperativity. 
Decisions regarding 3D series should be made when decisions regard-
ing patient sedation are considered
FS  fat suppression, FSE  fast spin echo, SSFSE  single-shot fast spin 
echo, STIR short tau inversion recovery
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some results in ovarian gonadal differentiation. Without testes 
to produce testosterone and Müllerian inhibiting substance, 
the Wolffian structures begin to involute after the 6th gesta-
tional week, and the Müllerian ducts persist [14, 17].

Disruption of Müllerian organogenesis results in agenesis 
or hypoplasia of the uterus, fallopian tubes, and upper vagina 
on the involved side. Due to the close relationship of the devel-
oping Müllerian ducts and ureteric buds, renal and Müllerian 
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duct anomalies commonly coexist [16–19]. Between the 6th 
and 11th weeks of gestation, the paired Müllerian ducts fuse 
in the midline to form the uterus, cervix, and upper vagina 
[17] (Fig. 15.3). The uterovaginal septum resorbs between 
9 and 12  weeks, completing the midline fusion [16, 17]. 

During the 4th to 6th weeks of gestation, the urorectal sep-
tum grows caudally to join the cloacal membrane, dividing 
the rectum from the urogenital sinus [16, 17, 20, 21]. The 
distal third of the vagina develops after the Müllerian ducts 
grow distally to contact the UG sinus. Uterine/upper vaginal 
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Fig. 15.3 Uterine anomalies during the development of the female 
genital tract. The female reproductive system develops from the fusion 
of the Müllerian ducts during embryo development. The septum that 

separates them eventually disappears. However, if alterations of any kind 
occur during this process in the fetus, uterine anomalies will develop, 
including didelphys, septate, or bicornuate uterus, among others

S. W. Gould et al.



391

and lower vaginal anomalies are not always related due to 
their different embryologic origins [16–19].

 Normal Development and Anatomy

The ovaries are normally located in the ovarian fossae just 
inferior to the bifurcation of the common iliac arteries and 
posterior and lateral to the uterine fundus. Both the ovarian 
arteries and ascending branches of the uterine artery supply 
the ovaries [22]. The ovaries are covered by epithelium which 
overlies the compressed stromal layer of tunica albuginea [15]. 

The medullary region consists of connective tissue and ves-
sels. The cortical region of the ovary in a prepubertal girl con-
sists of submillimeter follicles with granulosa cells forming 
the intervening stroma. Changes in ovarian size and appear-
ance with age and development are discussed in Table 15.2.

Neonatal ovaries may have identifiable follicles visible 
on MR imaging as high T2-weighted signal intensity foci of 
varying size due to the influence of maternal hormones [7, 
23]. During early childhood, the ovaries may be hard to dif-
ferentiate from surrounding pelvic structures on MR imag-
ing due to their small size and intermediate signal intensity. 
Subcentimeter high T2-weighted signal intensity structures 
may be seen within the ovaries of young girls, but these may 
not represent true follicles [18]. In older prepubertal girls, 
the ovaries are intermediate signal to hyperintense compared 
to muscle on T2-weighted images and may develop an adult 
appearance after 7–8  years of age. Because there is sub-
stantial overlap in the appearance of pre- and postpubertal 
ovaries, ovarian features are an unreliable indicator of preco-
cious puberty [24]. However, in a girl under 7 years of age, 
an ovarian volume of >4 mL with 6 or more follicles should 
raise the possibility of premature sexual development [23].

Mature ovaries appear heterogeneously hyperintense to 
muscle on T2-weighted images (Fig. 15.4). The postpubertal 
ovarian cortex contains follicles in varying stages of matura-
tion as well as corpora lutea and corpora albicans [6]. The 
stroma is mildly T2-weighted hyperintense to muscle, and 
immature follicles are quite hyperintense. The corpus luteum 
develops after mature (Graafian) follicle rupture and expul-
sion of the oocyte. The wall of the corpus luteum becomes 
thickened and hyperemic demonstrating high T2-weighted 
signal intensity and avid contrast enhancement due to enlarge-
ment of thecal and granulosa cells (Fig.  15.5). Follicular 
walls show milder enhancement than that seen in the wall of 
a corpus luteum. Any hemorrhage within the corpus luteum 

Table 15.2 Ovarian size and appearance at different developmental 
stages [23]

Age Ovarian 
volume

Follicles MR appearance

Up to 3 months 1–3.5 mL <9 mm diameter 
follicles may be 
visible

Visible small 
follicles

Pediatric
(<7 years)

0.5–
1.5 mL
(>4 mL 
abnormal)

Usually fewer than 
6 follicles <9 mm
(≥6 follicles 
abnormal)

May be 
indiscernible from 
surrounding pelvic 
structures

Prepubertal 1–4 mL Subcentimeter 
follicles up to 
3 cm follicles

More mature 
appearance with 
intermediate to 
slightly T2 
hyperintense 
stroma

Pubertal 2–6 mL True follicles up 
to 3 cm

Mature appearance 
that varies with 
menstrual cycle 
and ovulation

Reproductive/
late adolescent

4–16 mL
Mean 
9.8 mL

True follicles up 
to 3 cm

Mature appearance 
that varies with 
menstrual cycle 
and ovulation

a b

Fig. 15.4 (a) Normal appearance of the ovaries and uterus in a healthy 
17-year-old girl. Axial T2-weighted fat-suppressed MR image reveals 
multiple hyperintense follicles of varying sizes. The uterus is anteverted 
and its entire length is visible. Notice the flat internal and external fun-

dal contours. (b) Normal appearance of the ovary in another 17-year- 
old girl. Axial T2-weighted MR image shows cortical follicles in 
varying stages of maturation. The stroma (∗) is mildly hyperintense to 
muscle, and immature follicles are quite hyperintense
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may appear hyperintense on T1-weighted images [6, 23] 
(Fig. 15.6). Later, the corpus luteum regresses with loss of 
T2-weighted hyperintensity and hyperemia. The corpus  
albicans represents fibrous tissue that replaces the corpus 
luteum and eventually involutes. Ovarian stroma enhances 
less than the follicular walls. On DWI, the ovarian stroma 
does restrict, with low signal intensity on the apparent dif-
fusion coefficient (ADC) maps; however, follicles do not 
restrict and are bright on ADC maps [8].

Fallopian tubes are paired structures on either side of the 
pelvis extending from the pelvic sidewalls to the uterine cor-
nua. There are four sections of the fallopian tube: the inter-
stitial portion of the tube is surrounded by myometrium at 
the uterine corner a long isthmic portion of the tube courses 
laterally through the mesovarium; the ampullary segment 
is funnel-shaped and curves anterolateral to the ovary; and 
the infundibular portion extends posteriorly with its fimbriae 
covering the posteromedial aspect of the ovary. Normal fal-

a b

Fig. 15.5 Nonhemorrhagic corpus luteum in a 17-year-old girl. Axial 
T2-weighted (a) and axial T1-weighted fat-suppressed contrast- 
enhanced (b) MR images show a left ovarian cystic structure (arrow-

heads) consistent with a nonhemorrhagic corpus luteum. The wall of 
the corpus luteum is slightly thickened and shows avid contrast 
enhancement

a b

Fig. 15.6 Hemorrhagic corpus luteum (hemorrhagic cyst) in an 
asymptomatic 17-year-old girl. The images were obtained as part of a 
right hip MR imaging study. Axial T2-weighted MR image (a) shows a 
right ovarian cyst (arrowhead) with walls of intermediate signal inten-

sity. Corresponding coronal T1-weighted fat-suppressed unenhanced 
MR image (b) shows high signal intensity of the ovarian cystic structure 
(arrowhead), a finding consistent with blood products
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lopian tubes measure 10–12 cm in length and 4 mm in diam-
eter in a postpubertal girl and are generally not well seen 
with any imaging modality unless there is a considerable 
amount of pelvic ascites [6, 25].

The uterus is a midline structure with the fundus postero-
superior to the dome of the bladder with the lower body and 
cervix located between the posterior bladder wall and rec-
tum. The peritoneum drapes over the uterus along its pos-
terior surface down to the lower uterine segment and then 
continues posteriorly along the anterior surface of the rec-
tum. This peritoneal reflection creates the pouch of Douglas, 
a peritoneal recess in which free pelvic fluid may collect. 
Due to the effect of maternal hormones, the endometrial 
canal may be seen as a T2-weighted hyperintense stripe in 
neonates, and a small amount of fluid may be seen in the 
endometrial cavity [24] (Table 15.3).

At birth, the cervix is approximately twice the length of 
the uterus [6, 18] (Fig. 15.7). As the effects of maternal hor-
mones subside during the first year of life, the uterus assumes 
a tubular configuration and uniform T1- and T2-weighted 
isointensity with muscle with poor definition of the endo-
metrial stripe [7, 24]. At this point, the uterus is the same 
length as the cervix [6]. During the prepubertal period, the 
uterus begins to lengthen (Fig. 15.8). At puberty, the uterus 
develops the pear shape seen in maturity, with the fundus 
wider than the cervix, and it lengthens becoming longer than 
the cervix [6, 18, 24].

The zonal anatomy of the uterus is evident on T2-weighted 
images during puberty (Fig.  15.9). There is considerable 
cyclical variation of the endometrium, the innermost uterine 
layer [6, 10]. The T2-weighted hyperintense, mildly enhanc-
ing appearance of the endometrium is due to the presence of 
mucinous glands [7]. During the proliferative phase of the 
menstrual cycle, estrogen stimulates gradual thickening of 
the endometrium [18]. After ovulation, during the secretory 
(luteal) phase, progesterone stimulates further thickening. 
The endometrium is at its thickest just prior to menstruation, 
when the endometrium then sloughs and non-enhancing 
debris and fluid may be seen in the canal. The endometrium 
is thinnest at the end of menstruation. The next layer is the 
junctional zone that represents the inner, compact layer of 
myometrium that measures up to 12 mm in thickness. This 
layer has low T2-weighted signal intensity due to low water 
content and normally appears well-marginated [6]. By com-
parison, the outer myometrial layer is intermediate in signal 
on T1- and T2-weighted images [23].

The cervix is contiguous with the lower uterine segment 
or body and the internal os protrudes into the upper third of 
the vagina in the midline. The cervix has three layers, like the 
uterus, that are visible on T2-weighted images in postpubertal 
girls [6]. The endocervix exhibits T2-weighted hyperintensity 
and enhancement due to the high number of mucinous glands. 
The inner cervical stroma is compressed and appears low in 
signal intensity on T2-weighted images, while the outer stro-
mal layer is intermediate in signal intensity [6].

The vagina is situated between the bladder neck and ure-
thra anteriorly and the rectum and anus posteriorly, connect-
ing the cervix with the vulvar vestibule [26]. The vagina also 
has three layers: the innermost mucosa, the muscularis, and 
the adventitia [27]. On axial T2-weighted images, the vagina 
has an H-shaped configuration with a mildly hyperintense 

Table 15.3 Stage of uterine development [23]

Age Uterine shape Uterine length (cm) Endometrium Uterine length: cervical length
Neonate Tubular 3.5 Mildly T2-weighted hyperintense 1–1.5:2
Pediatric Tubular 1–3 Ill-defined 1:1
Prepubertal Bulbous 3–4.5 Ill-defined – visible stripe 1–1.5:1
Pubertal Pear-shaped 5–8 Mature zonal anatomy 2:1
Late pubertal/reproductive Pear-shaped 8–9 Mature zonal anatomy 2:1

Fig. 15.7 Normal neonatal uterus in a 3-day-old girl. Sagittal 
T2-weighted MR image shows the normal appearance of the neonatal 
uterus. The endometrial stripe (∗) is well-visualized in most instances. 
Notice the relative prominence of the cervix (arrowheads), which is 
wider than the fundus (arrow)
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inner mucosal layer, a low signal intensity muscularis and 
a heterogeneously hyperintense perivaginal venous plexus. 
On sagittal images, the anterior vaginal wall extends supe-
riorly, anterior to the exocervix to form the anterior vaginal 
fornix. Similarly, the posterior wall extends upward to form 
the posterior vaginal fornix. Vaginal length can range from 
4 to 12 cm in postpubertal girls [26]. The postpubertal vagi-
nal appearance on MR imaging varies with the menstrual 
cycle under hormonal influence [27]. The mucosal layer is 
mildly T2-weighted hyperintense and exhibits mild enhance-
ment that appears most prominent during the mid-secretory 
phase [26]. The hymen is usually an incomplete septation 
that traverses the junction of the middle and lower thirds of 
the vagina and is usually not visible on imaging [15]. It rep-
resents a vestigial remnant of the vaginal plate that is cana-
lized when the Müllerian ducts extend downward to meet the 
urogenital sinus.

 Anatomic Variants

Müllerian Duct Anomalies Müllerian duct anomalies (MDAs) 
arise from disrupted development of the Müllerian ductal system 
as shown in Table 15.4. Because some  conditions may be asymp-
tomatic, the true prevalence is unknown [7]. While the incidence 

Fig. 15.8 Normal prepubertal uterus in an 8-year-old girl. Sagittal 
T2-weighted MR image shows the normal prepubertal, tubular appear-
ance of the uterus (arrowheads). The uterus is diffusely hypointense 
and the endometrial stripe is not well seen

a b

Fig. 15.9 Sagittal T2-weighted MR images obtained in a 14-year-old 
girl (a) and in a 17-year-old girl (b) show the normal zonal anatomy of 
the postpubertal uterus in anteversion (a) and retroversion (b). The 
endometrium (∗) is hyperintense, and the subjacent junctional zone 

(arrows) or inner myometrium has low signal intensity. The inner myo-
metrium is contiguous with the fibromuscular stroma in the cervix 
(dashed arrows), which is also hypointense. The outer myometrium 
(arrowheads) reveals intermediate signal intensity
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in an unselected population has been reported to be 6.7%, the 
incidence may be as high as 25% in patients with a history of 
prior miscarriage or infertility [15, 17, 19].

Classification of MDAs is controversial. The most widely 
accepted system is the classification created by the American 
Fertility Society, now the American Society of Reproductive 
Medicine (ASRM), which groups the anomalies based on 
uterine anatomy and impact on potential pregnancy outcome 
[28] (Fig.  15.10). However, this system has limited utility 
in children because it fails to take into account obstructive 
abnormalities of the cervix and vagina that create symp-
toms presenting in childhood; and criteria used to describe 
the morphology of the adult uterus may not be applicable to 
immature uteri [16, 18, 19].

A segmental approach is therefore recommended in chil-
dren with careful description of anatomy and abnormali-
ties identified at each anatomic level [17–19]. A search for 
related urinary tract abnormalities is also warranted in these 
children due to the high frequency of associated abnormali-
ties including horseshoe kidney, ectopia, dysplasia, and uri-
nary tract dilation [16–19]. Multidisciplinary assessment is 
best in these cases for thorough evaluation and correct diag-
nosis because the best chance for preservation or restoration 
of fertility lies in the initial attempt at repair [16, 19].

Imaging of the neonatal uterus for a suspected MDA 
may be successful with transabdominal ultrasound due to 
the temporary uterine stimulation caused by maternal and 
placental hormones; however, once that effect subsides the 
small uterine size and lack of definition of the endome-
trial canal preclude definitive evaluation with any modality 
[18, 19]. When MR imaging is performed during or after 

puberty once the uterus and vagina have a more mature, 
defined appearance, it is highly useful in the evaluation of 
MDAs due to its high soft tissue contrast and multiplanar 
imaging capability [17]. In this setting, MR imaging has a 
very high diagnostic success rate, approaching 100% [19], 
and therefore, follow-up imaging is recommended after 
puberty for patients with a suspected MDA at birth.

Müllerian duct aplasia or hypoplasia results in fallopian 
tube, uterine, cervical, and/or upper vaginal absence or 
hypoplasia [17, 18]. This class of anomalies accounts for 
5–10% of MDAs and is associated with primary infertility 
[15, 17–19]. Complete absence of the Müllerian duct struc-
tures is known as type 1 Mayer-Rokitansky-Kuster-Hauser 
(MRKH) syndrome [17, 18]. These patients have normal 
ovarian function with a normal phenotype, but present 
with primary amenorrhea (Fig. 15.11). Fertility cannot be 
restored in these patients, but sexual function can be made 
possible by vaginal lengthening or creation of a neovagina 
[16, 17]. The goals of imaging are to assess for rudimen-
tary structures, especially a hypoplastic, obstructed uterus, 
as well as to assess vaginal length for preoperative plan-
ning. Assessment for associated renal abnormalities should 
be performed, as well. If there are associated renal, ear, 
or skeletal anomalies, then type II MRKH should be con-
sidered, also called MURCS association (Müllerian duct 
aplasia, unilateral renal agenesis, cervical somite dysplasia 
association) [18, 19].

Unilateral incomplete or absent Müllerian duct devel-
opment results in a unicornuate uterus, accounting for 
approximately 20% of MDAs [17, 19] (Fig. 15.12). The 
involved horn may be absent, but 65% of cases have a 

Table 15.4 Summary of Müllerian duct anomalies (MDAs)

Embryology Anomaly Abnormal structures ASRM class
MD aplasia Fallopian tube, uterine, 

cervical, or upper 
vaginal hypoplasia

Aplasia or hypoplasia of any one or combination of the fallopian tubes, uterus, 
cervix, and/or vagina

Class I

Unilateral MD 
hypoplasia/aplasia

Unicornuate uterus The horn may be absent or rudimentary and may or may not communicate 
with the primary horn

Class II

Failure of midline 
fusion of the MDs

Uterus didelphys Two uterine horns separated by a deep cleft; one may be obstructed. Two 
cervices
Longitudinal vaginal septum is common, and one side may be obstructed as in 
OHVIRA and Herlyn-Wunder- Werlich

Class III

Incomplete midline 
fusion of the MDs

Bicornuate uterus Two uterine horns that fuse at some point above the internal os
There is a fundal cleft of at least 10 mm. There may be one (unicollis) or two 
(bicollis) cervices

Class IV

Persistence of all 
or part of the 
midline septum

Septate uterus Persistence of all or part of the intrauterine septum
The fundus may be concave but has no cleft

Class V

Minimal septal 
persistence

Arcuate uterus Near complete septal resorption with mild concavity of the fundal contour of 
the uterine cavity

Class VI

MD Müllerian duct, ASRM American Society for Reproductive Medicine, OHVIRA Obstructed hemivagina with ipsilateral renal agenesis
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Class I: Hypoplasia/agenesis Class II: Unicornuate Class III: Didelphys

Class IV: Bicornuate

Non-communicatingCommunicatingCervicalVaginal

Fundal Tubal

No cavity No horn Complete Partial

Class VII: DES exposureClass VI: ArcuateClass V: Septate

Complete Partial

Combined

Fig. 15.10 Classification system for Müllerian anomalies developed 
by the American Society for Reproductive Medicine (formerly known 
as the American Fertility Society). (Reproduced with permission. 
Copyright© 2005 by the American Society for Reproductive Medicine). 
All rights reserved. No part of this presentation may be reproduced or 

transmitted in any form or by any means, electronic or mechanical, 
including photocopying, recording, or any information storage and 
retrieval system without permission in writing from the American 
Society for Reproductive Medicine, 1209 Montgomery Highway, 
Birmingham, AL 35216

B R

a Ab

Fig. 15.11 Meyer-Rokitansky-Kuster-Hauser syndrome in a 16-year-old 
girl. (a) Sagittal T2-weighted MR image shows a hypoplastic, blind-end-
ing vagina (arrows) coursing between the rectum (R) and the bladder (B). 

No normal uterine tissue is identified. (b) Axial T2-weighted MR image 
shows bilateral normal ovaries (arrowheads), which are responsible for 
the normal female phenotype
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hypoplastic horn [16, 19]. Almost 50% of hypoplastic 
horns have an endometrial canal. Approximately 70% of 
rudimentary horns do not communicate with the primary, 

contralateral horn. As a result, there is an increased inci-
dence of endometriosis in these patients due to retrograde 
menstruation [16, 19], and affected patients may present 
with pelvic pain from the obstructed horn (Fig.  15.13). 
An obstructed rudimentary horn may be seen as a pelvic 
mass in neonates. Surgical resection of rudimentary horns 
that contain an endometrial canal is required due to the 
possibility of both endometriosis and pregnancy implan-
tation in the abnormal horn [17]. MR imaging shows the 
normally developed horn to be an elongated, banana- or 
cigar-shaped structure lying off-midline with normal uter-
ine zonal anatomy [16, 17, 19]. The MR imaging appear-
ance of the rudimentary horn varies [17]. If zonal anatomy 
is present in the rudimentary horn, then an endometrial 
canal is present. If obstructed, the rudimentary horn can 
appear as a mass with blood products often appearing 
hyperintense on T1-weighted series [15, 16, 19]. There 
is a high incidence of ipsilateral renal anomalies in these 
patients [16, 17].

Complete failure of fusion of the Müllerian ducts results 
in a uterus didelphys (Fig. 15.14) with two widely separated 
horns with a deep fundal cleft, two cervices, and often a longi-
tudinal vaginal septum [17, 18]. This anomaly accounts for 5% 
of MDAs [15, 19]. There may be a transverse component of 
the vaginal septum on one side, as well, with unilateral hydro- 
or hematometrocolpos. These patients typically present with 
dysmenorrhea, a pelvic mass, and possibly hematosalpinx and 
endometriosis, as well. However, affected pediatric patients 

Fig. 15.12 Unicornuate uterus in a peripubertal girl demonstrating a 
single uterine horn with normal appearance. Coronal T2-weighted fat- 
suppressed MR image shows the typical banana-shaped appearance of 
a single, nonobstructed unicornuate uterus (arrows). No rudimentary 
horn is seen in this case

a b

Fig. 15.13 Unicornuate uterus with an obstructed, noncommunicating 
right uterine horn in a 15-year-old girl who presented with right lower 
quadrant pain. Axial T2-weighted (a) and sagittal T1-weighted (b) MR 
images show retained blood products within the obstructed, noncom-

municating right horn (arrows). The left uterine horn (arrowheads) has 
the typical banana-shape and shows normal zonal anatomy. It is nonob-
structed and functional
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are not amenorrheic due to the patent hemivagina. MR imag-
ing in these pediatric patients shows high signal intensity 
T1-weighted contents within the dilated, obstructed hemi-
vagina, within the ipsilateral uterine horn, and possibly also 
in a dilated fallopian tube [17]. Treatment is resection of the 
vaginal septum relieving the obstruction with careful observa-
tion during pregnancy [16]. There is a high association with 
ipsilateral renal agenesis, a syndrome known as OHVIRA 
(obstructed hemivagina ipsilateral renal agenesis) or Herlyn-
Werner-Wunderlich syndrome [15, 16, 19] (Fig.  15.15). In 
cases without vaginal obstruction, affected pediatric patients 
may be asymptomatic. In nonobstructed didelphys uteri, both 
horns demonstrate normal zonal anatomy [16, 17].

A bicornuate uterus occurs when fusion of the 
Müllerian ducts is incomplete and accounts for approxi-
mately 10% of MDAs [17] (Fig. 15.16). In a bicornuate 
uterus, there is at least some degree of communication 
between the endometrial cavities, although there may be 
two cervices (bicollis) and a vaginal septum. In this set-
ting, differentiation from a didelphys is difficult, although 
the horns are less widely divergent [16] (Fig.  15.17). 
According to the ASRM classification, there should be 
at least a 10  mm cleft in the uterine fundus to classify 
a uterus as bicornuate [28]; however, this criterion may 

be difficult to apply in a small, immature uterus [16, 18, 
19] (Fig. 15.18). MR imaging demonstrates two horns that 
are less splayed than in a didelphys uterus, but the fundal 
cleft should measure at least 10 mm on coronal imaging 
[16, 17]. Communication of the endometrial canals may 
not be appreciable by imaging. Careful assessment should 
be made to assess for the presence of two cervices and a 
vaginal septum. Instillation of vaginal gel may help dem-
onstrate a vaginal septum, if appropriate [15–17].

Failure of resorption of the uterovaginal septum gives 
rise to a septate uterus, the most common MDA compris-
ing 50–55% of cases [16–19] (Fig. 15.19). The septum may 
be partial or complete and may even extend into the upper 
vagina. There is a high association with miscarriage in this 
condition; therefore, recognition and differentiation from 
a bicornuate uterus is essential [17, 19]. On MR imaging, 
assessment of the external uterine fundal contour is neces-
sary to exclude the presence of a cleft of 10 mm or more, 
particularly in the rare co-occurrence of a duplicate cer-
vix [16, 17, 19]. Evaluation of the nature of the septum is 
required because fibrous septa appear low in signal inten-
sity on T2-weighted sequences and are resectable transvagi-
nally, but septa containing intermediate T2-weighted signal 
intensity myometrium require a transabdominal approach 

a b

Fig. 15.14 Uterus didelphys in an asymptomatic postpubertal 17-year- 
old girl. The images are part of a hip study. Axial T2-weighted MR 
images (a, b) show widely divergent uterine horns (arrows in a) sepa-

rated by a very deep fundal cleft caused by failure of Müllerian duct 
fusion. Two cervices are present (arrowheads in b), consistent with 
uterus didelphys
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V

Fig. 15.15 A 14-year-old girl who presented with abdominal pain  
and distension, but a history of normal, though irregular menstrual 
periods. Coronal T2-weighted MR image with fat suppression (a) 
coronal T1 (b) and axial (c) and sagittal (d) T2-weighted MR images 
show a markedly distended right uterine horn (arrows) and vagina 
(V) with blood products consistent with hematometrocolpos. Blood 

products are also appreciated in the right fallopian tube (arrowheads 
in a, b), which is markedly distended. These aforementioned find-
ings are consistent with hematosalpinx. The left uterine horn 
(dashed arrows) shows normal zonal anatomy, and it is unob-
structed. Coronal T2-weighted MR image (e) reveals a solitary left 
kidney (K) showing compensatory hypertrophy

15 Female Genital Tract



400

for resection [16, 17, 19]. Due to the smaller size and less 
developed zonal anatomy of prepubertal uteri, definitive 
imaging evaluation is best performed after puberty in cases 
of suspected bicornuate or septate uteri for improved accu-
racy [19].

An arcuate uterus (Fig.  15.20) is considered a normal 
variant by some, but represents minimal septal persistence 
at the fundus resulting in a saddle-shaped indentation of the 

fundal aspect of the endometrial canal [16, 19]. The exter-
nal fundus has a normal convex contour with homogeneous, 
isointense T2-weighted signal intensity and no hypointense 
septum [16, 17, 19].

Congenital Vaginal Septa and Imperforate Hymen 
Congenital septa in the vagina may be longitudinal due to 
incomplete Müllerian duct fusion or septal resorption as 

a b

Fig. 15.16 Bicornuate uterus in a 13-year-old girl who presented with vague abdominal pain. Axial T2-weighted MR images (a, b) show two widely 
divergent uterine horns (arrows) with two distinct endometrial cavities joining together within the lower uterine segment to form a single cervix (∗)

a b

Fig. 15.17 (a) Axial T2-weighted and (b) coronal-oblique T2-weighted 
fat-suppressed MR images show widely divergent uterine horns (a, b, 
arrows) with a deep fundal cleft. Two cervices (b, arrowheads) are 

present. In this setting, differentiation between a bicornuate, bicollis, 
and a didelphys uterus is difficult

S. W. Gould et al.
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Fig. 15.19 Septate uterus in an 11-year-old girl. Axial T2-weighted MR 
image shows a separate uterus. The arrowhead denotes the hypointense 
fibrous septum. The arrow shows a flattened outer external contour with-
out a fundal cleft

a

c d

b

Fig. 15.18 MR imaging obtained in a 10-year-old girl who presented 
with right lower quadrant pain to exclude appendicitis. Axial 
T2-weighted (a–c) and coronal T2-weighted fat-suppressed (d) MR 
images show an apparent bicornuate unicollis uterus with two divergent 
uterine horns (arrows) and a single cervix (arrowhead in c). Technically, 

this uterus does not fulfill the criteria for a bicornuate uterus because the 
external fundal cleft is not deep enough. This is why in the pediatric 
population, accurate, descriptive terminology should be used rather 
than rigid classification system

Fig. 15.20 Arcuate uterus in a 17-year-old girl. Axial T2-weighted 
MR image shows an arcuate uterus which is considered by some to 
be a normal variant resulting from incomplete resorption of the 
uterovaginal septum. There is a smooth, mild indentation (*) at the 
inner fundus and the external fundal contour (arrows) is convex, 
without a cleft
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described above, transverse due to incomplete fusion of 
Müllerian duct and urogenital sinus elements, or a combination 
with obstruction of one hemivagina and uterus as in OHVIRA 
[15, 18, 19, 26, 29] (Fig. 15.21). Vaginal septa may occur in 
isolation or along with MDAs, as described above. Transversely 
oriented septa uncommonly present in infancy as hydrocolpos, 
seen as T1-weighted hypointense and T2-weighted hyperin-
tense signal in the vagina, and sometimes uterus (hydrometro-
colpos). Obstructing septa most commonly present at menarche 
as primary amenorrhea with hematometrocolpos and pelvic 
pain [29]. MR imaging shows complex fluid in the vagina and 
uterus that demonstrates high T1-weighted signal intensity 
indicative of blood  products (Fig. 15.22). This fluid may also 
distend the fallopian tubes (hematosalpinx).

Imperforate hymen is the result of a completely intact 
remnant of the vaginal plate and is the most common con-
genital anomaly of the female genital tract with an inci-
dence of 0.1% [26]. Imperforate hymen is not a MDA, 
and it is most commonly diagnosed clinically at men-
arche when the patient develops cyclic pelvic pain and 
primary amenorrhea, and it has a characteristic appear-
ance on clinical examination [7]. Ultrasound is typically 
sufficient to confirm the clinical diagnosis. MR imag-
ing may be sporadically helpful if there is suspicion of 
an MDA (Fig. 15.23). Similar to a vaginal septum, high 
T1-weighted signal intensity blood products are seen in 
the vagina and often in the uterus, representing hemato-
metrocolpos. Treatment consists of partial resection of the 
membrane [15].

LONGITUDINAL
VAGINAL
SEPTUM

TRANSVERSE
VAGINAL
SEPTUM

Fig. 15.21 Schematic representation of the anatomy of congenital 
vaginal septa in the setting of OHVIRA (obstructed hemivagina and 
ipsilateral renal anomaly) or Herlyn-Wunder-Werlich syndrome. The 
longitudinal vaginal septum, which is the result of failure of lateral 
fusion of the Müllerian ducts, courses in the craniocaudal dimension. 
The transverse vaginal septum, which is the result of failed vertical 
fusion between the Müllerian duct and the urogenital sinus, is typically 
the source of vaginal obstruction, which characteristically occurs on the 
same side as the renal agenesis. (Reproduced from Epelman et al. [19] 
with permission)

a b c

v v v

Fig. 15.22 Transverse vaginal septum in a 13-year-old girl who pre-
sented with cyclic pelvic pain and primary amenorrhea. Axial STIR (a), 
sagittal T2-weighted fat-suppressed (b), and axial T1-weighted fat-
suppressed (c) MR images show a distended vagina (V) filled with 

blood products. The most caudal portion of the dilated vagina is not as 
low as the most caudal aspect of the bladder, a finding that should raise 
suspicion for a transverse vaginal septum

S. W. Gould et al.



403

 Spectrum of Female Genital Tract Disorders

 Congenital Female Genital Tract Disorders

Congenital Cysts Congenital cysts include fetal/neona-
tal ovarian cysts, paraovarian cysts, and vaginal cysts. 
Simple fetal ovarian cysts are round and thin-walled [30, 
31]. They typically present in the third trimester and are 
believed to be the result of exposure to maternal hor-
mones. If the cyst  measures 20 mm or less, it is consid-
ered to represent a physiologic maturing follicle [31]. The 
“daughter cyst” sign is reported to be pathognomonic for 
fetal ovarian cysts [31] (Fig. 15.24). Most of these cysts 
spontaneously regress. Fetal and/or postnatal cyst aspira-
tion is controversial [31–33]. Neonatal surgery is reserved 
for complications, which usually occur with cysts larger 
than 5 cm. If surgery is needed, ovarian function preserva-
tion should be attempted. The role for MR imaging is lim-
ited in these cases, but may be helpful with fetal evaluation 
for female genitalia as well as normal urinary and gastro-
intestinal tracts [31]. MR imaging in the neonatal period 
cannot reliably differentiate an ovarian cyst from cysts of 
mesenteric origin or enteric duplication cysts but may 
confirm the presence of solid or hemorrhagic components. 
Ovarian neoplasms are rare in neonates [30].

Paraovarian cysts may develop from Wolffian, Müllerian, 
or mesothelial structures and lie in the adnexa, but are not part 
of the ovary [34–36]. Because the cysts are not functional, they 
do not exhibit the cyclic changes expected of ovarian cysts. 
On MR imaging, there is a defined cyst wall often abutting 

B
V

Fig. 15.23 Imperforate hymen in a 13-year-old. Sagittal T2-weighted 
MR image with fat suppression shows a distended vagina (V) with a 
fluid level, which extends well below the level of the bladder (B) neck 
(arrowhead)

a b

C
C

Fig. 15.24 Ovarian cyst in 37 weeks gestation female fetus. Sagittal (a) and axial (b) T2-weighted MR images show a well-circumscribed cyst 
(C) inferior to the liver, anterior and inferior to the kidney, and off-midline in the abdomen. A “daughter cyst” sign is indicated by the arrow on (a)
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the ovary, with cyst fluid that is T1-weighted hypointense and 
T2-weighted hyperintense [35, 36]. Paraovarian cysts should 
not exhibit solid components, wall thickening, enhancement, 
or hemorrhage. If the cyst can be separated from the ovary, 

then the diagnosis of paraovarian cyst can be made; however, 
clear separation may not be possible with large cysts causing 
mass effect on the adnexa [34, 35]. Paraovarian cysts may act 
as lead points for tubal torsion [6] (Fig. 15.25).

a
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b

Fig. 15.25 Paraovarian, fallopian tube cyst with associated fallopian 
tube torsion in a 12-year-old girl who presented with marked right 
lower quadrant pain. (a) Axial T2-weighted, fat-suppressed MR 
image shows a large simple-appearing cystic (C) structure in close 
proximity but separate from the right ovary. Both ovaries (arrows) are 
normal in size and MR imaging appearance. (b) Coronal T2-weighted 
MR image redemonstrates the large right hemipelvic cyst and an addi-
tional smaller cyst (arrowhead) on the left. (c) Axial T1-weighted fat-

suppressed post-contrast MR image shows adequate enhancement of 
both ovaries (arrows) and enhancement of the thin large cyst wall. (d) 
During laparoscopy, the large, right hemipelvis cystic structure was 
found to be a right paraovarian, fallopian tube cyst that had resulted in 
the right fallopian tube being torsed. Note the deep purple color of the 
cyst and torsed tube (dashed arrow). (e) The left fallopian tube 
appeared normal; however, a small cyst (arrowhead) was noted 
around the left fallopian tube
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Congenital vaginal cysts may arise from Wolffian or 
Müllerian remnants or can be epidermal inclusion cysts 
[18, 37]. Gartner’s duct cysts are Wolffian remnants that 
lie along the anterolateral wall of the vagina, often above 
the pubic symphysis [27, 29] (Fig. 15.26). This differen-
tiates them from Bartholin cysts that arise secondarily 
within glands located in the lower vagina, along either 
side, more caudal and posterior [26, 37, 38]. Bartholin 
gland cysts are formed by obstruction of mucin-secreting 
glands of the distal vagina, at or below the level of the 
pubic symphysis. Although MR imaging is rarely used for 
evaluation of these cysts, they may be found incidentally. 
Because Gartner’s duct cysts are the result of disordered 
Wolffian duct resorption, they may be associated with 
ipsilateral renal anomalies and should prompt imaging 
evaluation of the urinary tract [7, 27]. Vaginal cysts of 
any origin most commonly have a typical, homogeneous, 
thin-walled appearance with low T1-weighted and high 
T2-weighted signal intensity, unless the contents are pro-
teinaceous or hemorrhagic, in which case they may be 
heterogeneous and bright on T1-weighted images [37]. 
With secondary infection, the cyst wall may thicken and 
enhance [18, 26, 27, 29, 37, 38] (Fig. 15.27).

Cloacal Malformations and Urogenital Sinus Disruption 
of the distal growth of the urorectal septum to meet the cloa-
cal membrane may result in a wide range of abnormalities 
of the distal gastrointestinal (GI), urinary, and reproductive 
tracts [18–20, 39, 40]. If two perineal openings are present, 
a persistent urogenital sinus or cloaca variant should be con-
sidered with a single opening for the vagina and urinary 
tract with a discrete anus [20, 39, 40] (Fig. 15.28). If a single 
opening is identified, a persistent cloaca should be consid-

ered with communication of all three tracts [39, 40]. 
Similarly, if a cystic pelvic mass and ascites or hydrometro-
colpos are identified on prenatal imaging, a urogenital sinus 
or cloacal anomaly should be considered [18–21, 39, 40]. 
Imaging in these children should assess the degree of com-
munication between the respective tracts. There is an 
increased likelihood of associated Müllerian duct, renal, and 
spinal anomalies in these children which requires imaging 
evaluation [21, 39]. Urogenital sinus and cloacal malforma-
tions occur in phenotypically female patients; however, 
male patients with congenital adrenal hyperplasia are 
included in this group [39]. Some genetically female patients 
with a cloacal anomaly may exhibit virilization of the exter-
nal genitalia, although the cause of the virilization is 
unknown [19, 39].

MR imaging of neonates with a persistent urogenital 
sinus demonstrates hydrometrocolpos and possibly hydro-
salpinx with fluid in the dilated vagina and uterus related 
to outflow obstruction [18, 19, 39, 40]. Fluid-fluid levels 
in the bladder and/or vagina may be present due to admix-
ture of urine with uterovaginal secretions [19]. In a cloacal 
malformation, meconium in the urinary bladder and vagina 
may create a fluid-fluid level in the bladder and/or vagina, 
and cloacal stenosis can result in retrograde flow of urine 
into the vagina and uterus [20, 39]. Imaging assessment 
of the communication of the reproductive, urinary, and GI 
tracts is traditionally performed under fluoroscopy; how-
ever, MR imaging can be utilized to evaluate communica-
tion between structures using instillation of intracavitary 
gel or dilute contrast combined with high-resolution and 
multiplanar imaging [21]. MR imaging can simultaneously 
identify associated Müllerian duct and renal anomalies. 
High T1-weighted signal intensity meconium below the 

a b

Fig. 15.26 Gartner’s duct cyst in a 17-year-old girl. Sagittal (a) and axial (b) T2-weighted MR images of the pelvis show a Gartner’s duct cyst 
(arrows) originating from the right anterior lateral wall of the vagina 
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Fig. 15.27 Infected Bartholin’s gland cyst in a 16-year-old girl who 
presented with pelvic and perineal pain. Sagittal T2-weighted fat-sup-
pressed (a) and axial T1-weighted post-contrast (b) MR images show a 
thick-walled Bartholin’s gland cyst (arrowheads) with a thin septation 

and surrounding inflammatory changes. The cyst shows restricted diffu-
sion on DWI (c). Overall findings are consistent with superimposed 
infection. The patient was taken to the operating room, and purulent 
material was drained. N. gonorrhoeae grew on cultures

a b
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Fig. 15.28 Persistent urogenital sinus with a single orifice for the 
bladder outflow and vagina in a 20-month-old girl who presented with 
abdominal distension and pain. (a) Sagittal T2-weighted MR image 
demonstrates a large hydrometrocolpos with fluid distending the uterus 
(U) and vagina (V). (b) Coronal T2-weighted MR image shows the 

massively fluid distended vagina (V) and right ureteral (*) dilation. (c) 
Examination under anesthesia revealed a persistent urogenital sinus 
with a single orifice for the bladder outflow and vagina. The urethra 
drained high in the vagina. There is clitoromegaly, and the rectum is 
anteriorly positioned
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level of the hydrometrocolpos on fetal MR imaging favors 
a urogenital sinus over a cloacal anomaly [18, 20, 39, 40]; 
however, a small fistula may not be detected with this tech-
nique. In the setting of a larger communication between 
the urogenital sinus and rectum, the expected T1-weighted 
hyperintense signal of meconium is less evident due to 
mixing with urine [39, 40].

Preoperative imaging of urogenital sinus and cloa-
cal anomalies establishes baseline anatomy and imaging 
appearance in these patients prior to loss of tissue planes 
post- reconstruction [18, 19, 21]. Initial treatment con-
sists of decompression of the genitourinary tract, divert-
ing colostomy, and relief of ureteral reflux if severe [21, 
39]. Eventual repair involves separation of the tracts and 
creation of discrete perineal openings to provide urinary 
and fecal continence as well as sexual function. Anatomic 
findings including the lengths of fistulous connections, 
associated Müllerian duct, spine, and renal anomalies, the 
integrity of the pelvic floor musculature, and the function-
ality of sacral nerves determine the approach to surgical 
repair [15, 21].

 Infectious Female Genital Tract Disorders

Pelvic Inflammatory Disease and Tubo-ovarian Abscess  
Pelvic inflammatory disease (PID) is infection of the 
adnexae as a result of ascending infection from the vagina 
and cervix [25]. Young age, as opposed to adulthood, as 
well as an in-dwelling contraceptive device, multiple sex-
ual partners, or high frequency of sexual encounters are all 
known risk factors [25]. Neisseria gonorrhoeae and 
Chlamydia trachomatis are the most common pathogens, 
although a substantial portion of cases are polymicrobial 
[6, 25]. The clinical presentation of acute PID usually 
includes pelvic pain and cervical motion tenderness on 
examination [6, 25].

Imaging is not often needed as patients are treated based 
on clinical grounds [25]. Ultrasound is generally the first-
line imaging study for patients who have an unclear clinical 
presentation and fail to respond to initial therapy or when 
a complication such as pyosalpinx or tubo-ovarian abscess 
(TOA) is suspected [25]. Ultrasound findings in uncompli-
cated PID may be unclear, however, and secondary involve-
ment of the adnexa by a regional process such as appendicitis 
can cause similar findings [6, 25]. Timely diagnosis of PID 
is important to reduce the likelihood of progression to pyo-

salpinx or TOA as well as the development of adhesions that 
may increase the risk of chronic pelvic pain, infertility, and 
ectopic pregnancy [41].

MR imaging is increasingly being used in the assess-
ment of patients with acute and chronic abdominal pain 
and has been shown to be an effective first-line imaging 
modality in atypical or complicated PID [6, 42]. The main 
goal of imaging patients with PID is to identify compli-
cations that might require inpatient admission or more 
invasive treatment options. Uncomplicated PID appears 
as a loss of tissue planes involving the adnexa with ill-
defined intermediate T1-weighted and high T2-weighted 
signal intensity with diffuse enhancement [6, 41, 42]. 
Thickening and enhancement of the fallopian tube wall 
may be seen along with free fluid [6, 25]. The ovary should 
be identifiable as a discrete structure. Pyosalpinx, a pus-
filled fallopian tube, appears as a tortuous, fluid-filled 
tubular adnexal structure [6, 41] with enhancement and 
edema of the thickened tubal wall and adjacent pelvic fat. 
Simple hydrosalpinx, in contrast, has high T2-weighted 
signal intensity fluid in the lumen, but no tubal wall thick-
ening or surrounding enhancement [25, 41]. In pyosal-
pinx purulent material within the dilated fallopian tube 
may appear hyperintense in T1-weighted signal intensity 
due to proteinaceous or cellular debris. On T2-weighted 
images, tubal contents are hyperintense to muscle, are 
often slightly hypointense to urine, and may contain lay-
ering debris [6, 41]. The purulent material within the tube 
restricts on DWI, whereas the simple fluid in hydrosalpinx 
demonstrates increased diffusion [6].

TOAs result from progression of adnexal infection to 
form an inflammatory collection involving the fallopian 
tube, ovary, and surrounding pelvic soft tissues [25]. 
TOAs may arise in as many as 20% of adolescents with 
PID [18] and, like pyosalpinx, may require percutaneous, 
transvaginal, or surgical intervention for effective treat-
ment [41]. Ultrasound may identify a non-specific appear-
ing, complex adnexal mass that could represent a TOA, 
hemorrhagic cyst, endometrioma, hydro- or pyosalpinx, 
or neoplasm. On MR imaging, normal adnexal structures 
including the ovary are obscured by a complex, thick-
walled, part solid, and part cystic lesion with enhanc-
ing walls and septations [6, 9, 25, 43] (Fig. 15.29). The 
contents of the abscess appear low to intermediate on 
T1-weighted images and heterogeneously hyperintense on 
T2-weighted images, but less intense than urine [25, 35, 
41, 43, 44]. A rim of mildly increased T1-weighted sig-
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Fig. 15.29 Tubo-ovarian abscess in a nonsexually active 14-year-old 
girl 2  months after perforated appendicitis with positive cultures for 
Bacteroides and Streptococcus sp. (a) Ultrasound demonstrates an 
approximately 8 cm complex fluid collection in the left adnexa with a 
thick, hypervascular wall. The arrowheads and calipers denote a fluid 
dilated fallopian tube. Axial T2-weighted (b) and coronal T2-weighted 

fat-suppressed (c) MR images show a complex fluid collection (arrows). 
The arrowheads on (b) denote a mildly fluid distended left fallopian 
tube. Coronal T1-weighted fat-suppressed post-contrast (d) MR image 
shows a thick rim of enhancement. (e) An axial-oblique T2-weighted 
MR image through the left adnexa shows that the left ovary (O) is con-
tained within the complex fluid collection (arrows)
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nal may be seen along the internal margin of the abscess 
due to granulation tissue or hemorrhage on unenhanced 
images [25, 35, 44]. Inflammatory stranding of the pelvic 
fat might be seen [6, 25, 44]. Abscess contents restrict on 
DWI due to fluid viscosity [8, 9, 35]. Brisk enhancement 
is seen in both the abscess wall and septations as well as in 
the surrounding pelvic inflammatory changes [6, 25, 41], 
although edema in the pelvic fat is bright on T2-weighted 
images but non-enhancing [25]. Gas is rarely present but, 
when seen, confirms the diagnosis of TOA [25, 41].

While TOAs most commonly represent progression of 
sexually acquired PID in adolescents, when they occur in 
prepubertal and nonsexually active girls, other etiologies 
must be considered. If the patient is not sexually active, 
a primary inflammatory process with secondary adnexal 
involvement should be sought. Specifically, acute, rup-
tured appendicitis and inflammatory bowel disease both 
can result in adnexal involvement and TOA [6, 41] and are 
relatively common in pediatric patients. A case of TOA has 
been reported as a result of an appendicolith migrating into 
the fallopian tube following appendiceal rupture [45]. On 
MR imaging, evidence of appendicitis and periappendiceal 
inflammation may be seen contiguous with the adnexal 
inflammation and abscess. In Crohn disease, transmural 
inflammation may progress to fistula formation between 
involved segments of bowel and adjacent structures includ-
ing the adnexa, uterus, or vagina [46]. On MR imaging, 
fistulas are best seen on post-contrast T1-weighted fat-
suppressed images as enhancing regions extending from 
inflamed bowel to the involved structure [6, 46]. As with 
TOAs resulting from ascending infection, prompt diagnosis 
and therapeutic intervention are needed to reduce the possi-
bility of infertility, ectopic pregnancy, and pelvic adhesions 
that may result in chronic pelvic pain.

 Neoplastic Female Genital Tract Disorders

Ovarian Neoplasms
Ovarian masses are one of the most common gynecologic 
imaging abnormalities in children, and the majority are 
benign [47]. MR imaging is useful for preoperative lesion 
characterization and may influence treatment and surgical 
decisions in a significant percentage of cases [35, 47].

Germ Cell Tumors Mature ovarian teratomas or dermoids 
constitute the most common ovarian neoplasm in children 
[18, 35, 48, 49]. They are also the only benign tumor of germ 

cell origin that arise in children. Mature ovarian teratomas 
are bilateral in 10–15% of cases, and multiple tumors may be 
present in one ovary. In the experience of Taskinen et  al., 
more than 20% of children with ovarian mature teratoma 
develop a metachronous benign tumor in the contralateral 
ovary [50]. These authors recommend annual ultrasound 
follow-up until pregnancy in order to allow early diagnosis, 
ovarian preserving surgery, and maintenance of fertility in 
the case of metachronous tumor development. Because 
mature teratomas may contain elements from all three germ 
cell layers, they can have a variable imaging appearance, but 
commonly contain both macroscopic fat and cystic areas. 
These lesions may also have a dermoid plug or Rokitansky 
nodule representing solid components that can include the 
hair, calcium, or even teeth [49, 51].

The characteristic finding of a benign, mature teratoma 
on MR imaging is the presence of identifiable fat within 
the lesion (Fig. 15.30). Fat is seen as high T1-weighted sig-
nal intensity on non-fat-suppressed imaging that exhibits 
signal loss on fat-suppressed images, compared to hemor-
rhage or protein that remains hyperintense on fat-suppressed 
T1-weighted sequences [35, 49, 51]. Fluid-fluid levels may 
be seen with nondependent fat that darkens on fat-suppressed 
images and with chemical shift artifact at the fat-fluid inter-
face [35, 52]. Calcium may be more difficult to identify on 
MR imaging than CT, but susceptibility-weighted series may 
be helpful. Lesion characterization may be more reliable with 
MR imaging than ultrasound, leading to improved manage-
ment and surgical planning [47]. Although these lesions are 
benign, ovarian germ cell tumors are usually removed to avoid 
complications including torsion, rupture, malignant transfor-
mation, and rarely encephalopathy (anti-NMDA- receptor 
encephalitis) or autoimmune hemolytic anemia [18, 51].

Immature teratomas tend to be larger, occur in younger 
girls, and carry a worse prognosis [15, 35, 49, 51]. Like other 
malignant tumors of germ cell origin, they can be associ-
ated with elevated beta-human chorionic gonadotropin and 
alpha- fetoprotein levels prior to resection [51], and these 
markers can be used for surveillance postoperatively [49]. At 
imaging, these lesions demonstrate larger solid components, 
less prominent cystic components, and fewer or smaller fat- 
containing components [35, 49, 51] (Fig.  15.31). Vaysse 
et al. proposed a 7.5 cm maximal size above which teratomas 
should be considered suspicious for malignancy [53].

Dysgerminomas more often occur in older girls and teens 
[35, 49, 51]. These lesions are similar to seminomas in males 
and are the least differentiated germ cell tumor [18, 49]. 
Dysgerminomas are associated with elevated serum lactate 
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dehydrogenase and, like seminomas, are radiosensitive [15, 
49, 51]. These masses are primarily solid at imaging with 
T2-weighted hypointense septa that demonstrate contrast 
enhancement [35, 51] (Fig. 15.32). Small areas of calcifica-
tion or cystic necrosis may be present, as well. Germ cell 
tumors, particularly dysgerminoma, may be seen in gonadal 
dysgenesis, and different cell types may occur in combina-
tion. Pelvic and retroperitoneal lymph node spread is more 
commonly seen than intraperitoneal seeding.

Endodermal sinus tumors or yolk sac tumors are rare germ 
cell lesions that are usually large with metastatic disease at 
presentation [35]. These tumors are mixed cystic and solid 
lesions that characteristically contain dilated vessels that may 
appear as signal voids on MR imaging. Solid components 
enhance briskly [35] (Fig.  15.33). Other ovarian germ cell 
tumors that occur in children include embryonal carcinoma, 
polyembryoma, and ovarian choriocarcinoma [18, 48]. All of 

these tumors may metastasize to the lungs, liver, and perito-
neum [49] and tend to be solid appearing on MR imaging [35].

Sex Cord-Stromal Neoplasms Granulosa cell tumors are 
the most common malignant sex cord-stromal tumor, but are 
uncommon in children except for the juvenile subtype [15, 
18, 49]. Juvenile granulosa cell tumors are often large at pre-
sentation [49]. These lesions may be multicystic or solid, but 
are most commonly mixed [15, 24, 35, 51]. On T2-weighted 
imaging, the tumors often have a sponge-like appearance with 
intermediate signal intensity solid components and bright 
fluid [6, 24, 35, 49, 51]. Solid portions of the tumor enhance 
and up to 70% of lesions contain hemorrhage [35, 49], but 
the imaging appearance overlaps with other cell types. A dis-
tinguishing feature is their common presentation with iso-
sexual precocious puberty due to estrogen secretion [18, 24, 
35, 49, 51] (Fig. 15.34). The prognosis for juvenile granulosa 
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Fig. 15.30 Incidentally found mature ovarian teratoma in an 11-year- 
old girl being evaluated for abdominal pain. (a) Abdominal radiograph 
shows a cluster of calcific densities (arrow) in the right hemipelvis, one 
of which vaguely resembles a tooth. (b) Axial T2-weighted MR image 
reveals a complex mixed solid and cystic right adnexal lesion (arrows). 
There is focal signal void (arrowhead) due to calcification or tooth. 

Intralesional fat (*) shows intermediate signal. Axial T1-weighted MR 
images (c) without and (d) with fat suppression show a focal signal void 
(arrows) due to calcification (or tooth). A vast portion of the mass 
shows signal loss (*) on the fat-suppressed image (d) due to the pres-
ence of fat
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Fig. 15.31 Immature ovarian teratoma in a 7-year-old girl who pre-
sented with increasing abdominal pain. (a) Coronal T2-weighted fat- 
suppressed MR image shows a large, complex midline mass (arrows). 
Axial T1-weighted (b), axial T1-weighted fat-suppressed MR images 

obtained pre-contrast (c) and post-contrast (d) show an immature ovar-
ian teratoma (arrows) with a predominantly solid, enhancing appear-
ance with scattered foci of fat and calcification and scant fatty 
components

a b

Fig. 15.32 Dysgerminoma in a 15-year-old girl who presented with a  
pelvic mass. (a) Sagittal T2-weighted MR image shows a large, rela-
tively hyperintense mass (arrows) with lobulated contours and internal, 

hypointense, fibrovascular septa. (b) Axial T1-weighted fat- suppressed 
post-contrast MR image shows enhancement of the mass (arrows) with 
more brisk enhancement of the fibrovascular septa
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Fig. 15.33 Endodermal sinus tumor in a 14-year-old girl who pre-
sented with a right-sided abdominal mass. (a) Coronal T2-weighted 
MR image shows a complex, solid and cystic, space-occupying lesion 

(arrows) with internal flow voids. (b) Coronal-enhanced T1-weighted 
fat-suppressed MR image shows enhancement of the solid components 
(arrows)

a b

Fig. 15.34 Juvenile granulosa cell tumor in a 9-year-old girl who pre-
sented with precocious puberty and a palpable abdominal mass. Coronal 
T2-weighted (a) and T1-weighted fat-suppressed post-contrast (b) MR 

images show a complex, multiloculated cystic mass (arrows) with solid, 
briskly enhancing components. Note the pubertal appearance of the uterus 
(arrowheads). The left ovary (dashed arrow on a) is normal in appearance
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cell tumors is better than in the adult lesions [54] with resec-
tion often curative [51].

Sertoli-Leydig cell tumors present with virilization due to 
androgen secretion in approximately 30% of patients [18, 35, 
49, 51, 54], while the remainder of lesions are nonfunctional 
[15] (Fig. 15.35). The lesions are frequently malignant and may 
be associated with other neoplasms associated with the DICER1 
mutation [15, 35]. Most tumors are stage 1 at diagnosis [54], 
although they tend to be large. These tumors are predominantly 
enhancing solid lesions with intermediate to low signal intensity 
on T2-weighted imaging due to the fibrous stroma [15, 35, 49, 
51, 54]. When cystic components are present, Sertoli-Leydig 

tumors may be indistinguishable from juvenile granulosa cell 
tumors by MR imaging. In girls with virilization, the lesions 
tend to be very small at presentation [54].

Epithelial Neoplasms Serous and mucinous cystadenomas 
are the most common epithelial neoplasms in children and 
are more common than their malignant counterparts [18, 
49]. These masses almost always present post menarche 
[35]. Serous cystadenomas may be unilocular or multilocu-
lar with homogeneous cyst contents and fine septations [18, 
49, 51] (Fig. 15.36). Mucinous lesions are multilocular with 
numerous, small locules and variable signal intensity on 

a b

Fig. 15.35 Sertoli-Leydig cell tumor in a 17-year-old girl who pre-
sented with abdominal pain. Sagittal T2-weighted fat-suppressed (a) 
and axial enhanced T1-weighted fat- suppressed (b) MR images show a 

large, complex, cystic and solid lesion (arrows) with heterogeneous 
enhancement. Pathology was consistent with a Sertoli-Leydig cell 
tumor. Incidentally noted is a tampon within the vagina on (a)

a b c
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Fig. 15.36 Serous cystadenoma in a 16-year-old girl who presented 
with increasing abdominal distension. Coronal T2-weighted fat-sup-
pressed (a), sagittal T2-weighted (b), and axial T1-weighted, fat-sup-
pressed post-contrast (c) MR images show a very large abdominopelvic 

unilocular cystic mass (M). Incidentally noted are a few cervical nabo-
thian cysts on (b). At surgery the cystic mass originated from the right 
fallopian paratubal region. Pathology was consistent with serous 
cystadenoma
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T2-weighted imaging [51] that may have a “stained glass” 
appearance [35] (Fig. 15.37). Neither type should have papillary 
excrescences, a honeycomb appearance, or thick walls, which 
would suggest a borderline or malignant lesion [35, 49, 51].

Uterine and Vaginal Neoplasms

The most common benign neoplasms of the pediatric uterus 
and vagina are uterine leiomyomata or fibroids, although 
these lesions are much less common in children and adoles-
cents than they are in adults [55]. Risk factors include African-
Caribbean descent, childbearing age, and family history of 
fibroids [56]. Uterine leiomyomata or fibroids may be single 
or multiple, and a case of diffuse leiomyomatosis has been 

reported in an adolescent [55]. Generally, the diagnosis is 
readily made with pelvic ultrasound, although submucosal or 
pedunculated lesions may be more problematic [56], in which 
case MR imaging may be helpful. These smooth muscle 
tumors are often isointense to myometrium on T1-weighted 
imaging and are most commonly hypointense to isointense on 
T2-weighted imaging, unless they are hemorrhagic or necrotic 
[15]. Treatment is usually managed with hormonal therapy, 
although large lesions may require surgical removal.

Rhabdomyosarcoma is the most common soft tissue sar-
coma in children, and the vagina is the most common organ 
of origin in the female GU tract [29]. The embryonal subtype 
is most common [57] and is associated with the DICER1 
mutation [58]. There is an age peak at 3 years [59] with a 
5-year survival rate of approximately 91% [60]. Sarcoma 

a b

Fig. 15.37 Mucinous cystadenoma in a 15-year-old girl who pre-
sented with worsening abdominal distension and bloating. Coronal 
T2-weighted fat-suppressed (a) and sagittal T1-weighted fat-sup-
pressed post-contrast (b) MR images show a massive cystic lesion 
(arrows) occupying the majority of the abdomen and pelvis contain-
ing a cluster of smaller, variable-size cysts (arrowheads) adherent to 

the left posterolateral wall. Mild enhancement of the smaller cysts’ 
walls is seen. However, no solid or fatty component is seen within the 
lesion. The left ovary could not be identified; therefore, it was inferred 
that the lesion originated from the left ovary, which was confirmed at 
surgery. Pathology revealed mucinous cystadenoma
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botryoides may present clinically as a mass resembling a 
“bunch of grapes” protruding from the introitus [57]. These 
patients may have obstructive hydronephrosis if there is 
distal ureteral involvement. MR imaging may be helpful in 
assessing the extent of tumor as well as to search for meta-
static disease. The primary tumor also resembles a “bunch 
of grapes” with high internal T2-weighted signal intensity 
[57, 59] and heterogeneous contrast enhancement [29] 
(Fig. 15.38). Blood products are commonly seen [57].

 Traumatic Female Genital Tract Disorders

Trauma to the perineum in females most commonly occurs 
as the result of a straddle injury, but may also be due to non- 
straddle blunt or penetrating trauma [37, 38]. Injuries are 
usually confined to the labia, and treatment is supportive, 
although hematomas of the vulva can expand rapidly [37]. 
More extensive injury extending deeper into the perineum is 

uncommon but is more frequently seen with penetrating or 
non-straddle injuries.

CT imaging is the first-line modality in evaluating the 
extent of acute injury [37] with intravenous contrast utilized 
for evaluation of active hemorrhage [38]. MR imaging may 
be helpful if further anatomic delineation is needed due to its 
superior soft tissue contrast [37]. Vaginal laceration can occur 
secondary to blunt pelvic or perineal trauma and may be 
associated with pelvic fracture [61] and concurrent with uro-
logic injuries [62]. Lacerations have also been reported sec-
ondary to waterskiing and water slide-related incidents [63]. 
Undetected vaginal laceration can lead to pelvic abscess; 
therefore, clinical evidence of lower urinary tract, and peri-
neal injury should raise suspicion for possible vaginal injury 
[61]. If imaging is required, the superior tissue contrast and 
anatomic definition of MR imaging would be ideal for high-
resolution pelvic imaging in this setting. Because vaginal and 
perineal injuries may also result from sexual trauma, appro-
priate patient evaluation is required in these cases.

a b
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Fig. 15.38 Vaginal rhabdomyosarcoma in a 2-year-old girl who pre-
sented with pelvic pain, vaginal bleeding, and a mass extruding from the 
introitus. (a) Sagittal T2-weighted MR image shows a markedly dilated 
vagina secondary to a hyperintense, multiseptated vaginal mass (M) dis-

placing the bladder (B), which is catheterized and markedly displaced 
anteriorly and superiorly. (b) Sagittal T1-weighted fat-suppressed post- 
contrast MR image shows heterogeneous enhancement of the vaginal 
mass (M). Arrowheads indicate the patient’s bladder catheter
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Foreign bodies in the vagina result in persistent, foul- 
smelling, dark or bloody discharge, occasionally accompa-
nied by pelvic or abdominal pain [18, 64]. The most common 
foreign bodies in children are retained fragments of toilet 
tissue that lodge in the posterior fornix. Soft foreign bodies 
may take approximately 2 weeks to present clinically when 
vaginal bleeding is noted [6]. Small, hard objects such as 
crayons, coins, stones, toy fragments, or metallic foreign 
bodies such as hairpins may result in bright red blood if ves-
sel erosion occurs [64]. Forgotten tampons also can result in 
discharge or infection. If the foreign object is not known to 
have been inserted by the girl herself, sexual abuse must be 
considered [6, 18]. If there is a question about the diagnosis, 
imaging can be performed (Fig. 15.39), although MR imag-
ing is less commonly utilized than ultrasound.

 Miscellaneous Female Genital Tract Disorders

Acquired Ovarian Cysts In a peripubertal girl, a simple 
cyst measuring less than or equal to 3 cm most likely repre-
sents a mature follicle and requires no further investigation 

[23, 34, 36, 48] (Fig. 15.40) (Table 15.5). Nonfunctioning, 
simple cysts between 3 and 5  cm generally also do not 
require follow-up in an asymptomatic postpubertal girl 
because they are likely due to failed ovulation or a persis-
tent corpus luteum [23, 36]. Failed ovulation can result in a 
functional cyst that appears simple [34] but may continue 
to grow and cause pain [18], however, and symptomatic 
cases may require further evaluation or follow-up. Simple 
cysts between 5 and 7 cm in postpubertal girls can be fol-
lowed and should involute over one to two menstrual cycles 
[23, 36]; however, cysts larger than 5 cm may require aspi-
ration or resection due to the increased risk of torsion. A 
cyst measuring more than 7 cm requires further imaging for 
characterization [23, 36]. In a girl with precocious puberty, 
an ovarian cyst measuring 9 mm or more should raise the 
possibility of an autonomously functioning cyst or hor-
mone-producing tumor [24], and imaging may be helpful 
for lesion characterization. MR imaging is well suited to 
demonstrating simple cyst characteristics including homo-
geneous hyperintensity on T2-weighted imaging with no 
enhancement or appreciable T1-weighted signal intensity. 
The walls should be imperceptibly thin, and there should be 
no solid or nodular components.

Hemorrhagic ovarian cysts develop from corpora lutea 
and may cause acute pelvic pain. Typically, hemorrhagic 

B

Fig. 15.39 Vaginal foreign body in a 5-year-old girl who presented 
with vaginal discharge. Coronal- enhanced T1-weighted fat-suppressed 
MR image shows a well- delineated, low signal intensity, cylindrical-
shaped structure (arrow) within the vagina consistent with a foreign 
body. A crayon was removed during vaginoscopy. B, bladder

Fig. 15.40 Coronal T2-weighted fat-suppressed MR image in a 
17-year-old girl obtained as part of a hip study shows a simple- 
appearing, thin-walled cyst in the right ovary, measuring less than 3 cm 
in diameter consistent with a mature follicle (arrow). This is a normal, 
expected finding and requires no further investigation
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cysts are diagnosed on ultrasound, and the follow-up 
examination showing resolution of the lesion is considered 
sufficient to confirm the diagnosis. Occasionally, on ultra-
sound, the appearance can be confusing as these lesions 
can appear as complex cysts or solid lesions, although 
they should not show evidence of internal flow on color 
Doppler evaluation. MR imaging is seldom obtained but 
can be useful in cases of a potential associated pathology, 
possible complication, or unusual sonographic appear-
ance. Hemorrhagic ovarian cysts can have a variable 
appearance depending upon the age of the hemorrhage 
on both, ultrasound and MR imaging [6, 18, 34, 36]. In 
addition, their appearance depends on several additional 
factors, such as the form and breakdown of hemoglobin, 
hematocrit, clot formation and retraction, red blood cell 
membrane integrity, and ambient oxygen level. While 
classic teaching is that hemorrhagic ovarian cysts mani-
fest as hyperintense lesions on both T1- and T2-weighted 
images, their MR imaging appearance is quite variable. 
For example, in the published series by Kanso et al., the 
vast majority of hemorrhagic ovarian cysts show low sig-
nal intensity on T1-weighted images [65].

MR imaging is a valuable tool in differentiating hemor-
rhagic ovarian cysts from ovarian torsion or neoplasms. In 
the acute/subacute setting, T1-weighted imaging may reveal 
hyperintense signal that does not darken on fat-suppressed 
images [6, 7, 9]. On T2-weighted images, the internal sig-
nal is variable depending upon the age of the hemorrhage, 
in the acute/subacute setting hemorrhagic cysts are usually 
hyperintense, However, these may become hypointense 
when hemosiderin deposition takes place (Fig.  15.41). A 
lacy pattern of low signal internal reticulation may be seen 
[36], and a hematocrit effect may be present [23]. The cyst 
walls may enhance slightly, but there should be no nodular-
ity or internal enhancement. Unlike endometriomata, the 
“T2-shading” effect from repeated episodes of hemorrhage 
is less commonly seen [6]. The internal components should 
never enhance following the administration of intravenous 
contrast. The cyst should involute over one to two cycles [18, 
36, 66], and MR imaging is also useful in assessing cysts that 
fail to involute.

If imaging is performed in the setting of acute, painful 
cyst rupture, the collapsed cyst may be visible with increased 
T2-weighted signal, possibly with blood products and a vari-
able amount of free pelvic fluid that also may appear het-
erogeneous on T1- and T2-weighted images due to blood 
products [6, 15] (Fig. 15.42).

Polycystic Ovarian Syndrome Polycystic ovarian syn-
drome (PCOS) includes infrequent ovulation or anovulation, 
hyperandrogenism, and enlarged, polycystic ovaries [6, 67, 
68]. Many affected patients may also have insulin resistance 
[68, 69]. Menstrual irregularity, hirsutism, and obesity are 
frequent clinical manifestations. The syndrome is common, 

Table 15.5 Ovarian cysts – simple cysts only, no clinical signs of hor-
monal abnormality [23]

Developmental 
stage

Size Management

Fetal/neonatal <2.5 cm No follow-up needed
>2.5 cm or 
complex

Follow-up imaging required

>4 cm Increased risk of torsion, 
follow-up, and management 
are controversial

Pediatric >3 cm Unusual prior to puberty – 
consider follow-up imaging 
to assess for growth
May represent paraovarian 
cyst, neoplasm, or abnormal 
follicle. Malignancy rare

>6 follicles and 
ovarian 
volume > 4 mL

Consider premature ovarian 
development

Pubertal <3 cm Likely follicle, no follow-up 
needed

3–5 cm Failed ovulation/follicular 
cyst/corpus luteum cyst, no 
follow-up needed if 
asymptomatic

5–6.9 cm Failed ovulation/follicular 
cyst. Lesions greater than 
5 cm show increased risk of 
torsion
Surgical aspiration/resection 
vs follow-up to resolution 
after 1–2 cycles

>7 cm Requires further 
characterization – increased 
chance of neoplasm

B

Fig. 15.41 Hemorrhagic ovarian cyst in an 11-year-old girl inciden-
tally found on hip MR imaging. Coronal T2-weighted fat-suppressed 
MR image shows a cystic lesion (arrows) with mild, diffuse low signal 
intensity when compared with the adjacent T2-weighted hyperintense 
fluid in the bladder (B). The lesion resolved on 3-month follow-up 
study, confirming its functional nature
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affecting 5–10% of teens and women of reproductive age [6, 
67]. There is overlap in the appearance of normal adolescent 
ovaries and polycystic ovarian morphology. Normal adoles-
cent ovaries may contain numerous follicles [67, 70], and 
conversely, the ovaries may appear normal in cases of 
PCOS. Clinical and laboratory evidence of PCOS is neces-
sary for definitive diagnosis [6, 54, 68, 69].

The Rotterdam criteria were developed using transvaginal 
ultrasound for assessment of polycystic ovarian morphol-
ogy with greater than 12 follicles in each ovary measuring 
2–9 mm or ovarian volume more than 10 ml being consid-
ered abnormal [71]. Because transvaginal ultrasound often 

cannot be used in most children and adolescents, and due to 
the limitations of transabdominal ultrasound, MR imaging 
may be helpful in investigation of suspected polycystic ova-
ries in teens [6, 67, 72]. On T2-weighted images, the ovaries 
demonstrate numerous follicles with central T2-weighted 
hypointense stroma (Fig.  15.43). Due to the normal pres-
ence of multiple follicles in adolescent ovaries, Rosenfeld 
has suggested utilization of ovarian volume rather than 
number of cysts be used to assess ovaries for PCOS [69, 73] 
with either a mean ovarian volume of >12 mL or a single 
ovarian volume of >15 mL considered abnormally enlarged. 
Fondin et al. have suggested an even lower ovarian volume 

a

c d

b

F

F

Fig. 15.42 Ruptured hemorrhagic ovarian cyst in a 17-year-old girl 
who presented with a few days of persistent lower abdominal and pelvic 
pain without associated guarding or rebound. (a) Axial T2-weighted 
fat-suppressed MR image shows a complex left ovarian cyst (arrow) 
with a crenulated appearance. The right ovary (arrowhead) is normal. 
There is a moderate amount of complex free abdominal fluid, which is 
hard to adequately discern from the adjacent bowel loops due to its rela-
tively high signal. Axial T1-weighted (b) and axial T1-weighted fat-
suppressed (c) MR images show a predominantly hypointense left 

ovarian cyst (arrows) with a few hyperintense foci posteriorly. Axial 
enhanced T1-weighted fat-suppressed MR image (d) shows to better 
advantage the complex left ovarian cyst (arrow) with a crenulated 
appearance. A moderate amount of complex free pelvic fluid (F) is now 
better appreciated. The relatively high signal intensity of the fluid is 
most consistent with hemoperitoneum. The overall appearance is most 
consistent with a ruptured hemorrhagic ovarian cyst. Normal appearing 
right ovary (arrowhead) is seen. The findings completely resolved on 
follow-up exam obtained a few weeks later
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of greater than 10 mL as suspicious for PCOS by MR imag-
ing [72].

Endometriosis Endometriosis exists when endometrial tis-
sue is found outside the uterus [18, 74, 75]. Multiple etiologies 
have been proposed for the occurrence of ectopic endometrial 
tissue, but the most commonly accepted explanation is retro-
grade menstruation [18, 76]. Endometriosis causes significant 
morbidity and should always be considered in the differential 
diagnosis of chronic pelvic pain. The most common finding on 
imaging is an endometrioma; a chronic cyst-like collection of 
blood products in the adnexa or pelvis due to repeated hemor-
rhage of endometrial rests during menstruation [74].

On MR imaging, endometriomas have bright signal 
intensity on T1-weighted images and low signal intensity 
on T2-weighted images due to degraded, proteinaceous 
blood products [6, 36, 75]. With repeated hemorrhage, lay-
ering may result in fluid-fluid levels or even T2 “shading,” 
a gradual decrease in signal in the dependent portion of the 
collection [75, 77] (Fig. 15.44). While T2 shading is classi-
cally associated with endometriomas, this finding may less 
commonly be seen in hemorrhagic cysts, and differentiation 
between these entities may be challenging. Corwin et al. have 
reported finding T2 dark spots, small very low T2-weighted 
signal intensity foci within the endometriomas that represent 
chronic hemorrhage (Fig. 15.45) and are not typically seen in 
hemorrhagic cysts [75]. In the experience of Outwater et al. 
[78], endometriomas tend to demonstrate higher T1-weighted 
and lower T2-weighted signal intensities when compared 
to hemorrhagic ovarian cysts. Endometriomas tend to have 
lower ADC values on DWI than hemorrhagic ovarian cysts, 

*
*

Fig. 15.43 Polycystic ovarian syndrome in an 18-year-old female who 
presented with irregular menstrual cycles and hirsutism. Coronal 
T2-weighted MR image shows enlarged ovaries with prominent hypoin-
tense central stroma (asterisks) and multiple peripherally arranged, tiny fol-
licles. These imaging findings are typical of polycystic ovarian syndrome; 
however, elevated androgen levels are needed to confirm the diagnosis

a b

Fig. 15.44 Endometrioma in a 14-year-old girl with a history of 
OHVIRA (obstructed hemivagina ipsilateral renal agenesis) or Herlyn-
Werner-Wunderlich syndrome who presented with worsening dysmenor-
rhea and an adnexal endometrioma. (a) Coronal T2-weighted MR image 
shows a uterus didelphys with widely splayed uterine horns (dashed 
arrows) and approximately 7 cm adnexal endometrioma (arrows) with a 

few T2-weighted hypointense spots (arrowheads). (b) Sagittal 
T2-weighted MR image shows T2 shading within the endometrioma 
(arrows) with fluid-fluid levels related to repeated hemorrhagic episodes. 
(c) Axial T1-weighted fat-suppressed MR image shows high signal inten-
sity within the adnexal endometrioma (arrows), a finding that helps con-
firm that the lesion does not contain fat and contains blood products
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but there is some overlap, and distinction between the two 
entities can be problematic [66, 74].

The deep, infiltrative form of endometriosis is defined 
as peritoneal implants of endometrial tissue with invasion 
greater than 5 mm in depth [79]. Any pelvic structures may 
be involved including organs, ligaments, peritoneal reflec-
tions, and recesses [74]. Infiltrative endometriosis causes 
fibrotic and hyperplastic fibromuscular changes that are seen 
on MR imaging as ill-defined or nodular regions of inter-
mediate T1-weighted signal intensity and abnormal low 
T2-weighted signal intensity [74, 79]. MR imaging findings 
in endometriosis may be quite subtle and difficult to detect. 

T2-weighted hypointense tethering of structures, wall inva-
sion or thickening, and deformity of affected organs may be 
found with small foci of T1- and T2-weighted hyperintensity 
sometimes scattered within the ill-defined signal abnormal-
ity [74, 79]. Adhesions may cause anteflexion or retroflexion 
of the uterus as well [6].

Adenomyosis Adenomyosis is defined as the invasion of 
endometrial glandular and stromal tissue into the myome-
trium with associated smooth muscle hypertrophy, and it 
may be diffuse or focal [80–82]. An adenomyoma is a mass- 
like form of adenomyosis [81, 82]. Both entities commonly 
coexist with endometriosis and are also associated with pel-
vic pain. Adenomyosis is rare in children; however, compli-
cations of adenomyotic cysts have been reported in 
adolescent patients [80, 83] (Fig. 15.46).

The classic imaging finding of adenomyosis is a wid-
ened and indistinct uterine junctional zone on T2-weighted 
images, often associated with uterine enlargement [81, 82]. 
There may also be foci of bright T1- and T2-weighted signal 
within the abnormal myometrium representing endometrial 
glands with hemorrhage [80, 81] as well as punctate T1- and 
T2-weighted hypointense foci representing hemosiderin 
[82]. When focal, adenomyosis may resemble a leiomyoma 
or uterine contraction; however, contractions are transient 
[81]. Adenomyomata appear mass-like and have low signal 
intensity on both T1- and T2- weighted images with internal 
high signal foci [81, 82].

Ovarian/Adnexal Torsion Ovarian torsion is twisting of 
the vascular pedicle of the ovary that results in ovarian 
ischemia. Prompt diagnosis and surgical reduction are 
necessary to preserve ovarian viability [22, 84]. Torsion 
most commonly involves both the ovary and ipsilateral 
fallopian tube but may involve either structure in isola-
tion. Right-sided torsion is more common, likely due to 
the anchoring effect of the sigmoid mesentery on the left 
adnexa [18, 22, 84, 85]. While ovarian torsion may occur 
de novo particularly in neonates and perimenarchal girls 
[9, 18, 22, 85, 86], ovarian or adnexal cysts and masses 
may act as lead points for torsion. Oltmann et  al. found 
that torsion occurred more commonly without an underly-
ing lesion in perimenarchal girls aged 9–14 [85]. If the 
volume ratio of the affected ovary to contralateral side is 
greater than or equal to 20:1, an underlying adnexal mass 
should be sought [87]. Ovarian or adnexal lesions larger 
than 5 cm are associated with an increased risk of torsion 
[22, 85].

While ultrasound remains the first-line modality for assess-
ment of acute pelvic pain, differentiating adnexal torsion from 
nonsurgical entities such as hemorrhagic ovarian cysts is often 
problematic when transvaginal technique cannot be used, as 
in nonsexually active girls. MR imaging provides an excel-

Fig. 15.45 Left adnexal endometrioma in an 18-year-old girl who pre-
sented with worsening pelvic pain. Coronal T2-weighted MR image 
shows a cystic lesion (arrows) with T2-shading and a few T2-weighted 
dark spots (arrowheads)

c

Fig. 15.44 (continued)
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lent problem-solving tool for further imaging when transab-
dominal ultrasound is inconclusive [6] and clinical evidence is 
not convincing enough to proceed to laparoscopy. Beranger-
Gilbert et al. found a 77% sensitivity and 86% specificity of 
MR imaging for ovarian torsion [88]. In addition, intermittent 
vascular compression may result in a more subacute presenta-
tion, reducing the clinical suspicion for ovarian torsion [88]. 
MR imaging is becoming more widely utilized in this setting 
due to faster techniques, avoidance of exposure to ionizing 
radiation, and superior tissue contrast.

Ipsilateral ovarian enlargement is a consistent finding in 
ovarian torsion in children [22, 89]; however, there is over-
lap in the sizes of normal and torsed ovaries [88]. Torsion 

should be considered in the appropriate clinical setting when 
the ipsilateral ovary measures three times greater in volume 
than the normal side [22] or 5 cm or more in diameter [85]. A 
twisted vascular pedicle or “whirlpool” sign is highly associ-
ated with ovarian torsion [88, 89]. A thickened fallopian tube 
of >10 mm is also strongly associated with ovarian torsion 
[86, 88], and the tube may contain hemorrhage demonstrat-
ing T1-weighted hyperintensity and variable T2-weighted 
hypointensity depending upon the stage of blood products 
[9, 86, 90]. The thickened, twisted pedicle may have a spiral 
appearance, or may have a solid, “beak-like” configuration 
[9]. Uterine deviation toward the involved side is specific for 
ovarian torsion [86, 88], as is enlargement of the ovarian vas-

a

c

b

Fig. 15.46 Adenomyotic cyst in an 18-year-old girl who presented 
with chronic pelvic pain, with MR imaging performed for evaluation of 
uterine lesion seen on ultrasound. (a) Axial T2-weighted MR image 
shows a thick-walled cyst (arrows) with surrounding hypointense sig-
nal, likely representing a combination of myometrial hypertrophy and 

hemosiderin deposition. (b) Axial T1-weighted MR image demon-
strates high- signal fluid (arrowhead), likely representing hemorrhagic/
proteinaceous fluid contained within the lesion. (c) Axial oblique 
T2-weighted MR image shows the presence of two uterine horns (*), 
distinct from the adenomyotic cyst (arrow)
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cular pedicle [88]. Intra-ovarian findings including periph-
eral follicles and ovarian stromal edema have been reported 
by some authors [22, 86, 90], while others have found 
these findings to be less specific [88]. Displacement of the 
torsed ovary may occur toward the midline. Asymmetrically 
decreased enhancement of the involved ovary and tube 
may be seen [9, 89] and may represent ischemia or infarc-
tion (Fig.  15.47). Ovarian hemorrhage is associated with 
decreased ovarian viability [86, 88]. Abnormal diffusion can 
be seen in the fallopian tube wall and involved ovary [9].

The incidence of adnexal and/or ovarian torsion in 
girls is low at approximately 0.02%, similar to the rate 
of testicular torsion in boys at 0.03% [91]; however, the 
incidence of testicular torsion in boys with testicular pain 
is higher than the incidence of ovarian torsion in girls 
with abdominopelvic pain. Only 30% of patients with 
suspected ovarian torsion are found to have torsed ova-
ries at the time of surgery [85]. Ovarian salvage rates are 
much lower than testicular salvage rates (14.4% versus 
30.3%, respectively), likely due to the greater difficulty in 
accurately differentiating torsion from other etiologies of 
acute pelvic pain [91]. Piper et al. [91] and Oltmann et al. 
[85] advocate early use of laparoscopy to improve the rate 
of ovarian salvage.

At the authors’ institution, evaluation of girls with acute 
abdominopelvic pain and unclear ultrasound results involves 
a brief, 15–25-min limited MR imaging protocol utilizing 
an axial Dixon T2-weighted turbo spin-echo sequence, axial 
DWI, and axial and coronal multipoint Dixon T1-weighted 
sequences without and with a gadolinium-based contrast 
agent [6]. This imaging approach has not only increased 
specificity in identification of ovarian torsion, it has 
improved the ability to exclude other potential processes 
such as appendicitis. Because even dusky or hemorrhagic 
torsed ovaries respond well to detorsion with normal follicu-

lar development and reperfusion on follow-up imaging [92, 
93], a brief MR imaging examination may reduce the need 
for diagnostic laparoscopy and improve the specificity of the 
imaging diagnosis of adnexal torsion.

 Conclusion

The excellent contrast resolution, lack of ionizing radiation, 
and multiplanar capability of MR imaging are well suited 
to imaging of pediatric genital tract abnormalities. Newer 
techniques and shortened acquisition times have increased 
the utility of MR imaging in the pediatric population. As 
a result, MR imaging is increasingly being used for pedi-
atric gynecologic imaging particularly for lesion/cyst char-
acterization and assessment of congenital anomalies and 
even in the assessment of acute lower abdominal and pelvic 
pain. Although ultrasound remains the first-line modality in 
assessment of pediatric gynecologic disorders, MR imaging 
is an increasingly powerful tool for further investigation of 
these conditions when needed.
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Peritoneum and Retroperitoneum

Archana Malik

 Introduction

Peritoneal and retroperitoneal disorders are commonly 
encountered in the pediatric population. Recent advances in 
technology have led to increasing use of magnetic resonance 
(MR) imaging for evaluating the pediatric abdomen and pel-
vis, given its lack of ionizing radiation and superior contrast 
resolution compared to computed tomography (CT). This 
chapter reviews fundamental anatomy of the peritoneum and 
retroperitoneum, MR imaging techniques and protocols, as 
well as MR imaging findings across a range of peritoneal and 
retroperitoneal disease processes presenting in the pediatric 
population.

 Magnetic Resonance Imaging Techniques

MR imaging is a standard part of evaluation of the pediatric 
abdomen and pelvis. Advances in MR imaging techniques 
such as faster pulse sequences with higher image signal and 
contrast, multichannel phased array coils allowing parallel 
imaging and other MR acceleration techniques, and improved 
gradients have resulted in decreased scan times and improved 
image quality of MR imaging in pediatric patients [1–3].

 Patient Preparation and Coil Selection

Obtaining a high-quality abdominopelvic MR imaging study 
in young children can be challenging. Patient motion is the 
primary cause of image degradation, which may be involun-
tary secondary to respiratory or bowel motion or voluntary 
from conscious patient movement. Involuntary motion can 
be decreased or eliminated using specialized MR techniques 

that are discussed under MR pulse sequences and protocols. 
Voluntary motion artifacts can be reduced by awake imaging 
in conjunction with a child life specialist or through the use 
of sedation or general anesthesia [4].

Generally, pediatric patients older than 6 years of age 
who understand verbal commands can lie still for the 
duration of the exam after explanation of the procedure 
and reassurance. Child life specialist preparing and coach-
ing the pediatric patient in the scanner room, along with 
the use of distraction techniques such as MR compatible 
music/videos, can reduce patient anxiety and help pediat-
ric patients undergo MR imaging awake [5]. For younger 
children or patients who are claustrophobic or cannot lie 
still, MR imaging examinations are performed with seda-
tion or general anesthesia. These pediatric patients are 
evaluated by the anesthesiologist or sedation team physi-
cian prior to the procedure [4, 6].

Commonly used sedation medications include oral chlo-
ral hydrate, intravenous propofol or dexmedetomidine, and 
inhaled anesthetic agents. Neonates and young infants usu-
ally can be safely imaged without sedation using a “feed and 
swaddle” technique.

The patient should have nothing by mouth (NPO) for a 
period of time prior to MR imaging, particularly if sedation 
is used. Oral contrast agents are not necessary. To ensure 
patient comfort, the patient is instructed to empty their blad-
der immediately prior to the exam.

Selection of the appropriate coil is critical and depends 
on the patient size. It is desired to use the smallest coil 
that covers the region of interest, to ensure a high signal to 
noise ratio and improved spatial resolution. The head coil 
usually suffices for infants and younger children, with a 
phased array body or torso coil used for older children and 
adolescents [7].
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 MRI Pulse Sequences and Protocols

Unenhanced Spin-Echo Sequences T1-weighted MR images 
obtained with either spin-echo or gradient-echo techniques pro-
vide good anatomical detail and are sensitive to pathology asso-
ciated with fat or blood products. T2-weighted fast spin-echo 
MR images obtained with and without fat suppression are 
sensitive to fluid and cellular lesions. T2-weighted MR 
images can be obtained using single-shot techniques (e.g., 
HASTE, SSH-TSE, or SSFSE) with short acquisition times 
(<30 seconds) and produce motion-free images in children 
who cannot suspend respiration, which is a key advantage in 
the pediatric population [8, 9]. Obtaining T2-weighted 
sequences with fat suppression improves contrast between 
the disease process and underlying tissues by eliminating 
signal from background fat.

Sequences are obtained with 3–5 mm slice thickness with 
minimal spacing depending on patient size. Respiratory trig-
gering is typically used for fast spin-echo T2-weighted MR 
images, with single-shot images acquired ideally as a breath- 
hold but also acceptable as a free-breathing acquisition.

Unenhanced Gradient-Echo Sequences Axial Dixon dual-
echo (in- and opposed-phase) gradient-echo T1-weighted 
sequences have shorter acquisition time when compared to 
the T1 FSE images and therefore can be performed within 
short breath-hold times [8–10]. Loss of signal on opposed-
phase imaging is helpful for detection of intracellular lipid 
within lesions (e.g., adrenal adenomas). Balanced steady-
state free precession sequences (e.g., FIESTA, B-FFE, 
TrueFISP) are gradient-echo sequences with mixed weight-
ing (signal intensity α T2/T1) that have similar imaging times 
with single-shot imaging and generate high-quality anatomic 

images in a single breath-hold. These image exhibit hypoin-
tense chemical shift artifacts outlining the interfaces between 
water and fat is particularly useful for evaluating lymph nodes 
and blood vessels within the small- bowel mesentery and 
omentum.

Contrast-Enhanced Sequences Gadolinium-based con-
trast agents are used on pediatric MR imaging to characterize 
focal lesions, at typical dose of 0.1  mmol/kg. There is 
increasing use of three-dimensional gradient recalled echo 
(GRE) fat-suppressed T1-weighted (e.g., LAVA, THRIVE, 
VIBE) pre- and post-contrast sequences as these can be 
acquired in multiple planes in substantially less time than 
conventional T1-weighted SE sequences with fat suppres-
sion, also allowing improved contrast detection in pediatric 
patients with small volume of contrast dose [10].

 Anatomy

 Embryology

The primitive gut within the abdominal cavity is sus-
pended by two peritoneal reflections called the primitive 
mesenteries which contain vessels, lymphatic channels, 
and nerves. The various mesenteries are generated from 
the common dorsal mesentery, while the falciform liga-
ment and lesser sac arise from the ventral mesentery 
(Fig. 16.1). The majority of ventral portion of the mesen-
tery at the level of the midgut is lost during evolution in 
the fetal life. Specialized development including rotation, 
descent, and resorption of the mesenteric plane occurs 
throughout fetal life [11].

Fetus 5th week
a b

Fetus 10th week

Fig. 16.1 Embryological 
development of the peritoneal 
spaces, schematic diagram. (a) 
The ventral mesentery 
contains the liver bud (liver), 
and the dorsal mesentery 
contains the splenic bud (S), 
superior to the transverse 
mesocolon. St = stomach, 
R = right, L = left. (b) With 
continued development,  
these organs migrate 
counterclockwise and take the 
attached mesenteries with 
them. (c) This migration 
divides the right peritoneal 
cavity into the right perihepatic 
space and the lesser sac (blue 
area). The left peritoneal space 
forms the left subphrenic 
space (purple area)
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 Normal Development and Anatomy

The peritoneum is an epithelial-lined thin serous membrane 
and includes two components, the parietal peritoneum that 
covers the innermost surface of the abdominal wall and infe-
rior surface of the diaphragm and the visceral peritoneum 
that outlines the majority of the visceral organs (Fig. 16.2). 
The peritoneal cavity is the potential space between the 
parietal and visceral peritoneum which contains a few mL 
of serous fluid. It is a closed sac in males and is open in 
females to the extraperitoneal space via the ostia of the fal-
lopian tubes [12, 13].

The peritoneal ligaments, mesentery, and omentum are 
specialized peritoneal infoldings comprising double layer 
of peritoneum, blood vessels, lymphatics, and variable 
amount of fat, which divide the peritoneal cavity into the 
greater sac and the lesser sac. The lesser sac is situated pos-
terior to the stomach and communicates with the greater 
sac via the epiploic foramen or foramen of Winslow. The 
peritoneum and its reflections can be involved by various 
disease processes of infectious, inflammatory, neoplastic, 
and traumatic etiologies. The peritoneal fluid flows supe-
riorly from the pelvis to the subhepatic and subphrenic 
spaces through the paracolic gutters, following the negative 
intra-abdominal pressure gradient. Peritoneal tumors and 
infection follow the peritoneal fluid circulation. Knowledge 
of the anatomy is helpful in understanding the disease pro-
cess localization and spread.

The retroperitoneum is the space between the posterior 
parietal peritoneum and the posterior body wall, extend-
ing from the diaphragm to the pelvic inlet. The duodenum, 
portions of the colon, pancreas, adrenal glands, kidneys, 
abdominal aorta, and inferior vena cava are located in the ret-
roperitoneum, and these are separated from the peritoneum 

anteriorly by the posterior peritoneal fascia (Table  16.1) 
[13]. The retroperitoneum can be divided into three com-
partments, the anterior and posterior pararenal spaces and 
the perirenal space by the anterior and posterior renal fascia 
and the latero-conal fascia (Fig. 16.3). A newer classification 
system categorizes the perirenal space into the retromesen-
teric, retrorenal, and latero-conal spaces which are poten-
tially contiguous [14].

c
Post-Natal

Right perihepatic
space

Pancreas Lesser
sac

Left subphrenic
space

Fig. 16.1 (continued)

Parietal
peritoneum

Peritoneal
cavity

Visceral
peritoneum

Fig. 16.2 The structure of the peritoneum and the peritoneal cavity. 
The parietal peritoneum (red outline) outlines the inner abdominal wall, 
diaphragm, and the posterior abdominal wall. The visceral peritoneum 
(blue outline) invaginates to cover the organs

Table 16.1 Contents of the peritoneal and retroperitoneal spaces

Intraperitoneal 
organs (suspended 
by mesentery)

Primary 
retroperitoneal 
organs (no 
mesentery)

Secondary 
retroperitoneal organs 
(lost mesentery during 
development)

Stomach Adrenal glands Duodenum, second and 
third parts

Liver and 
gallbladder

Kidneys and ureters Pancreas: head, neck, 
and body

Spleen Inferior vena cava Ascending and 
descending colon

Pancreas: tail Aorta Upper two thirds rectum
Duodenum, first part
Jejunum
Ileum

Distal third rectum

Appendix Anal canal
Transverse and 
sigmoid colon

16 Peritoneum and Retroperitoneum
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 Spectrum of Peritoneal and Retroperitoneal 
Disorders

 Congenital Peritoneal and Retroperitoneal 
Disorders

Gastroschisis and Omphalocele Gastroschisis and ompha-
locele comprise the two main types of ventral abdominal 
wall defects. Fetal MR imaging is a useful adjunct to ultra-
sound for detailed evaluation of these entities. Gastroschisis 
is herniation through a paraumbilical abdominal wall defect, 
with normal insertion of the cord, and absence of a covering 
sac. As the herniated bowel loops are free floating and sub-
ject to the amniotic fluid, there is propensity for bowel wall 
thickening and adhesions and complications of bowel atresia 
[15]. The exact etiology of gastroschisis is unclear. There is 
an association with young maternal age. On MR imaging, 
freely floating bowel loops are seen herniating through an 
anterior abdominal wall defect adjacent to an intact umbili-
cal cord (Fig. 16.4). Intraluminal fluid and meconium within 
bowel loops appear hyperintense on T2-weighted and 
T1-weighted MR images, respectively.

Omphalocele is herniation of abdominal viscera at the 
base of the umbilical cord through an enlarged umbilical 
ring, with insertion of the cord on the covering membrane. 
Herniating organs can include bowel loops, liver, and other 
viscera and are covered by a hernia sac. Etiological factors 
include failure of bowel loops to return to the abdominal 
cavity after normal physiologic herniation (occurs during 11 
and 13 weeks of gestation) and failure of the abdominal wall 

closure. Unlike gastroschisis, there is a high association 
with other congenital abnormalities, with cardiac, central 
nervous system, and urogenital abnormalities are the most 
common. Omphalocele can also be a part of more complex 
abdominal wall defects such as pentalogy of Cantrell, cloa-
cal exstrophy, and limb-body wall complex [16, 17]. On 
fetal MR imaging, a central anterior abdominal wall defect 
with herniation of the abdominal organs into a thin-walled 
sac is seen (Fig. 16.5). The herniating liver is hypointense 
on T2-weighted and slightly hyperintense on T1-weighted 
MR images (see Fig. 16.5).

Omental and Mesenteric Cysts Omental and mesen-
teric cysts are uncommon developmental intra-abdominal 
lesions that result due to migration of a small-bowel or 
colonic diverticulum into the small-bowel mesentery or 
mesocolon [18]. Clinical presentation is variable ranging 
from asymptomatic to acute abdomen [19–21].

On MR imaging, these cystic lesions are thin-walled, 
T1-weighted hypointense and T2-weighted hyperintense with 
no or minimal wall enhancement, as opposed to enteric dupli-
cation cysts that typically have an enhancing wall. The imaging 
findings of various cystic lesions can overlap, with histology 
typically required for definitive diagnosis (Table 16.2) [18].

Mesothelial Cyst Mesothelial cyst is a rare congenital 
lesion that arises from coelomic remnants and is lined by 
mesothelial cells. Mesothelial cysts can occur in the mesen-
tery, spleen, adrenal gland, ovary, falciform ligament, pro-
cessus vaginalis, and diaphragm.

Liver Pancreas

Aorta

Descending
colon

Latero-conal
ligament

Anterior
pararenal space

Kidney

Perirenal space

Posterior pararenal
space

Gallbladder

Duodenum

Latero-conal
ligament

Ascending
colon

Kidney

IVC

Fig. 16.3 The retroperitoneal 
spaces. Schematic transverse 
section through the kidneys 
shows the perirenal and 
pararenal spaces and the 
latero-conal ligaments. IVC 
inferior vena cava
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Fig. 16.4 Pre- and postnatal imaging appearance of gastroschisis. 
Prenatal MR imaging of a 36-weeks gestation female fetus (a) axial 
steady-state free precession (SSFP) MR image demonstrates a midline 
abdominal defect (arrow) and herniation of intra-abdominal contents. 
(b, c) Sagittal single-shot T2-weighted (b) and T1-weighted fat-suppressed 

(c) MR images show high T1-weighted signal within the herniated 
bowel confirming the presence of meconium (arrow) within colon. 
Postnatal imaging with preoperative (d) and postoperative (e) abdomi-
nal radiographs, as well as postoperative photograph (f) noting silo 
placement

a b

c d
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e f

Fig. 16.4 (continued)

a b

Fig. 16.5 Fetal MR imaging appearance of an omphalocele in a 
23-weeks gestation male fetus. Sagittal (a) and axial (b) SSFP MR 
images show a contained herniation of liver and bowel loops through a 

midline abdominal wall defect. The umbilical cord (arrow) inserts at 
the apex of the herniating mass differentiating it from a gastroschisis

A. Malik
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On MR imaging, the cysts are T1-weighted hypointense and 
T2-weighted hyperintense with no discernible wall (Fig. 16.6). 
Unlike lymphatic malformations, these are unilocular cystic 
lesions which lack internal septations and intrinsic T1-weighted 
signal. Diaphragmatic mesothelial cysts have been described as 
bilobed cystic lesions located between the posterolateral aspect 
of the right liver lobe and the diaphragm [22, 23].

Meconium Peritonitis and Pseudocyst Meconium perito-
nitis is the most common cause of peritoneal calcifications in 
the neonate. It is a sterile, chemical peritonitis that occurs 
due to intrauterine intestinal perforation [24]. This can also 
result in scrotal calcifications in neonates with patent proces-
sus vaginalis (Fig. 16.7).

Lymphatic Malformation Lymphatic malformations are 
developmental anomalies in which focal lymphatic channels 
fail to establish connections with the central lymphatic sys-
tem. Most common location is the head, neck, or axilla. 
Intra-abdominal location is uncommon but can occur within 
the mesentery and retroperitoneum [22, 23]. Clinical presen-
tation is variable, including progressive abdominal disten-
tion and acute or chronic abdominal pain.

On imaging, these are multiseptated, cystic collec-
tions insinuating multiple planes. Ultrasound is a sensitive 
modality and shows cystic or multicystic mass with internal 
septations. MR imaging is the preferred imaging modality 

Table 16.2 Histologic classification for peritoneal and retroperitoneal 
congenital cystic masses

Omental and 
mesenteric cyst

Enteric lining (mucosa)

Enteric duplication 
cyst

Enteric lining (mucosa), dual muscle lining 
with neural elements

Mesothelial cyst Mesothelial lining
Lymphatic 
malformation

Endothelial lining

Pseudocyst 
(non-pancreatic)

No lining

a b

Fig. 16.6 Mesothelial cyst in a 15-year-old boy. Coronal (a) and 
sagittal (b) T2-weighted MR images of the abdomen show a well-
circumscribed, fluid intensity mass (arrows) in the right upper quad-
rant, inferior to and abutting the liver. Axial-enhanced T1-weighted 

fat-suppressed MR image (c) shows minimal peripheral enhance-
ment confirming the lesion’s cystic nature. This was found to be a 
mesothelial cyst on histology
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for preoperative assessment, as it provides better anatomic 
delineation of the cystic mass with surrounding organs. 
MR imaging findings include T1-weighted hypointense and 
T2-weighted hyperintense multilocular cystic lesions with 
peripheral and septal enhancement. Intrinsic T1-weighted 
signal intensity can be seen in some lymphatic malforma-
tions from proteinaceous elements (Fig. 16.8).

Bronchogenic Cyst Bronchogenic cyst is a benign congenital 
anomaly secondary to aberrant budding of the developing tra-
cheobronchial tree between 26th and 40th days of gestation. 
The abnormal bud differentiates into a blind ending, fluid-filled 
pouch, lined by respiratory epithelium with bronchial glands, 
smooth muscle, and cartilage [25]. Bronchogenic cyst most 
commonly occurs in the mediastinum, typically near the carina; 
however extra-mediastinal locations such as lung parenchyma 

c

Fig. 16.7 Pre- and postnatal imaging findings of meconium peritonitis 
and pseudocyst. Axial (a) and sagittal (b) SSFP MR images of a 
30-week gestation female fetus from a prenatal MR imaging demon-
strate a large, complex cystic lesion (arrows) in the peritoneal cavity 
with mildly dilated proximal bowel loops. The cystic lesion demon-

strates high T1-weighted signal on the sagittal T1-weighted fat-sup-
pressed MR image (c), similar to adjacent bowel loops. Postnatally, 
abdomen radiograph (d) and abdominal ultrasound (e) at day 1 of life 
confirm the findings of meconium peritonitis and a calcified mass in the 
midline and right hemiabdomen consistent with pseudocyst

a b

Fig. 16.6 (continued)
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e

c d

Fig. 16.7 (continued)
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a b

d

c

e

Fig. 16.8 Lymphatic malformation in a 20-month-old boy who pre-
sented with progressively worsening abdominal distention and discom-
fort. Axial (a) and coronal (b) radial T2-weighted MR images show a 
predominantly hyperintense, multiloculated cystic lesion with fluid- 
fluid levels. Axial-unenhanced T1-weighted fat-suppressed MR image 

(c) shows T1-weighted hyperintensity within a large locule (arrow), 
suggesting proteinaceous component. Axial- (d) and sagittal- (e) 
enhanced T1-weighted fat-suppressed MR images show peripheral and 
septal enhancement (arrows). The extent of the lesion and relationship 
with surrounding structures is better evaluated by MR imaging
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and pleura have been described, with rare occurrence in the 
retroperitoneum [26, 27]. Presentation is usually within first 
few decades of life and varies with size and location of the cyst. 
Symptoms when present usually occur secondary to compres-
sion of adjacent organs. 

MR imaging shows a sharply marginated, rounded cys-
tic lesion with no enhancement. MR imaging has supe-

rior soft tissue contrast resolution compared to CT and 
is therefore helpful in characterization of bronchogenic 
cysts which do not follow homogenous or fluid attenua-
tion on CT. Signal characteristics depend upon the nature 
of the fluid and are typically T1-weighted hypointense 
and T2-weighted hyperintense. T1-weighted signal can 
be seen with proteinaceous material (Fig.  16.9). Both 
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Fig. 16.9 Retroperitoneal bronchogenic cyst in a 16-year-old boy on 
MR imaging. Coronal (a) and sagittal (b) T2-weighted MR images 
show a cystic lesion (arrows) in the left retroperitoneum, immediately 
anterior to the upper pole of the left kidney. Axial-unenhanced 

T1-weighted MR image (c) shows hypointensity, while axial- (d) and 
coronal- (e) enhanced T1-weighted fat-suppressed MR images show 
peripheral enhancement (arrow). This lesion was found to be a bron-
chogenic cyst by histology
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 subdiaphragmatic and retroperitoneal locations have also 
been described for bronchogenic cysts [28].

 Infectious and Inflammatory Peritoneal 
and Retroperitoneal Disorders

Mesenteric Adenitis MR imaging of the acute abdomen, 
particularly for suspected appendicitis, is emerging as an alter-
native to CT when ultrasound is equivocal [29]. Mesenteric 
lymph nodes in children are often considered abnormal if they 
are greater than 5 mm in diameter. Mesenteric lymphadenopa-
thy can be seen with infectious, inflammatory, or neoplastic 
etiologies. Mesenteric adenitis is benign inflammation of the 
mesenteric lymph nodes, seen as an isolated finding in the 
absence of other infectious, inflammatory, or neoplastic etiol-
ogies [30]. The clinical  presentation can mimic other common 
acute abdominal processes such as appendicitis, including 
nausea, vomiting, right lower quadrant abdominal pain and 
tenderness, fever, and leukocytosis.

On MR imaging, multiple prominent right lower quad-
rant mesenteric lymph nodes are seen adjacent to the ileo-
cecal valve, sometimes with associated mild ileocecal wall 
 thickening but in the absence of other pathologic features 
(Fig. 16.10).

Omental Infarction Omental infarction is vascular compro-
mise of the greater omentum and can either be primary or sec-
ondary to surgical trauma. The right lateral edge of the omentum 
has a more tenuous blood supply than the rest of the omentum, 
making it more prone to infarction. Clinical presentation typi-
cally is subacute onset of right lower quadrant pain, often with 
a mildly elevated white blood cell count, mimicking other enti-
ties such as acute appendicitis. Other GI symptoms such as 
vomiting, nausea, and fever are uncommon. Imaging plays a 
useful role in establishing the diagnosis.

On MR imaging, omental infarction presents typically 
as a large (>5  cm) fatty encapsulated mass, with soft tis-
sue stranding adjacent to the ascending colon (Fig. 16.11). 
Early or mild infarction may manifest as mild fat stranding 
and haziness anterior to the colon. Swirling of vessels in the 
omentum suggests omental torsion [31, 32].

Peritoneal Inclusion Cyst Peritoneal inclusion cyst, also 
known as peritoneal pseudocysts, typically occur in females 
of reproductive age. There are known association with prior 
abdominal or pelvic surgery, pelvic inflammatory disease, 
and endometriosis. The most common presenting symptom 
is lower abdominal or pelvic pain. Although these can be 
diagnosed by ultrasound, MR imaging can be helpful in 
equivocal cases as it allows improved characterization of the 
lesion and delineation of adjacent anatomic structures.

On MR imaging, peritoneal inclusion cysts are regular- or 
irregular-shaped cystic lesions which abut and envelop the 

surrounding structures (often an ovary) and typically have 
low signal intensity on T1-weighted MR images and high 
signal intensity on T2-weighted MR images. Internal het-
erogeneity of the lesion on T1- and T2-weighted sequences 
with “spider web” appearance can be noted. There is no 
enhancement on post-contrast T1-weighted fat-suppressed 
MR images (Fig. 16.12) [33, 34].

a
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c

Fig. 16.10 Mesenteric adenitis in a 10-year-old boy who presented 
with acute abdominal pain and increased inflammatory markers. Axial 
(a–c) T2-weighted fat-suppressed MR images of the abdomen and pel-
vis demonstrate a cluster of enlarged mesenteric lymph nodes (circle) in 
the right hemiabdomen with a normal appendix (arrows)
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Abdominal Cerebrospinal Fluid (CSF) Pseudocyst Ventricu-
loperitoneal shunt placement is a commonly performed 
 procedure for management of  hydrocephalus. Shunt-related 
complications include infection of the shunt, malfunction due 
to mechanical disruption or blockage, and formation of intra-

a

b

c

Fig. 16.11 Omental infarction in a 6-year-old boy who presented with 
acute abdominal pain. (Case courtesy of Monica Epelman, MD, 
Nemours Children’s Hospital, Orlando, Florida). Axial T2-weighted 
MR images without (a) and with (b) fat suppression show fat stranding 
and inflammation (arrow) in the right lower quadrant with adjacent free 
fluid. Corresponding axial diffusion-weighted MR image (c) shows 
associated restricted diffusion (arrow)
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Fig. 16.12 Peritoneal inclusion cyst in a 19-year-old woman with prior 
abdominal surgeries who presented with pelvic discomfort. Coronal (a) 
and axial (b) T2-weighted fat-suppressed MR images demonstrate a 
complex, irregular cystic lesion (arrows) in the pelvis with internal sep-
tations giving a “spider web” appearance. Mild peripheral and septal 
enhancement is noted on corresponding coronal-enhanced T1-weighted 
fat-suppressed MR image (c). Both ovaries appear “entrapped” within 
cystic lesion (circles), consistent with a peritoneal inclusion cyst
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abdominal CSF pseudocyst, most commonly occurring at the 
distal tip of the shunt [35]. Development of pseudocyst is attrib-
uted to inflammatory response usually secondary to an infec-
tious process. As the name implies, the pseudocyst is lined by 
a fibrous wall that is non-epithelial and may include inflamed 
serosa [36, 37].

Pediatric patients with abdominal pseudocysts most 
commonly present with signs and symptoms of increased 
intracranial pressure due to shunt malfunction and acute 
abdominal signs such as abdominal pain, distention, and 
bowel obstruction depending upon the size of the cyst. 
Although plain radiographs and ultrasound are the first-line 
imaging modalities for investigation of a suspected pseudo-
cyst, cross-sectional imaging may be required when patients 
present with acute abdomen mimicking other common acute 
pathologies [37, 38]. On MR imaging, the pseudocysts are 
low T1-weighted/high T2-weighted signal unilocular or 

multiseptated lesions that occur at the distal tip of the shunt 
catheter, with variable peripheral enhancement.

If infection is present, treatment includes temporary 
externalization of the shunt, systemic antibiotics, and repo-
sitioning or revising the shunt either as ventriculoperitoneal 
or alternate routes such as ventriculoatrial or ventriculo-
pleural locations [36]. Ultrasound-guided percutaneous 
aspiration may be helpful in guiding antibiotic treatment.

Intraperitoneal and Retroperitoneal Abscess Abdominal 
and pelvic abscesses can be seen in pediatric patients due to 
infectious and inflammatory etiologies, such as perforated 
appendicitis, inflammatory bowel disease, enterocolitis, pel-
vic inflammatory disease, and tubo-ovarian infection (female 
patients). Retroperitoneal abscesses can be seen with hema-
togenous or musculoskeletal infections such as discitis- 
osteomyelitis (Fig. 16.13) [39].

a b

c

d

Fig. 16.13 Retroperitoneal and pelvic abscesses in a 17-month-old 
girl with septic sacroiliitis and osteomyelitis. Coronal (a) and axial (b) 
STIR MR images show multiloculated fluid collections in the right ret-
roperitoneal soft tissues and right iliacus and extending inferiorly into 

the pelvis with rim enhancement on axial- (c) and coronal- (d) enhanced 
T1-weighted fat-suppressed MR images, consistent with abscesses 
(arrows). Abnormal high STIR signal is noted in the right ischium and 
sacroiliac joint (b; paired arrows)
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 Neoplastic Peritoneal and Retroperitoneal 
Disorders

Benign and malignant peritoneal and retroperitoneal masses 
are sometimes encountered in the pediatric population. These 
masses can be mesodermal, ectodermal, neurogenic, or lym-
phatic in origin.

Peritoneal masses are much less common in children com-
pared to adults, given the decreased prevalence of neoplasms 
with peritoneal spread [40]. When peritoneal malignancy is 
present, metastatic disease is much more common than pri-
mary peritoneal neoplasms in the pediatric population [40, 41].

Desmoid tumor, inflammatory myofibroblastic tumor, 
Castleman disease, and other mesenchymal masses can 
present as localized peritoneal masses, whereas diffuse peri-
toneal disease can be seen with malignant tumors such as 
rhabdomyosarcoma, non-Hodgkin lymphoma, and desmo-
plastic small round cell tumors (DSRCT) [41].

Benign Neoplasms The majority of the benign peritoneal 
solid masses appear as focal lesions.

Desmoid Tumor or Mesenteric Fibromatosis Desmoid 
tumor or mesenteric fibromatosis is a benign but locally 
aggressive neoplasm of mesenchymal origin, seen in associa-
tion with familial adenomatous polyposis (FAP) and Gardner 
syndrome [42]. Desmoid tumor can be intra- abdominal 
(mesenteric location most common), in the abdominal wall, 
or extraabdominal.

Intra-abdominal desmoids seen in association with FAP 
and Gardner syndrome are often located in the small-bowel 
mesentery, are more infiltrative, and have less well-defined 
margins compared to non-FAP-associated desmoids [43, 44]. 
Desmoids can also be mass-like and result in local compres-
sion or infiltration and present as intestinal obstruction or 
hydronephrosis. Signal characteristics vary with the proportion 
of collagen, spindle cells, and extracellular matrix [45]. Most 
commonly, desmoid tumor is usually intermediate to hyperin-
tense relative to skeletal muscle on T2-weighted MR images 
and isointense on T1-weighted MR images. T2-weighted 
hypointensity suggests the presence of increasing collagen and 
decreasing cellularity. Higher T2-weighted signal is reflective 
of higher cellularity and can suggest active growth or recur-
rence. Contrast enhancement is variable [44, 45].

Inflammatory Myofibroblastic Tumor Inflammatory myo-
fibroblastic tumor (IMT) is a rare mesenchymal tumor that 
can arise in any anatomic location, but most often seen in the 
lung, mesentery, and omentum [46]. With more recent data, 
this is now considered a neoplasm of borderline biologic 
behavior rather than an inflammatory process as previously 
thought. It is most commonly seen in children and young 
adults. Clinical presentation varies with location of the lesion 

and may include systemic signs and symptoms mimicking 
an infectious process. Abdominal pain is the most common 
symptom [46, 47].

The imaging findings are variable and nonspecific, 
although the presence of a well-circumscribed, solid mass 
with central calcifications is suggestive of IMT. On MR imag-
ing, the tumor appears hypointense relative to skeletal muscle 
on T1-weighted sequences and hyperintense on T2-weighted 
sequences, noting that tumors with a large fibrous component 
can appear hypointense on both sequences. Enhancement 
pattern is variable and mostly heterogeneous. Larger lesions 
may have areas of central necrosis [47, 48]. Imaging appear-
ance can vary with histologic composition of inflammatory 
cell infiltrate and fibrosis. Treatment of choice is complete 
surgical excision [46].

Castleman Disease Castleman disease is an idiopathic benign 
lymphoproliferative disorder that most commonly arises in the 
chest but can involve the lymphatic tissues in the neck and mes-
entery [49]. It is primarily seen in young adults with rare occur-
rence in pediatric population. There are two recognized clinical 
forms, unicentric and multicentric [49, 50].

In children, Castleman disease is usually unicentric, 
appearing as a well-circumscribed, intensely enhancing dis-
crete mass or dominant mass with satellite nodules in the 
mesentery [51]. Hepatosplenomegaly, ascites, and diffuse 
lymphadenopathy are seen in the multicentric form [52].

On MR imaging, Castleman disease is hypointense on 
T1-weighted MR images and heterogeneously hyperintense 
on T2-weighted MR images relative to skeletal muscle. 
Peripheral flow voids representing feeding vessels may be 
seen. Enhancement pattern is typically early and intense, 
with delayed washout. A characteristic feature of Castleman 
disease is a T2-weighted hypointense stellate scar, which is 
also hypointense on early phase-enhanced T1-weighted fat- 
suppressed MR images [50, 52].

Lipoblastoma Lipoblastoma is an uncommon benign mes-
enchymal tumor seen exclusively in infants and young chil-
dren, with almost 90% of the cases diagnosed before the age 
of 3 years [53]. Presentation depends upon size and location 
of the lesion. It usually involves soft tissues of the extremi-
ties and trunk and is rarely seen in the face, neck, buttock, 
perirectal area, and abdomen. In the abdomen, mesenteric, 
omental, and retroperitoneal locations have been described. 
Lipoblastoma is the primary differential for a fat-containing 
retroperitoneal tumor in the pediatric population [53, 54].

MR imaging demonstrates a soft tissue lobulated mass 
which is hyperintense on T1- and T2-weighted MR images 
and demonstrates characteristic signal loss on fat-sup-
pressed sequences, consistent with a fat-containing lesion 
(Fig. 16.14). Signal intensity of the mass is relative to the 
amounts of lipoblasts and myxocollagenous stromal tissue 
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Fig. 16.14 Lipoblastoma in a 3-year-old boy who presented with pro-
gressively worsening abdominal distention and discomfort. Initial 
abdomen radiograph (a) shows large central mass in the abdomen and 
pelvis with peripheral displacement of the bowel loops. Axial (b) and 
sagittal (c) CT images show a large cystic mass in the abdomen and 

pelvis with scattered foci of fat attenuation (arrows). MR imaging bet-
ter demonstrates the fatty nature of the mass with high signal intensity 
on axial T1-weighted (d), as well as axial (e) and coronal (f) T2-weighted 
MR images. The mass demonstrates signal loss (arrow) following fat 
suppression (g)
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within it [53]. Treatment is complete excision. Recurrence 
can occur if there are positive surgical margins [54].

Nerve Sheath Tumor Neurofibromas and plexiform neu-
rofibromas are benign peripheral nerve sheath tumors and 
the hallmark lesion of neurofibromatosis type-1 (NF-1), a 
genetic multisystem neurocutaneous disorder [55]. In 
patients with NF-1, involvement of the gastrointestinal 
organs and associated mesenteric and peritoneal soft tis-
sues is much less common than cutaneous manifestations 
[55, 56]. Symptoms are nonspecific and may include 
abdominal pain, intestinal obstruction, or other symptoms 
from mass effect. The paraspinal and presacral region in the 
distribution of the lumbosacral plexus are the most com-
mon abdominal locations for neurofibromas. Mesenteric 
plexiform neurofibromas may appear as multiple, discrete 
nodular masses or infiltrating lesions. 

MR imaging is the modality of choice for imaging 
patients with NF-1, as the findings are characteristic and 
multiplanar capabilities allow in delineating the extent of 
the tumors. Neurofibromas demonstrate hypointensity on 
T1-weighted MR images and heterogeneous hyperinten-
sity on T2-weighted MR images, with characteristic central 
T2-weighted hypointensity (also known as the “target” sign) 
secondary to central fibrocollagenous tissue and surrounding 
myxoid matrix. The central T2-weighted hypointense areas 
also show corresponding enhancement on post-contrast 
sequences (Fig.  16.15) [55]. Plexiform neurofibromas can 
cause diffuse enlargement of the nerve and neural plexus, 
resulting in a “bag of worms” appearance.

Paraganglioma Paraganglioma, or extra-adrenal pheochro-
mocytoma, arises from neuroendocrine cells and most com-
monly occurs in the head and neck [57]. The retroperitoneum 
is the second most common primary tumor site in the pediat-
ric age group [58]. The patient may present with symptoms 
related to excessive catecholamine production, such as head-
ache, sweating, palpitations, and hypertension. 

MR imaging is the preferred modality for investigation of 
suspected paraganglioma. Signal characteristics are hypoin-
tense or isointense compared with the liver parenchyma on 
T1-weighted MR images and markedly hyperintense on 
T2-weighted MR images (the “light bulb” sign). There is 
avid enhancement on arterial phase-enhanced T1-weighted 
fat-suppressed sequences (Fig. 16.16) [58].

 Malignant Neoplasms

Desmoplastic Small Round Cell Tumor Desmoplastic 
small round cell tumor (DSRCT) is a highly aggressive 
soft tissue tumor which most commonly presents in ado-
lescents and young adults with male predominance [59]. 
Clinical presentation may be late and may include abdom-
inal distention, pain, anemia, weight loss, and change in 
bowel habits. The peritoneal cavity is the most common 
site of involvement [60]. The most typical imaging appear-
ance is that of a large, heterogeneous pelvic (retrovesical) 
mass with multiple rounded peritoneal and nodal metasta-
ses, with or without ascites.

On MR imaging, the masses are hypointense on 
T1-weighted MR images, intermediate in signal on T2-weighted 
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Fig. 16.14 (continued)
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MR images with central necrotic hyperintense areas, and 
 heterogeneous enhancement on post-contrast MR images 
(Fig.  16.17). Restricted diffusion can be seen on diffusion-
weighted MR images. The tumor spreads directly via the mes-
entery or via lymphatic and hematogenous routes. Involvement 

of the liver, lungs, bones, and the brain can be seen. PET/CT is 
useful in detection of early tumor relapse [60, 61].

Differential diagnosis for diffuse peritoneal disease 
includes lymphoma, germ cell tumor (testicular tumor in 
male patients), other soft tissue sarcomas in adolescents, and 

Fig. 16.15 Mesenteric plexiform neurofibroma in a 5-year-old boy 
with neurofibromatosis-type I.  Sagittal T2-weighted (a) and coronal 
STIR (b) MR images from thoracolumbar spine MR imaging show a 
large plexiform neurofibroma (arrows) along the superficial dorsal 
paraspinal soft tissues. Incidentally seen is an additional neurofibroma 

(arrows) in the small-bowel mesentery on axial T2-weighted MR image 
(c) with corresponding enhancement on axial-enhanced T1-weighted 
fat-suppressed (d) MR image. Coronal (e) and axial (f) CT images sub-
sequently show the entire extent of the mesenteric plexiform 
neurofibroma
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Fig. 16.16 Paraganglioma in an 11-year-old boy with solitary left kid-
ney who presented with hypertension. MR angiography performed to 
evaluate for renal artery stenosis shows a lobulated retroperitoneal soft 
tissue mass (arrows) on axial noncontrast MR angiogram (a) and coro-
nal T2-weighted (b) sequences. Axial GRE T1-weighted fat-suppressed 

pre-contrast (c) and post-contrast (d) MR images show avid enhance-
ment within this retroperitoneal mass. Additional imaging with I-123 
MIBG scan demonstrates increased tracer uptake in the midline retro-
peritoneal region on planar (e) and fused SPECT (f) images, consistent 
with paraganglioma
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Fig. 16.17 Desmoplastic small round cell tumor (DSRCT) in a 
14-year-old boy who presented with 20-pound weight loss. Sagittal 
(a), coronal (b), and axial (c) images from initial CT show a hetero-
geneous mass (thick arrow) in the retrovesical region with additional 
soft tissue masses involving the omentum and serosal surfaces (thin 
arrow) with concurrent liver and lymph node (circle) metastases. Post-

chemotherapy, there is reduction in size and extent of these masses 
which demonstrate heterogeneous hyperintense and hypointense signal 
on axial T2-weighted (d, e) and T1-weighted fat-suppressed (f) MR 
images, respectively. Axial-enhanced GRE T1-weighted fat-suppressed 
MR images (g, h) show heterogeneous enhancement by the mass
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metastatic rhabdomyosarcoma or neuroblastoma in younger 
patients.

Retroperitoneal (Extra-Adrenal) Neuroblastic Tumors  
Neuroblastic tumors are the most common extracranial 
solid neoplasms in children and include neuroblastoma, 
ganglioneuroblastoma, and ganglioneuroma [62]. These 
tumors vary in the degree of cellular and extracellular 
maturity, of which neuroblastoma is the most malignant 
tumor. While adrenal location is most common, it can 
arise anywhere along the sympathetic chain from the neck 
through the pelvis. The organ of Zuckerkandl is a mass of 
neural crest tissue adjacent to the mid- to distal abdominal 
aorta and is another recognized site of disease [62, 63]. 
Neuroblastomas occur in early childhood with up to 95% 
diagnosed by 7  years of age. Presenting features are 
diverse and vary with the anatomical location and size of 
the tumor. 

MR imaging allows assessment of the primary tumor 
regardless of the location and extent of the disease, noting 
superior evaluation for metastatic marrow disease and spinal 

canal involvement when compared to CT. Tumor typically 
demonstrates hypo- to isointense signal on T1-weighted 
MR images and hyperintense signal on T2-weighted MR 
images, with variable contrast enhancement (Fig.  16.18). 
Heterogeneity can be seen with areas of calcification and 
hemorrhage [63]. These tumors tend to encase the major 
vessels rather than invade them.

Lymphoma Lymphoma is the most common malignant 
neoplasm to involve the mesentery and peritoneal cavity in 
children. Mesenteric and peritoneal disease is much more 
common in non-Hodgkin lymphoma than in Hodgkin lym-
phoma [64, 65]. The bowel and adjacent mesentery are com-
monly involved with Burkitt lymphoma, which typically 
manifests with extensive disease because of its short dou-
bling time [66]. Peritoneal infiltration has been described in 
up to 24% of patients and ascites in 39% [65].

On MR imaging, lymphoma presents as round or oval, 
heterogeneously hypointense masses on both T1- and 
T2-weighted MR images with variable enhancement and dif-
fusion restriction (Fig. 16.19) [65, 67].
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Fig. 16.18 Neuroblastoma arising from organ of Zuckerkandl in a 
20-month-old boy who presented with palpable abdominal mass. 
Coronal (a) and axial (b) T2-weighted MR images show a heteroge-

neously hyperintense mass (arrows) in the midline splaying the aortic 
bifurcation, which exhibits avid enhancement on axial enhanced 
T1-weighted fat-suppressed MR image (c)

a b

Fig. 16.19 Diffuse large B-cell lymphoma multiorgan involvement in 
a 7-year-old girl who presented with intermittent fevers and lymphade-
nopathy. Axial (a, b) T2-weighted MR images show multiple enlarged 
gastrohepatic and para-aortic lymph nodes (arrows), multiple interme-

diate to mildly hypointense bilateral renal masses, as well as a lobulated 
splenic mass with hepatosplenomegaly. Renal and splenic masses are 
hypoenhancing on enhanced GRE T1-weighted fat-suppressed axial (c) 
and coronal (d) MR images
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Rhabdomyosarcoma Rhabdomyosarcoma (RMS) is the 
most common soft tissue sarcoma in pediatric patients and 
accounts for 5–15% of all solid tumors [68]. RMS most 
commonly occurs in the head and neck, with other reported 
sites such as genitourinary organs, extremity, biliary tract, 
and retroperitoneum [68, 69]. Omental location is very 
rare. Clinical presentation is variable depending upon the 
location and extent of the tumor. RMS generally is a rap-
idly growing, malignant mesenchymal tumor with high 
propensity for hematogenous and lymphatic spread. It can 
be classified into embryonal, alveolar, botryoid, and ana-
plastic subtypes, of which embryonal is the most common 
type in pediatric patients [69]. Intraperitoneal involvement 
is uncommon and includes findings of ascites, enhancing 
nodules, omental caking, and pseudomyxoma peritonei. 
Secondary intra- abdominal extension can be seen with ret-
roperitoneal and pelvic RMS.

MR imaging features of rhabdomyosarcoma are non-
specific and can mimic other soft tissue tumors. The 
tumor is isointense to skeletal muscle on T1-weighted MR 
images and heterogeneously hyperintense on T2-weighted 
MR images, with enhancement on post-contrast imaging. 
Larger lesions may show areas of hemorrhage or necrosis 
(Fig. 16.20). Complete surgical excision is the treatment 
of choice, with chemotherapy that also plays an impor-
tant role because of its high chemosensitivity [69].

Peritoneal Metastases Peritoneal metastases are very 
uncommon in pediatric patients, given the decreased fre-
quency of primary gastrointestinal, ovarian, and uterine 
neoplasms in young patients compared to adults [70]. 
Neuroblastoma and intracranial neoplasms are reported 
to metastasize to the peritoneum in children. 

MR imaging shows nodular masses with intermediate 
to hyperintense signal on T2-weighted MR images and 
hypointense signal on T1-weighted MR images. Contrast 
enhancement is variable (Fig. 16.21). MR imaging is gain-
ing increased acceptance as a primary modality for imag-
ing surveillance of patients with testicular cancer, given its 
lack of ionizing radiation exposure and the relatively young 
patient demographic. In this context, MR surveillance con-
sists of axial T1- and T2-weighted MR images of the ret-
roperitoneum to evaluate for lymphadenopathy, from the 
level of the renal vessels through the pelvis.

 Traumatic Peritoneal and Retroperitoneal 
Disorders

Peritoneal and retroperitoneal injuries include visceral, solid 
organ, and vascular injuries [71]. Abdominal trauma can 
result in hemoperitoneum or retroperitoneal hemorrhage. 
Retroperitoneal hematoma can also be seen with spinal 
injury [71, 72].
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Fig. 16.20 Metastatic rhabdomyosarcoma in a 6-year-old girl who 
presented with history of prolonged right hip and back pain. Axial 
T2-weighted fat-suppressed MR images (a, b) through the lower abdo-
men and pelvis show multiple enlarged retroperitoneal and right iliac 
lymph nodes (arrows). Axial (c) and coronal (d) T2-weighted fat-sup-
pressed MR images of the pelvis demonstrate a large mass (double 

arrows) arising from the right gluteal musculature with extension into 
the pelvis as well as right iliac lymph nodes (single arrow), and diffuse 
marrow signal abnormality as manifested by low signal on coronal 
T1-weighted MR imaging (e), consistent with bone metastasis. The 
gluteal mass is largely necrotic on axial-enhanced T1-weighted fat-
suppressed MR image (f)
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MR imaging appearance of blood products vary with the 
stage of bleeding. For example, acute blood or deoxyhe-
moglobin is isointense on T1-weighted and hypointense on 
T2-weighted MR images. Subacute blood or intracellular 
methemoglobin is hyperintense on T1-weighted MR images, 

while late subacute blood (extracellular methemoglobin) is 
also hyperintense on T2-weighted MR images. Chronic blood 
or hemosiderin is hypointense on both T1- and T2-weighted 
MR images. Pneumoperitoneum appears as areas of low sig-
nal intensity on both T1- and T2-weighted MR images.
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Fig. 16.21 Peritoneal metastases in a 17-year-old girl with malignant 
left ovarian mucinous cystadenocarcinoma. Axial GRE T1-weighted 
fat-suppressed MR images pre- (a) and post- (b) contrast show enhanc-
ing peritoneal nodularity (arrows) along the liver. Coronal-enhanced 

T1-weighted fat-suppressed MR image (c) shows the large heteroge-
neous left ovarian mass (asterisk) extending superiorly into the abdo-
men, consistent with the primary malignancy
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 Conclusion

MR imaging is valuable in evaluation and characterization 
of pediatric peritoneal and retroperitoneal disorders, given 
its superior soft tissue contrast resolution, lack of ion-
izing radiation, and multiplanar capabilities. With use of 
optimized protocols which include faster and specialized 
techniques and appropriate coils and select use of sedation 
or anesthesia, MR imaging evaluation of the peritoneum 
and retroperitoneum in young patients is gaining wider 
acceptance.
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Whole-Body MR Imaging

Mary-Louise C. Greer

 Introduction

In the past decade, there has been a rapid increase in the uti-
lization of whole-body magnetic resonance imaging (whole- 
body MR imaging) in the pediatric population [1–3]. This has 
been facilitated by technical developments enabling large field 
of view (FOV) imaging in clinically feasible timeframes while 
achieving high contrast and spatial resolution [2, 4, 5]. Whole-
body MR imaging has become a valuable tool in assessing 
diffuse, multifocal, and/or multisystem disease processes with 
an ever-expanding range of indications, both oncologic and 
non-oncologic [3, 6–11]. It can facilitate diagnosis, document 
disease burden and treatment response, and guide invasive 
procedures such as biopsy. The additional appeal of whole-
body MR imaging in the pediatric population relates to its lack 
of ionizing radiation in comparison with alternative large FOV 
imaging techniques such as computed tomography (CT), with 
or without positron emission tomography (FDG-PET), and 
even to a small degree skeletal surveys [12].

In this chapter, whole-body MR imaging techniques and 
protocols are discussed (both generic and disease-specific 
protocols) with consideration of a systematic approach to 
image analysis and standardized reporting. These help to 
optimize disease detection while minimizing false positive 
and false negative interpretations [7, 13]. A false positive 
screening test can be detrimental, particularly in children if 
leading to radiologic investigations involving ionizing radia-
tion or unnecessary invasive procedures [14–16]. In addi-
tion, the application of pediatric whole-body MR imaging 
across a spectrum of diseases is reviewed, including clinical 
features, characteristic imaging findings, and management. 
These include cancer predisposition syndromes (CPS), other 
neoplastic disorders, and treatment-related complications 
such as osteonecrosis, infectious and noninfectious inflam-

matory disorders, myopathies, and postmortem imaging as 
an adjunct to autopsy.

 Magnetic Resonance Imaging Techniques

 Patient Preparation

There is no preparation for most pediatric patients undergo-
ing whole-body MR imaging unless requiring sedation or 
general anesthesia (GA), when institutional fasting policies 
should be followed. Defining risks related to GA in pediat-
rics is beyond the scope of this chapter, although its impact 
on CPS surveillance should be considered [7]. A range of 
techniques can be employed to minimize need for GA and 
alleviate anxiety in pediatric MR imaging, especially ben-
eficial for patients aged 4 to 6 years or in older developmen-
tally delayed children, improving compliance and reducing 
motion artifacts. These include MR scanner simulation, 
child life specialists, video goggles, headphones for music, 
and animal-assisted therapy [17–19].

 MR Imaging Pulse Sequences and Protocols

 Standard MR Imaging Pulse Sequences and 
Protocols 
No one standard pediatric whole-body MR imaging protocol 
currently exists, most recently illustrated in a 2016 multi-
center survey conducted through the Society for Pediatric 
Radiology (SPR); however, there are some techniques that are 
commonly utilized [2, 20]. The SPR survey confirmed that 
coronal short tau inversion recovery (STIR) is the most fre-
quently employed imaging plane and sequence, used by 90% 
of responders, and non fat-suppressed coronal T1-weighted 
and axial diffusion-weighted MR imaging (DWI) sequences 
used by almost 50% [2]. Wide variability in whole-body MR 
imaging protocols exists among institutions and for different 
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indications. Table 17.1 summarizes some recently published 
protocols for pediatric oncology [6, 8, 10, 16, 21, 22].

Coronal STIR imaging, either alone or combined with 
other sequences, is the mainstay of whole-body MR imaging 
due to its robust fat suppression, shorter acquisition time in the 
coronal plane, and excellent depiction of pathology as high 
signal intensity lesions [2–4, 7, 20]. Acquired as individual 
stations from head to toe (or sometimes vertex to heels), the 
number of stations is dependent on patient height [1, 4, 10]. As 
few as two stations may be needed in infants and up to seven in 
adult-sized adolescents, with an average of 4–5.

Sample per station coronal STIR acquisition parameters 
at 1.5 Tesla (T) are TE 95 ms, TR 5270 ms, TI 150 ms, slice 
thickness 5 mm, slice gap 1 mm, matrix 384 x 269, and field 
of view (FOV) 500 mm and at 3 Tesla are TE 70 ms, TR 
9126 ms, TI 230 ms, slice thickness 6 mm, slice gap 1 mm, 
matrix 308 x 303, and FOV 460 mm. Acquisition time per 

station is approximately 3  minutes for 40 slices, acquired 
free breathing with 25–30% phase oversampling.

Automated post-processing tools available on most MR 
scanners allow these stations to be merged at the scanner 
console, displayed as a series of whole-body images from 
anterior to posterior (Fig. 17.1). Large-bore (70 cm) higher 
field strength MR scanners may require a smaller maxi-
mum FOV (e.g., 300–350 mm) head to foot to avoid distor-
tion artifacts, necessitating extra stations for full coverage 
(Fig. 17.2).

Coronal T1-weighted turbo spin echo (TSE) or gradi-
ent echo (GRE) sequences provide anatomic information, 
particularly useful for the bone marrow [2, 6, 10, 13, 23]. 
Typically acquired as a two-dimensional (2D) sequence 
without fat suppression, coronal stations are merged and 
displayed as above. T1-weighted MR imaging with Dixon 
technique is an alternative, generating non fat-suppressed 
and robust fat-suppressed images from a single acquisition 
(along with in- and opposed-phase images), other options 

Table 17.1 Whole-body MR imaging protocols for pediatric oncology

Authors Imaging 
planes

Pulse sequences Approximate 
imaging time 
(min)

Gottumukkala 
et al. 2019 [10]

Coronal STIR, T1W in-phase 
and opposed-phase 
GREa

45 (variable, 
depending on 
specific 
indication)Axial SSFSE/HASTE, 

DWI
Sagittal STIR (if LCH 

evaluation)
Villani et al. 
2016 [21]

Coronal STIR 18

Eutsler and 
Khanna 2016 
[8]

Coronal STIR 40
Axial STIR, HASTE, DWI

Davis et al. 
2016 [6]

Coronal STIR, HASTE, T1W 
(optional MR 
angiography)

Not available

Axial STIR, HASTE
Nievelstein and 
Littooij 2016 
[22]

Coronal STIR, T1W TSE 32
Axial DW1, T2W SPAIR

Anupindi et al. 
2015 [16]

Coronal STIR, T1W, HASTE 72 (average)
Axial STIR (head, neck, 

lower extremities, 
T2W fat-suppressed) 
(chest, abdomen, ± 
pelvis), HASTE

Sagittal HASTE

From Gottumukkala et al. [10], with permission. Reprinted with per-
mission from Radiological Society of North America© RSNA
Abbreviations: DWI diffusion-weighted imaging, GRE gradient echo, 
HASTE half-Fourier acquisition single-shot turbo spin echo, LCH 
Langerhans cell histiocytosis, SPAIR spectrally adiabatic inversion 
recovery, SSFSE single-shot fast spring echo, T1W T1-weighted, T2W 
T2-weighted, TSE turbo spin echo
aT1-weighted fat-suppressed post-contrast sequence optional for tar-
geted characterization of known lesions or at-risk organs; plane(s) best 
suited to region of interest

Fig. 17.1 Whole-body MR 
surveillance image from a 
12-year-old boy with 
Li-Fraumeni syndrome. 
Coronal STIR image 
acquired on a 1.5 Tesla 
scanner in four stations 
merged into a whole-body 
image (digital stitch artifact 
indicated by arrows)
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being 3D T1-weighted TSE and faster GRE sequences [5, 9]. 
Pasoglou et al. [24] performed 3D whole-body T1-weighted 
TSE MR imaging in adult prostate cancer patients, showing 
equal sensitivity to 2D imaging for detecting skeletal metas-

tases (p  =  0.317), with greater sensitivity for detection of 
abnormal nodes (p < 0.001).

Axially acquired diffusion-weighted whole-body imag-
ing with background suppression (DWIBS) has recently 
been incorporated into pediatric whole-body MR imaging 
protocols, primarily for oncologic indications, comple-
menting STIR in lesion detection and providing func-
tional information [2, 8, 10, 16, 23, 25]. DWIBS improves 
lesion conspicuity and helps characterize lesions by 
directly comparing DWI (trace) images with apparent dif-
fusion coefficient (ADC) maps. Cysts and necrotic lesions 
are bright on both image sets from “T2 shine-through” 
fluid signal intensity, while solid lesions selectively dem-
onstrate low signal intensity on ADC maps (low ADC 
values), helping minimize false positive and negative 
findings in CPS surveillance [1, 23, 26]. Detection can 
be hampered at sites of respiratory and cardiac motion 
and in organs with long T2 relaxation times such as the 
spleen, leading to false negative findings, although splenic 
lesions have been detected reliably in lymphoma on DWI 
[27–29]. Its utility in evaluating inflammatory disorders is 
unclear, potentially aiding distinction of equivocal inflam-
matory and neoplastic lesions [30]. This may also have 
value in defining disease activity in chronic recurrent 
multifocal osteomyelitis (CRMO)/chronic non-bacterial 
osteomyelitis (CNO), the focus of a European Society of 
Pediatric Radiology (ESPR) MSK Taskforce developing 
whole-body MR imaging guidelines for CRMO in chil-
dren [30, 31].

A minimum of two b-values are obtained at 50–100  s/
mm2 for liver lesions and between 600 and 1000 s/mm2 for 
solid organ and osseous lesions. Both b-values are useful for 
evaluating lymph nodes [23]. Sample per station axial DWI 
acquisition parameters at 1.5 Tesla for b-value 800  s/mm2 
are TE 70 ms, TR 6100 ms, slice thickness 5 mm, slice gap 
1 mm, matrix 208 x 204, FOV 520 mm, number of excita-
tions = 2, free breathing with spectral fat suppression, and 
parallel imaging reducing acquisition times.

Post-processing tools enable axial DWI images to be 
reconstructed coronally, merged automatically into whole- 
body displays, and inverted for improved lesion conspicu-
ity and direct coronal DWI acquisitions are increasingly 
performed (Fig.  17.3a, b). Comparison with whole-body 
ADC maps and axial source images is essential for lesion 
characterization [1] (Fig.  17.3c, d). Quantitative lesion 
analysis using ADC values is not yet in the clinical realm 
but is likely to be as standardization between different 
scanners evolves.

Less commonly acquired sequences and imaging planes 
include axial and sagittal T2-weighted MR imaging (with or 
without fat suppression) as TSE or single-shot T2-weighted 

a b

Fig. 17.2 Pre-B-cell acute lymphoblastic leukemia (ALL) in a 
12-year-old boy with pyomyositis. Coronal whole-body (a) STIR and 
(b) inverted diffusion-weighted imaging (DWI) (b = 1000 s/mm2) on a 
3 Tesla scanner requiring seven stations to achieve whole-body ana-
tomic coverage. Diffuse T2-weighted hyperintensity in muscles and 
subcutaneous tissues (a) is present from edema. There are also numer-
ous intramuscular foci demonstrating high STIR signal intensity with 
thin hypointense rims (a, white arrows) and (b) low signal intensity on 
inverted DWI (b, black arrows), in keeping with multiple tiny fungal 
abscesses, with renal involvement (curved arrow in a)
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sequences and axial STIR and axial T1-weighted MR imag-
ing, variably employed in indication-specific protocols 
(Table 17.1 and see Table 17.2).

Acquisition times for a generic whole-body MR imaging 
protocol range from 30 to 60  minutes, increasing as more 
sequences and/or imaging planes are employed [2, 10, 32]. 
Advanced MR imaging techniques such as compressed sens-
ing and multislice excitation are increasingly being adopted 
into routine practice and are likely to decrease whole-body 
MR imaging scan times substantially [10].

 Supplementary MR Imaging Pulse Sequences 
and Protocols 
A major benefit of MR imaging is its flexibility in per-
forming large and small field of view (FOV) imaging in 
the same examination. Regional imaging complements 
whole-body MR imaging by providing comprehensive, 
small FOV evaluation with higher spatial resolution for 
body parts of particular interest. Examples include brain 
MR imaging in LFS due to the high incidence of cerebral 
tumors with this condition [7, 33, 34].

a c

d

b

Fig. 17.3 Li-Fraumeni syndrome in a 15-year-old girl. Surveillance 
whole-body MR Image on a 3 Tesla scanner shows a phyllodes tumor 
in the left breast. Coronal whole-body STIR sequence (a) shows a left 
breast lesion of high signal intensity (white arrow). On diffusion- 
weighted whole-body imaging with background suppression (DWIBS) 
trace images (b value = 1000 s/mm2) – axially acquired and then recon-

structed coronally (b) and inverted – the lesion is of low signal (black 
arrow), corresponding to the high signal focus on the native non- 
inverted DWIBS image (c, white arrow). On reconstructed coronal 
apparent diffusion coefficient (ADC) map imaging (d), the lesion dem-
onstrates low signal intensity (white arrow), consistent with diffusion 
restriction in a solid mass

M.-L. C. Greer
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Targeted imaging is less comprehensive and can form part 
of a standard whole-body MR imaging protocol. Limited 
extra sequences may be acquired routinely to improve lesion 
detection in areas more commonly affected by a disease 
process or performed ad hoc problem-solving an abnormal-
ity identified on standard whole-body sequences [1]. One 
example is in CRMO, where targeted sagittal spine STIR (or 
T2-weighted) sequences complement coronal whole-body 
STIR sequences to better visualize vertebrae [1, 32, 35] 
(Fig.  17.4). By comparison, targeted imaging in LFS may 
help resolve a non-specific bone marrow T2-weighted hyper-
intensity by adding limited fat-suppressed T2-weighted MR 

imaging in an optimal plane, guiding the need for more com-
prehensive imaging or intervention.

 MR Scanners

Pediatric whole-body MR imaging can be satisfactorily per-
formed on 1.5 and 3T scanners, contrast-to-noise and signal- 
to- noise ratio (SNR) gains at 3T balanced against increased 
susceptibility and motion artifacts and dielectric effects 
degrading image quality, with multi-transmit technology 
potentially reducing the latter [9, 36]. In assessing anatomy, 
artifacts, and overall image quality, Mohan et al. found pedi-

Table 17.2 Pediatric whole-body MR Imaging: single institution indication-based protocols

Disease spectrum Specific indications Sequence Imaging plane and coverage Optional/others
Congenital disorders – Cancer 
predisposition syndromes

LFS STIR Coronal WB Coronal WB T1 GRE ± FS
Axial WB SS T2 FS
+ dedicated brain MRI
First MRI Gd + then Gd-

DWI ∗Axial WB

HPPS STIR Coronal NCAP/CAP WB Coronal WB T1 GRE ± FS
Axial WB SS T2 FS
If CAP + dedicated neck MRI

DWI ∗Axial NCAP/CAP WB

HRB STIR Coronal WB Coronal WB T1 GRE ± FS
Axial WB SS T2 FSDWI ∗Axial WB

CMMRD STIR Coronal WB Coronal WB T1 GRE ± FS
Axial WB SS T2 FS
+ dedicated brain MRI

DWI ∗Axial WB

NF1/2/schwannomatosis STIR Coronal WB NF2: brain +IAM, spine +/−WB;
Schwannomatosis: brain + spine 
+/− WB if symptomatic

DWI ∗Axial WB

Other neoplastic and related 
disorders

Lymphoma STIR Coronal WB Coronal WB T1 GRE ± FS
Axial WB SS T2 FSDWI ∗Axial WB

LCH STIR Coronal WB, sagittal spine Coronal WB T1 GRE ± FS
DWI ∗Axial WB

Other neoplasms STIR Coronal WB Coronal WB T1 GRE ± FS
DWI ∗Axial WB

Osteonecrosis STIR Coronal WB Limited coverage of shoulders and 
hips, coronal DWIT1 GRE Coronal WB

Infectious and noninfectious 
inflammatory disorders

FUO STIR Coronal WB ROI axial T1 FSE, T2 FSE FS
CRMO/CNO STIR Coronal WB, sagittal spine WB axial T1+/− T2 FSE FS
ERA STIR Coronal WB, sagittal spine,

axial pelvis, coronal oblique 
SIJ, sagittal knees, sagittal 
ankles

Miscellaneous Inflammatory 
myopathy – PM/JDM

STIR Axial WB Neck to hands/feet
5 mm slice, 15 mm gapT1 FSE Axial WB

Inherited neuromuscular 
disorder

STIR Axial WB Neck to hands/feet,
5 mm slice, 0.5 mm gapT1 FSE Axial WB

Postmortem T2 FSE 
FS

Coronal and axial CAP WB 3D T2 FSE FS cardiac MRI
Dedicated brain MRI

T1 FSE Coronal and axial CAP WB

Abbreviations: MRI magnetic resonance imaging, LFS Li-Fraumeni syndrome, HPPS hereditary paraganglioma-pheochromocytoma syndrome, 
HRB hereditary retinoblastoma, CMMRD combined mismatch repair deficiency syndrome, NF 1/2 neurofibromatosis types 1 and 2, IAM internal 
auditory meati, FUO fever of unknown origin, CRMO chronic recurrent multifocal osteomyelitis, CNO chronic non-bacterial osteomyelitis, ERA 
enthesitis-related arthritis, LCH Langerhans cell histiocytosis, NAI non-accidental injury, PM polymyositis, JDM juvenile dermatomyositis, STIR 
short tau inversion recovery, DWI diffusion-weighted imaging, WB whole-body, ∗Axial axially acquire then coronally reconstruct and merge trace 
and ADC map, invert to display OR direct coronal acquisition, merge and invert to display, T1 T1-weighted, GRE gradient echo, FS fat-suppressed, 
FSE fast spin echo, SSH single shot, T2 T2-weighted, 3D three-dimensional, Gd gadolinium-based contrast agent, (+) with, (−) without, SIJ sac-
roiliac joints, ROI region of interest, CAP chest, abdomen, pelvis, NCAP neck, chest, abdomen, pelvis
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atric whole-body MR imaging to be superior at 1.5T, with 
3T imaging still acceptable. Koh et al. [36] found DWI to be 
less robust at 3T, while Ahlawat et al. [37] found no signifi-
cant difference in detection of tumors in neurofibromatosis 
on whole-body MR imaging at both field strengths.

Sliding or step-by-step table movement is usually employed 
for whole-body MR imaging, continuous table movement 
(CTM) mostly reserved for MR angiography. Although CTM 
offers greater patient throughput, artifacts such as stair-step 
artifact are more prominent when reformatting primary axial 
images into other planes. Advantages include improved imag-
ing in the isocenter, which is associated with reduced field het-
erogeneity and peripheral field distortions [9, 36, 38].

 Coils

Choice of coils in whole-body MR imaging is vendor depen-
dent, with a variety of coils used to achieve full anatomic 
coverage while minimizing delays associated with coil 

exchange. Where available, in-table quadrature body coils 
are used in combination with surface coils for the torso to 
improve patient comfort, with possible mild loss of SNR 
compared with body coils containing anterior and posterior 
elements. Flexible phased array coils in the extremities and 
dedicated head coils for the head and neck typically complete 
the whole-body MR imaging coil configuration, with mul-
tichannel coils combined with parallel imaging to decrease 
scan times [4, 9, 10, 36].

 Anatomic Coverage

Defining “whole-body” MR imaging (contiguous and mul-
tiregional scanning) is important for consistency among 
different imaging centers and serial scans. By convention, 
anatomic coverage of whole-body MR imaging is head-to- 
toes or vertex-to-heels and if less should be specified [7]. 
For example, if limiting coverage to the torso (chest, abdo-

a b cFig. 17.4 Chronic recurrent 
multifocal osteomyelitis 
(CRMO) in a 12-year-old boy 
with fever and pain. Coronal 
whole-body STIR MR images 
acquired on a 3 Tesla scanner 
in seven stations (a, b) show 
bilateral symmetric distal 
femoral metaphyseal 
T2-weighted hyperintensities 
(a, arrows), greater than 
expected for hematopoietic 
marrow and mild enthesitis 
with increased T2-weighted 
signal (b, arrows) abutting the 
greater trochanters bilaterally. 
(c) Sagittal STIR MR image 
(three stations merged) better 
demonstrates normal MR 
appearance of the vertebral 
bodies

M.-L. C. Greer



459

men, and pelvis), this could be defined as “CAP whole-body 
MRI” and if including the neck and proximal upper and 
lower extremities “NCAPPE whole-body MRI.”

 Use of Intravenous Contrast

Whole-body MR imaging is almost exclusively performed 
without intravenous contrast [23]. Gadolinium-based con-
trast agents (GBCA) are usually reserved for specific clini-
cal scenarios such as tumor detection on initial regional 
brain MR imaging in LFS surveillance or targeted imaging 
in osteomyelitis to define an abscess potentially amenable 
to drainage [1, 33]. Discussion of GBCA-related risks is 
beyond the scope of this chapter.

Newer intravenous contrast agents showing promise in 
whole-body MR imaging include ultrasmall particle iron 
oxide (USPIO) agents (e.g., ferumoxytol), clinically approved 
as an iron replacement therapy in Europe and North America 
and used off-label as an MR imaging contrast agent. These 
agents initially are imaged in the blood pool phase where 
they are used for MR angiography, followed by a delayed 
(~24  hours postinjection) lymphotropic phase in which 
contrast is taken up by macrophages and transported into 
lymph nodes. Normal lymph nodes demonstrate decreased 
T2-weighted signal intensity due to immune cell infiltration, 
while malignant lymph nodes retain their high signal inten-
sity. Concerns regarding anaphylaxis have limited clinical 

adoption of USPIO as MR imaging contrast agents [10, 39, 
40]. Whole-body MR imaging acquired concurrently with 
18F-fluorodeoxyglucose (FDG) PET (PET-MRI) is emerg-
ing as an appealing alternative to FDG-PET/CT in Hodgkin 
lymphoma based on current data, and with ongoing research, 
many applications in oncologic imaging are anticipated with 
increasing availability of tissue-specific tracers [23, 41].

 Anatomy

 Anatomic Considerations for Whole-Body MR 
Imaging

 Patient Position
Patient positioning is important for optimizing image qual-
ity. Usually imaged supine for greater comfort, patients are 
placed close to the scanner isocenter in anatomic position. 
Their hands and forearms are typically aligned by their sides 
oriented sagittally, but these may be obscured by distortion 
artifact in larger patients. Improved visualization may be 
achieved by imaging with arms extended overhead hands 
together while prone, but requires an extra station, increas-
ing study time [1]. Alternatively, improved visualization can 
be achieved without time penalty or artifact to adjacent struc-
tures by resting the hands on the upper thighs anteriorly or 
tucked behind the buttocks posteriorly, oriented coronally 
[31] (Fig. 17.5).

a b

Fig. 17.5 Coronal whole-body STIR MR images in (a, b) patient 1, a 
17-year-old girl, and (c) patient 2, a 15-year-old girl, demonstrate dif-
ferent positions of the arms to improve hand and forearm visualization. 
In patient 1, (a) the arms are initially by the side, away from the scanner 
isocenter and suboptimally seen. They are better visualized in (b) with 

the arms extended overhead, necessitating an extra station acquisition. 
Patient 2 (c) has both hands and forearms resting on the upper thighs 
anteriorly, better visualized without causing artifact or requiring a sepa-
rate anatomic station. Subcutaneous edema in the left forearm (arrow) 
relates to the presence of an intravenous cannula
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 Indication-Specific Anatomic Coverage
Modifications to standard whole-body MR imaging cov-
erage and addition of regional or targeted supplementary 
sequences vary with the pathology under investigation [1, 
10] (see Table 17.2).

 Spectrum of Disorders

 Congenital Disorders: Cancer Predisposition 
Syndromes

Whole-body MR imaging is central to surveillance in 
a number of pediatric cancer predisposition syndromes 
(CPS) to detect primary and recurrent tumors and subse-
quent malignant neoplasms [7, 16, 25, 42]. CPS patients 
may initially present prior to tumor development with a 
known germline pathogenic mutation or positive family 
history or may present with a tumor either at an earlier age 
than expected or with multiple synchronous lesions sugges-
tive of a CPS [43, 44].

Recent data suggest that the rate of inherited patho-
genic mutations in pediatric patients with cancer is as 
high as 14%. This number is expected to rise with future 
results of ongoing multicenter studies such as the St. Jude 
Children’s Research Hospital–Washington University 
Pediatric Cancer Genome Project [45–47]. Although rare, 
awareness of CPS is important for early cancer detection 
and improved outcomes, as demonstrated in LFS [21]. 

Surveillance benefits, not validated for all CPS, must 
be balanced against considerations such as the time and 
financial costs associated with serial imaging as well as 
potential risks related to general anesthesia and GBCA 
[13, 16, 25, 48–52].

Studies suggest that the psychological burden of having 
a CPS can be improved by active surveillance leading to a 
feeling of patient/family empowerment [52, 53]. In 2016, a 
multidisciplinary expert panel convened by the American 
Association for Cancer Research (AACR) proposed a surveil-
lance threshold for pediatric CPS where risk of malignancy 
in the first two decades is greater than 5%. It can be lower 
if highly aggressive and amenable to treatment such as rhab-
doid tumors [44]. Those syndromes in which whole- body MR 
imaging is considered most beneficial are reviewed here [7, 
10]. Table 17.2 summarizes their indication-specific protocols.

 Li-Fraumeni Syndrome
Li-Fraumeni syndrome (LFS) is an autosomal dominant 
condition resulting from a pathogenic variant of the TP53 
tumor suppressor gene. It has a high penetrance, almost 
50% by 30  years, prevalence of 1:5000, and near 100% 
lifetime risk of malignancy (4% by 1-year-old), affecting 
females slightly earlier than males [33, 54]. In Brazil, a 
variant founder mutation (p.R337H) has a higher preva-
lence (1:375) but lower penetrance (15–20% by 30 years) 
[54]. Clinical presentation, varying with tumor type, 
includes mass, pain, or seizures.

Core LFS-associated childhood tumors are osteosarcoma, 
soft tissue sarcoma, adrenocortical carcinoma (4% in clas-
sic LFS, 8–10% with p.R337H), and brain tumors, including 
choroid plexus carcinoma, astrocytoma, and medulloblas-
toma, and in late adolescence leukemia and premenopausal 
breast cancer (later onset with p.R337H) [21, 33, 55]. Less 
common malignancies include melanoma; malignant fibrous 
histiocytoma; colorectal, renal, and lung carcinoma; and 
papillary thyroid cancer [21, 34, 54] (Fig. 17.6).

Whole-body MR imaging includes coronal STIR and 
axial DWI. The key review sites are suprarenal regions for 
adrenocortical carcinomas and the bone marrow for osse-
ous sarcomas [10, 56]. Sagittal or axial fat-suppressed 
T2-weighted sequences are optional for solid organs and 
coronal T1-weighted MR imaging for bone metastases, with 
Dixon fat suppression increasingly applied. Subtle marrow 
T2-weighted hyperintensities warrant careful interrogation 
due to high risk of osteosarcoma and leukemia.

Whole-body and dedicated brain MR imaging scans are 
recommended annually from diagnosis. From 6  years, or 
when GA is no longer required, these are usually scheduled 
as annual brain and whole-body MR imaging staggered at 

c

Fig. 17.5 (continued)
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6-month intervals, with focused abdominopelvic ultrasound 
also performed every 3–4 months [33]. Integration of equiv-
ocal or positive findings across different surveillance arms 
is essential to stratify risk and avoid unnecessary investiga-
tions (Fig. 17.7). The performance of whole-body MR sur-
veillance imaging for detecting malignant and premalignant 
lesions has been demonstrated in a number of recent stud-
ies [14, 32, 46]. Discussion of treatment options is beyond 
the scope of this chapter given the broad spectrum of tumors 
encountered.

 Hereditary Paraganglioma-Pheochromocytoma 
Syndrome
Hereditary paraganglioma-pheochromocytoma (HPP) syn-
drome is autosomal dominant with a penetrance of 90%, 
resulting from SDHx and non-SDHx (e.g., MAX) gene 
pathogenic variants [57, 58]. Characterized by succinate 
dehydrogenase subunit B/fumarate hydratase (SDHB/
FH)-related tumors, most are of neural crest origin, usu-
ally benign with increased risk of malignant transformation 
[59]. 10–20% metastasize, with risk factors including size 
> 4.5 cm and hormonal inactivity [59, 60]. Catecholamine-
secreting sympathetic trunk lesions in the lower medias-
tinum, abdomen, and pelvic can cause hypertension or 
tachycardia, while non- secreting parasympathetic trunk 
lesions from skull base to upper mediastinum cause mass 
effect such as cranial nerve palsies [57, 59]. Rare SDHB-
related tumors include gastrointestinal stromal tumors 
(GIST), oncocytomas, renal cell carcinomas, and pituitary 
adenomas [57, 58, 61, 62].

Whole-body MR imaging in HPP syndrome consists of 
coronal STIR and axial DWI sequences with limited cov-
erage (NCAP) alternating biannually with CAP coverage 
whole-body MR imaging and regional neck MR imaging 
from 6 to 8 years when GA is not needed [7, 57]. The para-
spinal regions from the skull base to pelvis, specifically the 
sympathetic trunk, organ of Zuckerkandl, aortocaval region, 
vas deferens, carotid body, and kidneys, are key review sites 
[25] (Fig. 17.8). GIST occurs rarely, often in stomach and 
multiple, and while the gastrointestinal tract is poorly evalu-
ated on whole-body MR imaging, dedicated imaging is not 
justified due to its low incidence [57]. Whole-body MR 
imaging has a higher sensitivity than biochemistry for lesion 
detection, 87.5% versus 37.5%, with mass effect on adjacent 
structures aiding larger lesion localization [57, 61].

Benign secreting tumors can be managed perioperatively 
with alpha-blocking agents and beta-blockers +/− tyrosine 
hydroxylase inhibitors and larger lesions by site-dependent 
open or laparoscopic curative surgical resection. Disease 
control for malignant lesions includes radioisotopes includ-
ing 1I-MIBG or 111In-pentetreotide scintigraphy or chemo-
therapy [63].

 Hereditary Retinoblastoma
Retinoblastoma (RB) is the most common pediatric intra-
ocular malignancy, with an incidence of 1/15,000 in infancy. 
40% of cases are inheritable with an RB1 pathogenic germ-
line mutation [64, 65]. Hereditary RB is associated with 
higher ocular bilaterality, with early onset of subsequent 
malignant neoplasms (SMN) in up to 20%, especially fol-
lowing external beam radiotherapy.  SMN include pineo-
blastoma, osteosarcoma, soft tissue sarcoma, malignant 

a b

Fig. 17.6 Li-Fraumeni syndrome in a 17-year-old girl. New diagnosis 
of leukemia demonstrated on coronal whole-body STIR (a) with 
T2-weighted hyperintensities (white arrows) in the bone marrow of 
both distal femora as well as an anaplastic astrocytoma (b), with 
T2-weighted hyperintense signal (white arrow) in the left parietal lobe 
consistent with gliosis
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melanomas, and more rarely breast, bladder, lung, and uter-
ine tumors. These SMN appear increasingly in different 
decades; now 5-year survivals exceed 95% in North America 
[66, 67]. Surveillance involves clinical assessment including 
annual skin checks for melanoma, laboratory, and imaging 
studies [67].

There is debate about the value of whole-body MR imag-
ing for surveillance of SMN, primarily for detection of osteo-
sarcoma, which may be asymptomatic rather than presenting 
with pain and swelling [66]. With this caveat, whole- body 
MR imaging is recommended by the AACR consensus group, 
acquiring coronal STIR with axial DWI sequences annually 
from 8 to 10 years, with the relatively late starting age for 
surveillance reflecting the later age of osteosarcoma occur-
rence in RB [7, 67]. Targeted imaging of suspicious bone 
marrow T2-weighted hyperintensities should be performed. 
In addition, dedicated brain MRI begins at diagnosis and 

ends at 5 years of age, while imaging for other SMN using 
whole-body MR imaging typically continues into adulthood 
[25, 64, 67, 68] (Fig. 17.9). Osseous and soft tissue sarcomas 
in hereditary RB are managed the same as sporadic tumors, 
with regional MR imaging for local staging and chest CT and 
bone scans for distant metastases, usually to lung.

 Constitutional Mismatch Repair Deficiency 
(CMMRD)
Constitutional mismatch repair deficiency (CMMRD) is a 
rare, autosomal recessive CPS with biallelic MMR germ-
line mutations in one of four genes. It has a relatively 
high risk of early tumor onset with median age 7.5 years 
[69, 70]. Three key tumor groups occur: (1) hematologic 
malignancies such as non-Hodgkin lymphoma (NHL) and 
T-lymphoblastic leukemia (T-ALL) most frequently; (2) 
malignant brain and spinal tumors, with high-grade glio-

d

a

c

b

Fig. 17.7 Li-Fraumeni syndrome in a 12-year-old boy undergoing sur-
veillance, whole-body MR imaging (merged whole-body MR image is 
shown in Fig.  17.1). Single station coronal STIR MR image of the 
lower extremity (a) shows a high signal intensity lesion (white arrows) 
in the right ankle, which also exhibits high signal intensity (b) on axial 

diffusion-weighted whole-body imaging with background suppression 
(DWIBS) trace image (b = 800 s/mm2) and (c) high signal intensity on 
the apparent diffusion coefficient (ADC) map consistent with a cyst. 
Follow-up ultrasound (d) confirmed a 4.6 cm cyst with some internal 
debris most consistent with a ganglion that resolved spontaneously
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mas, PNET, and medulloblastoma; and (3) gastrointestinal 
tract tumors (commonly colorectal and small bowel carci-
nomas). It is associated with but distinct from Lynch syn-
drome, both of which are associated with the formation of 
colonic adenomas that can undergo malignant transforma-

tion to adenocarcinoma [69, 70]. Symptomatology is broad 
including café au lait spots reminiscent of NF1, occasion-
ally leading to misdiagnosis [69].

Standard coverage whole-body MR imaging using cor-
onal STIR and axial DWI sequences is advocated annually 

a

c

bFig. 17.8 Hereditary 
paraganglioma- 
pheochromocytoma (HPP) 
syndrome in a 13-year-old 
boy with a right carotid body 
paraganglioma. The patient 
presented with 2 cm right 
neck mass since birth and a 
positive family history of 
sibling with a malignant 
glioma. Coronal whole-body 
STIR merged MR image (a) 
and single station MR image 
(b) show low to intermediate 
signal intensity 3 cm mass 
(arrow) in right carotid space 
at level of carotid bifurcation, 
suboptimally visualized due 
to distortion artifact related to 
dental braces (arrowheads). 
Coronal image from cropped 
contrast-enhanced CT neck 
(c) better demonstrates the 
peripherally enhancing 
necrotic mass (arrow) 
consistent with a 
paraganglioma
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from the age of 6 or when GA is no longer required, with 
optional supplementary sequences listed in Table 17.2 [7, 
70] (Fig.  17.10). AACR recommendations also include 
regional brain MR imaging from diagnosis, abdomino-
pelvic ultrasound from 1  year, each performed every 
6 months. Imaging findings are typical for brain, gut, and 
bone tumors, with genitourinary tumors in the late first 
decade [70].

 Neurofibromatosis 1, Neurofibromatosis 2, 
and Schwannomatosis
These three entities are distinct but related autosomal domi-
nant entities associated with mutations on chromosomes 17 
and 22 [71, 72]. Symptoms vary with lesions such as pain 
and increasing tumor size concerning in peripheral nerve 
sheath tumors in NF-1 and hearing loss and imbalance with 
vestibular schwannomas in NF-2 [71, 72].

a b c d

Fig. 17.9 Hereditary retinoblastoma in a 6-year-old boy with prior 
bilateral enucleations. Coronal whole-body STIR surveillance MR 
images show (a) orbital prostheses with low T2-weighted signal 
(arrowheads) and (b) a new focus of high T2-weighted signal intensity 
(arrow) in the right distal femur confirmed on biopsy as an osteosar-

coma, not present on prior imaging from a year ago (c). Frontal radio-
graph of the right femur (d) shows slightly coarsened trabecular pattern 
in the distal diaphysis (arrow) but no discrete lytic or sclerotic lesion, 
periosteal reaction, or soft tissue mass, demonstrating the greater sensi-
tivity of MR imaging for tumor detection
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In NF-1, a single standard coverage whole-body MR 
imaging scan using coronal STIR and axial DWI is advo-
cated in late adolescence/pre-adulthood as per the AACR 
recommendation, to establish the baseline number, size, sig-

nal, and distribution of plexiform neurofibromas (PN). They 
typically show a target pattern on STIR, brighter peripherally 
than centrally [7, 37, 71].

Fig. 17.10 Constitutional mismatch repair deficiency syndrome 
(CMMRD) in a 9-year-old boy with past history of colonic adenomas 
and an anaplastic astrocytoma. Coronal STIR images of individual ana-
tomic stations (a–e) acquired separately show T2-weighted hyperinten-
sity in the marrow of the proximal right tibia (e, arrow), a non-specific 
finding. Scarring in the right upper lobe is seen from previous biopsies 
(b, curved arrow). Coronal STIR sequences as part of whole-body MR 

imaging performed 9 years later (f) with improved spatial resolution. 
Targeted imaging of the liver was required to assess small liver nod-
ules  – the largest measuring 1.5  cm that is hypointense on axial (g) 
single-shot T2-weighted and (h) balanced steady-state free precession 
sequences (arrows) and confirmed by biopsy to be focal nodular 
hyperplasia

a b

c d
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Internal PN sites warrant closer review due to their higher 
propensity for malignant degeneration to peripheral nerve 
sheath tumors [10]. Targeted imaging (+/− GBCA) is indicated 
when symptomatic to detect change in PN size and signal char-
acteristics that could suggest malignant  degeneration, as well 
as mass effect on adjacent structures (Fig. 17.11). In NF-2 and 
schwannomatosis, whole-body MR imaging is advocated if 
symptomatic to assess sites of discomfort or mass effect, sup-
plementing regional brain and spine MR imaging, with high-
resolution imaging of the internal auditory meati in NF-2 and 
craniocervical region in schwannomatosis [7, 37, 72].

Management is multidisciplinary. For more aggressive 
tumors, microsurgery is balanced against radiotherapy. Mono-
clonal antibodies such as bevacizumab newly offer potential to 
shrink schwannomas [72].

 Other Neoplastic and Related Disorders

 Lymphoma
Pediatric lymphoma includes Hodgkin lymphoma (HL) and 
non-Hodgkin lymphoma (NHL). HL is characterized by 
nodal and extranodal disease, the most common tumor in 
adolescence and representing 10–15% of childhood malig-
nancies but is highly curable.

Non-Hodgkin lymphoma (NHL) is more common under 
10  years, with sub-types Burkitt, diffuse large B-cell, and 
anaplastic and lymphoblastic lymphoma [73, 74]. HL can 
present with classic “B” symptoms of fever, night sweats, 
and weight loss. It can be associated with immunosuppres-
sion and Epstein-Barr virus infections. NHL presents more 
variably, with chest and/or abdominal masses [73].

e f g

h

Fig. 17.10 (continued)
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With a potential for widespread disease, whole-body 
MR imaging is an attractive imaging option offering excel-
lent soft tissue detail and increasingly functional informa-
tion for tumor viability. Value adding of DWI in pediatric 
whole- body MR imaging is largely based on HL staging 
and treatment response data in children and adolescents. 
Littooij et  al. [75] reported a high sensitivity (100%) 
but lower specificity (62%) for detection of residual dis-
ease compared with FDG- PET/CT, whereas other studies 
reported a mix of lower sensitivities and higher specifici-
ties [9, 23, 29, 76]. As such, whole-body MR imaging is 
increasingly considered a viable alternative to PET/CT, 
alone or in conjunction with PET imaging, at each stage of 
HL [10, 76]. Whole-body MR imaging includes standard 
coverage coronal STIR and axial DWI. Optional sequences 
include coronal T1-weighted gradient echo (with or with-
out fat suppression) and axial fat- suppressed single-shot 
T2-weighted sequences.

HL can manifest with a single enlarged node or conflu-
ent nodal masses in the neck, chest, abdomen, and/or pelvis. 
NHL can present with splenomegaly and bowel wall involve-
ment. Lung involvement from HL and NHL is less common 
and less well seen on MRI. As previously discussed, DWI 
remains reasonably accurate for detecting splenic lesions 
in HL, despite intrinsic limitations [10, 26, 28]. Lower spa-
tial resolution of large FOV imaging and affected nodes 
not enlarging has prompted consideration of ultrasmall 
particle iron oxide (USPIO) agents in lymphoma [39, 40] 
(Fig.  17.12). Predicated by the tumor type and tailored to 

the specific patient, treatment options include chemother-
apy alone or in combination with radiotherapy. Surgery 
is reserved for GIT complications of NHL such as bowel 
obstruction or perforation.

 Langerhans Cell Histiocytosis
Langerhans cell histiocytosis (LCH) is a myeloid neopla-
sia of dendritic cells with three distinct disease patterns: 
(1) single focus (~70%) in 5–15 year-olds, affecting bones 
and occasionally lung; (2) multifocal (~20%) in 1–5 year-
olds, involving the liver, spleen, lymph nodes (mostly cer-
vical), skin and bones, and infrequently posterior pituitary 
gland resulting in diabetes insipidus; and (3) fulminant 
multifocal (10%) in infants under 2, causing anemia and 
thrombocytopenia, affecting the reticuloendothelial sys-
tem, and can be fatal [77, 78]. Skeletal sites are most com-
mon, especially skull, ribs, spine, mandible, pelvis, and 
long bones [77]. Whole-body MR imaging, more sensitive 
in detecting bone lesions than skeletal survey and bone 
scans, is now used for diagnosis and follow-up of osse-
ous and extraskeletal lesions [79]. It is complementary 
to ultrasound for evaluating nodal or soft tissue masses, 
liver, and splenic disease. Regional brain MR imaging is 
for evaluation of pituitary stalk involvement. However, 
it is currently not used for assessing cystic lung disease, 
which is more common in adults and better characterized 
by CT [77, 79].

Whole-body coronal STIR and DWI and sagittal spine 
STIR sequences are standard for evaluation of LCH. 

a b
Fig. 17.11 Neurofibromatosis 
type 1 in a 10-year-old boy with 
previous history of malignant 
nerve sheath tumors. (a) Coronal 
whole- body STIR at 1.5 Tesla 
and (b) a single station image 
through the torso demonstrate a 
retroperitoneal target lesion 
(arrow) left of the L4/5 
intervertebral disc in keeping 
with a plexiform neurofibroma, 
showing a target sign of low 
signal centrally and high signal 
peripherally. There is associated 
levoscoliosis as well as small 
hepatic lesions (curved arrows), 
presumed metastases
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a b

c d

Fig. 17.12 Diffuse B-cell 
lymphoma in a 16-year-old 
girl. Unmerged coronal STIR 
(a, b) MR images and coronal 
diffusion-weighted MR 
imaging (b = 800 s/mm2) (c) 
of the torso and proximal 
upper and lower extremities 
demonstrate multiple bone 
marrow STIR hyperintense 
lesions (arrows) in the 
humeri, vertebrae, pelvis, and 
femora with left axillary 
lymph node involvement (a, 
arrowhead; c, curved arrow). 
(d) Positron emission 
tomography (PET) with 
18-FDG performed 2 weeks 
later demonstrates similar 
distribution of PET-avid 
lesions in the axial and 
appendicular bone marrow 
(arrows) and left axilla 
(curved arrow)
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Fig. 17.13 Langerhans cell histiocytosis (LCH) in a 10-year-old boy 
who presented with pelvic pain. Coronal whole-body STIR sequences 
(a, b) and single station images (c, e) show bone marrow STIR hyper-
intense lesions, respectively, in the right iliac and left frontal bones 
(arrows), consistent with LCH lesions. On the pelvic radiography 

obtained at presentation (d), this lesion was barely perceptible as a 
subtle lucency (arrow) obscured by bowel gas. Axial bone window set-
ting CT image (f) confirms the presence of the calvarial lesion (arrow) 
is seen on bone windows

T1-weighted whole-body sequences are optional with tar-
geted imaging of abdominal organs as required. Osseous 
lesions can be indolent or aggressive. They can be variable 
with perilesional edema, endosteal scalloping (of inner and 
outer diploe), periosteal reactions, soft tissue masses, and in 
the spine often presenting as vertebra plana [77, 80]. Often 
seen as discrete, round, or geographic T2-weighted hyper-
intensities, they are iso- to hypointense on T1-weighted 
MR imaging and can enhance [80] (Fig.  17.13). Hepatic 
involvement can present as diffuse enlargement, focal 
lesions, and periportal fibrosis, progressing to cirrhosis and 
splenomegaly, which has a worse outcome [77].

Depending on symptoms, follow-up may be annual or 
biannual, with PET/MRI likely to have an expanded role 

in evaluation and monitoring as it becomes more widely 
available [10]. Lesion site, extent, global burden, and activ-
ity determine suitability for local treatment such as surgical 
curettage, excision, or intralesional steroid injection or need 
for chemotherapy [79]. With recent recognition of underly-
ing somatic mutations in LCH, B-Raf-MEK pathway inhi-
bition may be an option for those unresponsive to standard 
therapy [78].

 Other Neoplasms
Whole-body MR imaging is infrequently used to evalu-
ate solid tumors in children and adolescents, typically 
 representing only 5–10% of whole-body MR studies [1–3] 
(Fig.  17.14). It may help characterize a known primary 
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lesion detected by another modality while simultaneously 
performing local and distant staging [1, 10, 81]. Examples 
include rhabdomyosarcoma, Ewing sarcoma, primitive neu-
roectodermal tumor, and neuroblastoma (Fig. 17.15).

Whole-body coronal STIR and axial DWI sequences 
are standardly acquired for evaluation of LCH.  Optional 
sequence includes coronal T1-weighted MR imaging with 
or without fat suppression, with targeted imaging for pri-
mary tumor delineation as required. More comprehensive 
regional imaging may be warranted for tumor staging neuro-
blastoma or Wilms tumor. Detection of osseous metastases 
is a key focus in whole-body MR imaging. The performance 
of whole-body MR imaging relative to CT or 99 m Tc bone 
scintigraphy was recently studied in a systematic review of 

osseous metastases in pediatric patients by Smets et al. [82, 
83]. These were variably described as focal or diffuse mar-
row lesions, hypointense on T1-weighted MR imaging, and/
or hyperintense on T2-weighted MR imaging, with sensitivi-
ties compared with reference standards ranging from 82% to 
100% [82]. Utility of whole-body MR imaging in detection 
of lung nodules remains a focus of active investigation, with 
newer MR imaging techniques using ultrashort echo times 
that show promise, with reliable detection of 4  mm nod-
ules in combination with PET [84]. Formal guidelines do 
not currently exist for whole-body MR imaging of sporadic 
solid tumors. Utilization is likely to keep pace with tech-
nologic advances, especially as PET/MR imaging becomes 
more accessible and economically feasible.
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Fig. 17.14 Non-oncologic and oncologic whole-body MR imaging referrals over a 12-month period in 2017 at a single tertiary pediatric institu-
tion. (From Greer [1], with permission)

M.-L. C. Greer



471
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Fig. 17.15 Metastatic rhabdomyosarcoma in a 9-year-old girl post- 
stem cell transplant and radiotherapy. Coronal whole-body STIR (a) 
MR image demonstrates extensive right pleural/lung metastases 
(arrowheads), as well as metastases in the left proximal humerus 
(straight arrow) and left distal femur (curved arrow). Axial diffusion-
weighted MR imaging with background suppression (DWIBS) (b, d) 

trace images (b = 1000 s/mm2) and (c, e) apparent diffusion coefficient 
(ADC) maps are displayed. (b, c) The extensive disease in the right 
hemithorax (∗) and a small left pleural metastatic nodule (arrows) all 
restrict with high signal intensity on the DWI trace image and low sig-
nal intensity on the ADC map. (d, e) The left distal femoral metastasis 
(arrows) also demonstrates diffusion restriction
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 Chemotherapy-Induced Osteonecrosis
Osteonecrosis or avascular necrosis (AVN) is a sequela of onco-
therapy, especially high-dose corticosteroids. AVN is increas-
ingly demonstrated when surveilling asymptomatic patients in 
up to 42% of newly diagnosed Hodgkin lymphoma. Patients 
with leukemia and sickle cell disease are other at-risk groups 
[85, 86]. If undetected, AVN can progress. Metadiaphyseal 
involvement is less problematic. However, epiphyseal AVN 
in weight-bearing joints is subject to articular surface collapse 
and fragmentation, with resultant pain and immobility. Over 
time, secondary degenerative arthropathy develops [87].

Coronal whole-body STIR and T1-weighted gradient echo 
sequences are acquired with standard coverage to identify 
lesion number, distribution, and extent of articular surface 
involvement/collapse if epiphyseal [85]. Targeted imaging 
limited to shoulder and pelvic girdles may be sufficient with 
GBCA rarely required. DWI in sickle cell disease can help 
differentiate marrow ischemia from infection [86]. Usually 

involving long bones, osteonecrosis is seen as geographic areas 
of yellow marrow bound by rings of low signal on T1- and 
T2-weighted sequences, with or without an inner band of high 
T2 signal (“double line” sign) [85]. Radiographs can monitor 
subchondral fragmentation or collapse for progression or reso-
lution. MR imaging follow-up may be needed if more symp-
tomatic (Fig. 17.16). Early detection and treatment change and/
or temporary immobilization may avert progression, particu-
larly in weight-bearing regions such as femoral heads, knee, 
and ankle joints. This may prevent joint replacement [87].

 Infectious and Noninfectious Inflammatory 
Disorders

 Fever of Unknown Origin
Fever of unknown origin (FUO) is episodic pyrexia above 
38.0  °C (100.4  °F) lasting 8 or more days (previously 

a b c e

d

Fig. 17.16 Osteonecrosis in an 11-year-old girl. Coronal STIR (a, b) 
whole-body MR images and (c, d) single station MR images demon-
strate subtle subchondral STIR hyperintense foci in the right hip and 
bilateral talar domes, with marginal low signal intensity and irregularity 

of the articular surface in the left talus suggesting more advanced osteo-
chondral lesions with minor collapse (arrows). (e) Radiographic 
changes (arrows) are less well seen on lower extremity survey radiog-
raphy compared to MR images
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>3  weeks) with no defined cause, independent of labora-
tory testing [88]. Although not a first-line investigation, 
whole- body MR imaging may identify a source, inflamma-
tory or oncologic, where baseline laboratory and imaging 
tests have proven unhelpful, especially in younger patients 
[88]. Lindsay et  al. [89] found whole-body MR imaging, 
combined with targeted imaging as needed, identified an 
infection source or an alternate diagnosis in almost 22% 
of patients under 6 years with suspected osteomyelitis with 

little time penalty. Coronal whole-body STIR, with targeted 
axial T1- and fat-suppressed T2-weighted MR imaging of 
focal abnormalities, permits delineation of one or more sites 
of osteomyelitis, septic arthritis, and/or myositis, guiding 
biopsy or abscess drainage (Fig. 17.17).

 Chronic Recurrent Multifocal Osteomyelitis
Chronic recurrent multifocal osteomyelitis (CRMO), also 
known as chronic non-bacterial osteomyelitis (CNO), is an 

Fig. 17.17 Staphylococcus aureus abscesses and septic arthritis in a 
21-day-old boy with persistent fevers. Coronal whole-body STIR 
sequences acquired in two stations on a 3 Tesla scanner demonstrate a 
left elbow joint effusion (a, arrow) and a right gluteal muscle abscess 
(b, arrows) with more generalized high signal subcutaneous edema. 

Targeted STIR MR imaging in (c) the sagittal plane through the left 
elbow better demonstrates the effusion (arrows). An axial STIR MR 
image through the pelvis (d) shows the abscess (straight arrow) as well 
as iliac wing osteomyelitis (curved arrow)

a b
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autoimmune skeletal disorder affecting children and ado-
lescents, more commonly females. It is characterized by 
6 or more months of pain and occasional reduced range 
of  movement, sometimes also affecting the skin and bowel 
[90, 91]. With no clear etiology, CRMO is a diagnosis of 
exclusion; serologic inflammatory markers are often ele-
vated without a clear source [91]. Whole-body MR imag-
ing with coronal STIR, sagittal spine STIR, or T2-weighted 
fat-suppressed sequences and optional axial sequences is 
now central to the diagnosis of CRMO [1, 35]. Multifocal 
bone marrow T2-weighted hyperintense lesions are often 
bilaterally symmetric, geographic, or ill-defined in pediat-
ric patients with CRMO. To date, there is limited data vali-
dating DWI for grading CRMO lesion activity [30, 35, 91].

Key sites of CRMO are the lower extremities (femurs and 
tibias more common than feet), pelvis and sacroiliac joints, 
spine, sternum, and clavicles, with perimetaphyseal location 
in 79–90% of cases. CRMO can also present as juxtaphyseal 
nodules, periosseous edema, myositis, and joint effusions 
[90]. Vertebral lesions are limited to the vertebral body and 
can progress to collapse (vertebra plana). Overlap occurs 
with spondyloarthritis (Fig. 17.18).

Treatment is usually with nonsteroidal anti-inflamma-
tory medications. However, 20–25% of adolescents fail to 

respond, developing relapsing disease [91]. Usually annual 
whole-body MR imaging is performed to monitor CRMO, 
sooner with symptomatic progression [1]. Development of 
a whole-body MR imaging-based CRMO scoring system 
is an area of active research, to enable standardized report-
ing of disease burden, capture activity, and assess treatment 
response [31, 35].

 Enthesitis-Related Arthritis
Enthesitis-related arthritis (ERA) or spondyloarthritis 
is a subset of juvenile idiopathic arthritis. It manifests 
with joint pain and swelling in late childhood/early 
adolescence, with 60–80% HLA-B27 positivity, and a 
slight male predominance [8, 32, 92]. Whole-body MR 
imaging is now integral to diagnosis and management 
of ERA.  Coronal whole-body STIR and targeted STIR 
sequences can be acquired as follows: sagittal spine, 
axial pelvis, coronal oblique sacroiliac joints, sagittal 
knees, and ankles [1, 32]. Bone marrow T2-weighted 
hyperintense lesions are usually perienthesal with adja-
cent soft tissue edema and swelling, characteristically at 
the Achilles tendon. It can be accompanied by synovitis, 
joint or bursal fluid, and arthritis such as tarsitis and sac-
roiliitis. Vertebral or  “corner” lesions abut the vertebral 

c d

Fig. 17.17 (continued)
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Fig. 17.18 Chronic recurrent multifocal osteomyelitis (CRMO) in a 
13-year-old boy with a past history of left hip Perthes disease. 
Coronal whole-body (a) and sagittal whole spine (b) STIR sequences 
demonstrate periphyseal and vertebral body STIR hyperintensities 
(arrows) in keeping with CRMO lesions in the bone marrow. (c) 
Single station small field of view (FOV) STIR MR image shows bone 

marrow edema in the left femoral head with associated flattening and 
mild joint space widening from past Perthes disease (arrow). Single 
station coronal STIR MR images (d) redemonstrate lesions seen in 
(a) in the left distal femoral metaphysis and proximal tibial metaphy-
sis and epiphysis, and (e) the sacrum, better seen on dedicated sagit-
tal spine imaging (b)
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endplates extending to the posterior elements with no 
collapse (Fig. 17.19).

Anti-inflammatory therapies are used along with con-
ventional and newer biologic agents [92]. Standardization 
of core anatomic sites, sequences, and whole-body MR 
imaging planes is underway, which is a component of the 
OMERACT (Outcomes Measures in Rheumatology) scor-
ing system that is used to evaluate inflammatory arthritis and 
ultimately guide treatment regimens [93].

 Traumatic Disorder

 Non-accidental Trauma
The few studies comparing whole-body MR imaging and 
skeletal surveys for suspected child abuse have shown whole- 

body MR imaging to be insensitive for detection of high 
specificity injuries such as rib and metaphyseal fractures, 
with no established role to assess non-accidental imaging 
at this time [94, 95]. Skeletal survey remains the reference 
standard for identifying skeletal injuries, regional CT, and 
MR imaging of the brain and abdomen used for suspected 
intracranial and solid organ injury.

 Miscellaneous Disorders

 Polymyositis, Juvenile Dermatomyositis, 
and Neuromuscular Disorders
Autoimmune inflammatory myopathies including polymyo-
sitis (PM) and juvenile dermatomyositis (JDM) cause rapid 
onset symmetric, proximal muscle weakness [96]. JDM also 

a b d

c e

Fig. 17.19 Juvenile spondyloarthropathy or enthesitis-related arthri-
tis (ERA), in an HLA-B27-positive 13-year-old boy. Coronal whole- 
body STIR sequence (a) shows a number of subtle areas of STIR 
hyperintense bone marrow edema (arrows) in the epiphyses and 
metaphyses around the shoulders and knees bilaterally and left hind-
foot. (b) Angled coronal STIR MR image of the sacroiliac joints and 
(c) axial STIR MR image of the pelvis show bilateral sacroiliitis, with 
right greater than left marrow edema with low signal subchondral scle-

rosis (arrows) and left anterior superior iliac spine apophysitis with 
mild edema (arrowhead). Targeted sagittal STIR MR imaging of the 
left knee (d) shows patellar apophysitis with bone marrow and soft 
tissue edema (arrow) at the inferior patellar pole and mild perimetaph-
yseal edema (arrowheads) abutting the distal femoral and proximal 
tibial physes anteriorly. (e) More striking periphyseal edema (arrows) 
in the distal left tibia and calcaneus is present on sagittal STIR MR 
imaging of left ankle, in keeping with ERA
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has a characteristic skin rash (papules over extensor surfaces 
and heliotrope rash of eyelids). Diagnosis is dependent on 
the rash plus 3–4 of the following: muscle weakness, char-
acteristic findings on muscle biopsy, EMG abnormalities, 
and elevated muscle enzymes. Interstitial lung disease can 
be also seen in 35–40% [97, 98]. Patients with inherited neu-
romuscular (NM) disorders including spinal muscular atro-
phy and congenital muscular dystrophy have gradual onset 
diffuse muscle weakness with a variable pattern, hypotonia, 
and often skeletal, cardiorespiratory, and neurologic compli-
cations [99].

Whole-body MR imaging is now routinely used in both 
groups. STIR and T1-weighted sequences are more often 
acquired axially than coronally, with extended coverage 
from neck to hands and feet, not just limited to the shoulder 
and pelvic girdles as previously [1]. Wider slice gaps (10–
15 mm) are sufficient in PM and JDM to distinguish proxi-
mal from distal muscle group involvement and evaluate neck 
and trunk muscles. Minimal or no gap is required in NM 
disorders for precise delineation of affected muscles groups. 
Anatomic distribution of disease can suggest the specific 
genetic defect [99, 100]. Active changes include intramus-
cular T2-weighted hyperintensity, with or without perifas-

cial edema, while chronic changes include muscle atrophy, 
fatty infiltration, and occasionally calcinosis [96, 97, 100] 
(Fig. 17.20).

PM and JDM are usually treated with corticosteroids, 
which carries an increased risk of AVN that can also be 
assessed by MR imaging [98]. For inherited NM disorders, 
the focus is primarily on diagnosis with symptomatic sup-
port [99]. In both groups, whole-body MR imaging scoring 
systems are under development and/or validation, to act as 
biomarkers of disease severity and guide therapy [97, 100].

 Postmortem
There is an emerging role for whole-body MR imaging to 
supplement conventional autopsy or facilitate minimally 
invasive autopsy [101, 102]. Often performed in conjunc-
tion with whole-body CT and skeletal surveys, whole-body 
MR imaging can be limited to the torso (“CAP”) acquir-
ing coronal and axial T1- and fat-suppressed T2-weighted 
sequences, with regional cardiac and brain MR imaging. 
Normal postmortem findings are still being established, 
and use will be influenced by access to MR scanners and 
local expertise, uptake only likely to increase in the pediatric 
realm (Fig. 17.21).

a b e
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Fig. 17.20 Juvenile dermatomyositis in a 6-year-old girl with new onset 
muscle weakness. Coronal whole-body STIR MR image (a) demonstrates 
increased T2-weighted signal intensity in the proximal upper and lower 
extremity muscles consistent with edema, with lines indicating axial imag-
ing positions. Affected upper (b, c) and lower (d–g) extremity muscle 
groups are better demonstrated on axial imaging. On STIR MR image, (b) 

bilateral triceps and biceps muscle and perifascial edema (arrows) are 
more diffuse and severe on the right and medial on the left, with bilaterally 
symmetric muscle edema involving the (d) adductors (arrows), (f) quadri-
ceps and hamstring musculature, particularly the vastus lateralis (aster-
isks). (c, e, f) On T1-weighted MR imaging, there is no fatty replacement 
or muscle atrophy, in keeping with acute-onset active disease
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 Image Analysis and Standardized Reporting

Coronal imaging is the workhorse of whole-body MR imag-
ing, whether alone or in conjunction with other imaging 
sequences and planes. Pitfalls can be technical with inad-
equate oversampling resulting in signal loss where stations 
merge impacting interpretation. In addition, pathology can 
mimic normal anatomy such as axillary lymph nodes ver-
sus rib lesions in the coronal plane [1]. Lecouvet [13] advo-
cates close interrogation of the sternum, ribs, and vertebrae 
on all coronal sequences, use of small FOV stations, and 
direct correlation of different sequences and imaging planes, 
especially for DWI to minimize false negative interpreta-
tions. Anatomic checklists highlighting lesion locations in a 
range of different CPS may improve detection of significant 
pathology while reducing overcalls or false positive interpre-
tations, which can range up to 35% [7, 14, 15]. Standardized 
reporting templates can add value by highlighting key review 
areas prompting image analysis, flagging important findings 
for subsequent radiology review and clinical correlation.

 Conclusion

Whole-body MR imaging is a rapidly evolving technique 
and now an important step in the diagnostic imaging para-
digm for a range of oncologic and non-oncologic pediatric 
disorders. It has unique challenges relating to acquisition and 
analysis; however, it is most effective when optimized for the 
clinical indication and likely to be of even greater value as 
functional elements become more robust.
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hereditary spherocytosis, 280
post-traumatic pseudocysts, 280
wandering spleen, 279, 280

Congenital dysfunctional lymphatic drainage, 119
Congenital female genitourinary tract disorders

cloacal malformations and urogenital sinus, 405, 407
congenital cysts, 403, 405

Congenital fibrosarcoma, 178
Congenital hepatic fibrosis, 204
Congenital high airway obstruction sequence (CHAOS), 44, 45
Congenital hyperinsulinism (CHI), 262, 263
Congenital left-sided diaphragmatic hernia, 185
Congenital lobar emphysema (CLE), 8
Congenital lobar overinflation, see Congenital lobar emphysema
Congenital lung hypoplasia, 82
Congenital male genitourinary tract disorders

cryptorchidism, 368
Müllerian duct cyst, 367
posterior urethral valves, 365, 366
utricle cyst, 366, 367

Congenital mesoblastic nephroma, 341
Congenital pulmonary airway malformations (CPAMs), 10–12
Congenital tracheal stenosis, 40, 41
Congenital vaginal cysts, 405
Congenital vaginal septa, 400, 402
Connective tissue diseases, 100
Constitutional mismatch repair deficiency (CMMRD), 462, 465
Continuous positive airway pressure (CPAP), 49
Contrast enhanced sequences, peritoneal and retroperitoneal  

disorders, 426
Couinaud classification system, 200, 201
Cowper gland syringocele, 357
Crohn disease, 320
Cryptorchidism, 368
Cystic fibrosis (CF), 24, 25, 261, 363

D
Dermatomes, 161
Desmoid fibromatosis, 174
Desmoid tumor, 439
Desmoid-type fibromatosis (DF), 173, 174
Desmoplastic small round cell tumor (DSRCT), 441, 442, 445, 446
Diaphragm, 159

anatomy, 164
embryology, 161, 162
normal development and, 164, 165
variants, 166

benign cystic lesions
bronchogenic cysts, 187
diaphragmatic mesothelial cysts, 187

benign solid lesions, 187
congenital and developmental disorders, 184

Index



486

Diaphragm (cont.)
congenital diaphragmatic hernias (CDH), 316

Bochdalek-type hernias, 184
hiatal hernia, 184, 185
Morgagni hernias, 184

diaphragmatic eventration, 185
diaphragmatic movement disorders, paralysis, 187–189
duplication, 185, 186
embryology of, 162
infectious disorders, subphrenic abscess, 186, 187
lateral arcuate ligament of, 165
malignant primary neoplasms, 187
metastatic disease, 187
Magnetic resonance Imaging (MRI)

evaluation, 160
patient preparation, 159

neoplastic disorders, 187
Diaphragmatic eventration, 185, 186
Diaphragmatic mesothelial cysts, 187
Diaphragmatic movement disorders, paralysis, 187
Diffuse large B-cell lymphoma, 447, 468
Diffuse neurofibroma, 175
Diffuse parenchymal disorders, liver

Gaucher disease, 207, 209
glycogen storage disease, 207

Diffusion weighted whole body imaging with background  
suppression (DWIBS), 455

DiGeorge syndrome, 132
Discoid adrenal gland, 298
Dixon method, 194
Double aortic arch, 76, 77
Double bubble sign, 258, 317
Double-inversion recovery imaging, 68
Duodenal atresia, 317
Duodenal diverticulum, 315
Duodenal web, 318
Duplex kidney, 332
Duplication

diaphragm, 185, 186
gallbladder, 244

Dysgerminomas, 409, 411
Dysphagia lusoria, 69
Dysplastic nodules, 211

E
Eagle-Barrett syndrome, 337
Echinococcal hepatic infection, 205, 207
Ectocyst, 19
Ectopic pancreas, 260
Ectopic thymus, 128–130
Ectopic ureterocele, 335
Edwards hypothetical double arch model, 69
Embryonic phase, 3
Empyema, 14, 20
Empyema necessitans (EN), 15, 171, 172
Endobronchial metastases, 57
Endodermal sinus tumors, 410, 412
Endometriosis, 419, 420
Enthesitis-related arthritis (ERA), 474, 476
Epidermoid cyst, 280, 281
Epididymal appendage torsion, 382
Epididymis, 374
Epididymitis, 369–371
Epithelial hepatoblastomas, 219
Epithelial neoplasms, 413, 414

Epithelial pancreatic neoplasms
pancreatoblastoma, 267
solid pseudopapillary tumor, 267, 268

Epithelioid hemangioendothelioma, 22
Epstein-Barr virus (EBV), 280
Epstein-Barr virus (EBV) mononucleosis, 282
Esophageal atresia, 317
Esophageal duplication cysts, 8–10, 144, 319
Esophagus

development and anatomy, 313
gastrointestinal tract, 312

Ewing sarcoma (ES), 179, 180
Extra-adrenal pheochromocytomas, 305
Extra-axial paragangliomas, 305
Extralobar infradiaphragmatic pulmonary sequestration, 11, 14
Extramedullary hematopoiesis, 152

F
Fallopian tubes, 388, 392
False positive screening test, 453
Fascial tails, 174
Fat quantitation, liver, 194, 197
Fat-water swap, 197
Feed and wrap method, 67, 235, 327
Female genital tract

acquired ovarian cysts, 416, 417
adenomyosis, 420
anatomic variants

congenital vaginal septa and imperforate hymen,  
400, 402

embryology, 388–391
Müllerian duct anomalies, 394, 395, 397, 398
normal development and, 391–394

congenital female genitourinary tract disorders
cloacal malformations and urogenital sinus, 407
congenital cysts, 403, 405

endometriosis, 419, 420
infectious disorders, pelvic inflammatory disease (PID) and 

tubo-ovarian abscess, 407, 409
Magnetic resonance Imaging (MRI)

patient preparation, 387
pulse sequences and protocols, 387, 388

neoplastic disorders
epithelial neoplasms, 413
germ cell tumors, 409, 410
ovarian neoplasms, 409
sex-cord stromal neoplasms, 410, 413
uterine and vaginal neoplasms, 414, 415

ovarian/adnexal torsion, 420–422
polycystic ovarian syndrome (PCOS), 417–419
traumatic female genitourinary tract disorders, 415, 416

Fetal neuroblastoma, 303
Fever of unknown origin (FUO), 472, 473
Fibrocystic liver disease, 243
Fibrolamellar carcinoma (FLC), 220, 222
Fibromatosis, 179
Fibrous dysplasia (FD), 177, 178
Fibrous hamartoma (FH), 175
Flexible phased array coils, 458
Focal nodular hyperplasia (FNH), 213, 215, 216
Focal pancreatitis, 273
Foregut duplication cysts, 10, 318

bronchogenic cyst, 144
esophageal duplication cysts, 144
neuroenteric cysts, 144
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Foreign body aspiration (FBA), 58, 59
Fournier gangrene, 372, 373
Fungal infections

liver, 205
spleen, 282

G
Gallbladder, 235

acute cholecystitis, 244, 246
anatomy

embryology, 237, 238
normal development and, 238
variants, 238

cholangitis, 246, 247
choledocholithiasis, 246
congenital disorders

biliary atresia, 240
biliary hamartomas, 240
Caroli disease, 243
choledochal cystic disease, 240, 242, 243
duplication, 244

duplication, 245
hydrops, 251
magnetic resonance cholangiopancreatography (MRCP), 237
Magnetic resonance Imaging (MRI), 235

hardware, 236
patient preparation, 235
sedation, 235
standard sequences, 236
T1-weighted images/spoiled gradient, 237
T2-weighted sequences, 236, 237

neoplastic disorders, cholangiocarcinoma, 248, 250
post-contrast images and contrast selection, 237
traumatic disorders, bile leaks, 250, 251

Gamma-Gandy bodies, 291, 293
Ganglioneuroblastomas, 146, 300, 303, 304
Ganglioneuromas, 145, 304, 305
Gastrointestinal (GI) atresias, 317
Gastrointestinal stromal tumors (GISTs), 323
Gastrointestinal tract

anatomic variants, 315
congenital disorders

anorectal malformations, 319
bowel malformations, 318
congenital diaphragmatic hernias (CDH), 316
foregut duplication cysts, 318, 319
gastrointestinal (GI) atresias, 317

development and anatomy
esophagus, 313
large bowel, 315
small intestines, 313, 315
stomach, 313

embryology
esophagus, 312
small and large bowel, 313
stomach, 312

embryonic divisions, 313
embryonic folding of, 314
infectious and inflammatory disorders

appendicitis, 320
inflammatory bowel disease, 319
Meckel diverticulum, 320, 322
pneumatosis intestinalis, 322, 323
typhlitis, 322

Magnetic resonance Imaging (MRI), 311

appendicitis protocol, 312
enterography protocol, 312
fetal MR bowel imaging protocol, 312
perianal fistula protocol, 312

neoplastic disorders
gastrointestinal stromal tumors (GISTs), 323
lymphoma, 323, 324

Gastroschisis, 428
Gaucher disease, 207, 209, 290, 291
Generalized lymphatic anomaly (GLA), 119
Genitourinary rhabdomyosarcoma, 375–377
Germ cell layers, 329
Germ cell tumors, 133, 136
Glucocerebroside, 290
Glycogen storage diseases (GSD), 207
Gorham disease, 119
Gradient refocused echo (GRE) sequence, 68
Great vessels

acquired disorders
aortic dissection, 102, 103
post-traumatic aortic pseudoaneurysm, 100–102
pulmonary embolism, 102–104
superior vena cava syndrome, 104, 105
thoracic outlet syndrome, 105, 106

anatomy
embryology, 68, 69
normal development, 69, 70
variants, 69, 71

aortic arch positional anomaly, 75, 76
aortic branching anomalies

circumflex aortic arch, 77, 78
double aortic arch, 76, 77
left aortic arch with aberrant right subclavian  

artery, 80
right aortic arch with aberrant left subclavian  

artery, 78, 79
right aortic arch with mirror-image branching, 79

aortic obstructive lesions
aortic coarctation, 72, 75
aortic stenosis, 72
interrupted aortic arch, 71–73

infectious aortitis, 96–98
MR imaging technique

patient preparation, 67
pulse sequences and protocols, 68

mycotic aneurysms/pseudoaneurysms, 97
pulmonary arterial anomalies

interruption of proximal pulmonary artery/pulmonary artery 
agenesis, 83–85

pulmonary artery sling, 85, 86
pulmonary arterial anomaliespulmonary agenesis, aplasia and 

hypoplasia, 81–84
pulmonary venous anomalies

partial anomalous pulmonary venous connection,  
90–92

pulmonary vein atresia, 94, 95
pulmonary vein stenosis, 91, 93
pulmonary vein varix, 95, 96
total anomalous pulmonary venous connection, 86–90
variable pulmonary vein branching, 86, 87

systemic venous anomalies
persistent left and duplicated superior vena cava, 80–82
single left superior vena cava draining to coronary  

sinus, 81, 83
vasculitis disorders

Takayasu arteritis, 97, 99
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H
Haller index, 168
Hamartomas, spleen, 284, 285
Handle bar injury, 273
Hardware, gallbladder and bile ducts, 236
Hemangiomas, 181

spleen, 283, 284
Hemochromatosis

hereditary hemosiderosis, 209, 210
secondary hemosiderosis, 210

Hemorrhagic corpus luteum, 392
Hemorrhagic ovarian cysts, 416, 417
Hemorrhagic pancreatitis, 265
Hepatic abscess, 205
Hepatic adenomas, 208, 217
Hepatic amebic abscess, 206
Hepatic angiomyolipoma, 218
Hepatic artery stenosis, 228
Hepatic cirrhosis, 212
Hepatic fibrosis, 198, 211
Hepatic fungal microabscesses, 206
Hepatic hemangiomas, 211, 213
Hepatic infantile hemangiomas, 213
Hepatic lobule, 200, 202
Hepatic lymphoma, 222
Hepatic metastases, 223
Hepatic steatosis, 195, 196, 210, 211
Hepatic veno-occlusive disease, 225
Hepatobiliary contrast agents, Magnetic resonance Imaging (MRI), 

liver, 193, 194
Hepatoblastoma, 219, 220
Hepatocellular adenoma, 215, 216
Hepatocellular carcinoma (HCC), 220, 221
Hepatocyte-nuclear-factor-1-α (alpha) inactivated (HNF-1α) 

adenomas, 215
Hepatocytes, 202
Hepatomegaly, 213
Hepatosplenomegaly, 209
Hereditary hemosiderosis, 209, 210
Hereditary paraganglioma-pheochromocytoma (HPP) syndrome, 461, 

463
Hereditary retinoblastoma, 461, 462, 464
Hereditary spherocytosis, 280
Heterotaxy syndrome, 7, 42, 87
Hiatal hernia, 184
Hibernoma, 172, 173
Histoplasmosis, 16, 51, 52
Hodgkin lymphoma (HL), 139, 466, 467
Horseshoe kidney, 331, 332
Hydatid cysts, 19
Hydrocele of spermatid cord, 356
Hydrops of gallbladder, 251
Hymen, 394
Hypoplasia, 74, 259, 260

I
Iatrogenic disorders, 122–124
Iatrogenic leaks, 250
Immature lymphatic system, 119
Immature ovarian teratoma, 411
Imperforate hymen, 400, 402, 403
Incidental pancreatic lipoma, 272
Incidentally found mature, 410
Infantile fibrosarcoma (IF), 178
Infantile hemangioma (IH), 52, 181, 382
Infantile myofibromatosis, 174, 175

Infarction, spleen, 288, 289
Infectious and inflammatory disorders

appendicitis, 320
inflammatory bowel disease, 319
Meckel diverticulum, 320, 322
pneumatosis intestinalis, 322, 323
typhlitis, 322

Infectious aortitis (IA), 96–98
Infectious disorders

chest wall, 169
abscess, 170
actinomycosis, 171
cellulitis, 169
empyema necessitans, 171
osteomyelitis, 170, 171
tuberculosis, 171

diaphragm, subphrenic abscess, 186, 187
female genital tract, pelvic inflammatory disease (PID) and 

tubo-ovarian abscess, 407, 409
kidney, ureter and bladder

pyelonephritis, 339, 340
xanthogranulomatous pyelonephritis, 340

liver
amebic infections, 205
bacterial infections, 203, 205
Echinococcus, 205, 207
fungal infections, 205
viral hepatitis, 203

peritoneal and retroperitoneal disorders
abdominal cerebrospinal fluid pseudocyst, 437, 438
mesenteric adenitis, 436
omental infarction, 436
peritoneal inclusion cyst, 436

spleen
bacterial infections, 281, 282
fungal infections, 282
parasitic infection, 282, 283
viral infections, 280, 281

Infectious lymphadenopathy, 141
Infectious male genitourinary tract disorders

epididymitis, 369, 370
Fournier gangrene, 372, 373
orchitis, 368, 369

Infiltrative endometriosis, 420
Inflammatory adenomas, 215
Inflammatory bowel disease, 319
Inflammatory disorders, peritoneal and retroperitoneal disorders

abdominal cerebrospinal fluid pseudocyst, 437, 438
mesenteric adenitis, 436
omental infarction, 436
peritoneal inclusion cyst, 436

Inflammatory myofibroblastic tumors (IMT), 20, 56, 57, 271
peritoneal and retroperitoneal disorders, 439

Inflammatory pancreatic disorders
acute pancreatitis, 263, 264

complications, 264, 265
Inflammatory pseudotumors, 271
In-table quadrature body coils, 458
International Neuroblastoma Risk Group (INRG) staging, 300
International Neuroblastoma Staging System (INSS), 300, 303
Interrupted aortic arch (IAA), 71–73
Intraabdominal desmoids, 439
Intralobar pulmonary sequestration, 11, 13
Intrapancreatic splenic tissue, 260
Intrapancreatic splenule, 261
Intraperitoneal abscess, peritoneal and retroperitoneal  

disorders, 438
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Intrascrotal metastasis, 382
Ionizing radiation exposure, 67
Ipsilateral ovarian enlargement, 421
Iron deposition, liver

cirrhosis, 210, 211
hemochromatosis, 209, 210
hepatic steatosis, 210

Iron deposition, splenic, 291
Iron quantitation, liver, 197

J
Jejunal atresia, 318
Juvenile dermatomyositis (JDM), 476, 477
Juvenile granulosa cell tumor, 412

K
Kaposiform hemangioendothelioma (KHE), 182
Kaposiform lymphangiomatosis (KLA), 119, 120
Kartagener syndrome, 42
Kidney, ureter and bladder, 327

anatomic variants
duplex kidney and ureteral duplication, 332
horseshoe kidney, 331, 332
renal agenesis, 330
renal ectopia, 331

congenital abnormalities
autosomal dominant polycystic kidney disease (ADPKD), 336, 337
autosomal recessive polycystic kidney disease (ARPKD), 336
bladder exstrophy, 337
megacystis-microcolon-intestinal hypoperistalsis syndrome 

(MMIHS), 338, 339
multicystic dysplastic kidney (MCDK), 333, 335, 336
primary megaureter, 333
Prune-belly Syndrome, 337, 338
ureterocele, 333
ureteropelvic junction obstruction (UPJO), 332, 333

development and anatomy, 329
embryology, 328, 329
infectious disorders

pyelonephritis, 339, 340
xanthogranulomatous pyelonephritis, 340

Magnetic resonance Imaging (MRI)
patient preparation, 327
pulse sequences and protocols, 327, 328, 341

neoplastic disorders, 340
angiomyolipoma, 342, 344
clear cell sarcoma, 346, 347
lymphoma, 347, 348
medullary carcinoma, 347
mesoblastic nephroma, 340, 341
multilocular cystic renal tumor (MCRT), 341, 342
renal cell carcinoma (RCC), 344–346
rhabdoid tumor, 347
trauma, 348, 349
Wilms tumor and nephroblastomatosis, 344

urinary tract calcification
nephrocalcinosis, 349, 350
urolithiasis, 350, 351

Kupffer cells, 202

L
Langerhans cell histiocytosis (LCH), 178, 467, 469
Large airways

acquired disorders
acquired tracheal stenosis, 58
foreign body aspiration, 58, 59
postsurgical bronchial stenosis, 58, 59
post-traumatic tracheobronchial injuries, 58

anatomy
branching anomalies, 40, 41
congenital tracheal stenosis, 40, 41
embryology, 39, 40
heterotaxy, 42
normal development, 39–41

benign primary neoplasms
neurofibromas, 53, 54
respiratory papillomatosis, 53
subglottic hemangioma, 52, 53

Castleman disease, 60, 61
congenital disorders

bronchial atresia, 47, 48
bronchogenic cysts, 48
congenital high airway obstruction sequence, 44, 45
laryngeal stenosis, 43–45
macroglossia, 43
tonsillar hypertrophy, 43, 44
tracheal bronchus, 46, 47
tracheoesophageal fistula, 45, 46

congenital dynamic disorders
obstructive sleep apnea syndrome, 49
tracheobronchomalacia, 49, 50

infectious and inflammatory disorders
histoplasmosis, 52
tuberculosis, 50, 51

lymphatic malformations, 59, 60
magnetic resonance imaging techniques

Two-dimensional (2D) and three-dimensional (3D) sequences, 31
coil selection and placement, 31
feed and swaddle technique, 29
patient preparation, 29, 30
phased array coils, 30
pulse sequence and protocol, 31–33
static MR large airway imaging, 31–38
1.5 Tesla (T) systems, 30
torso or head/and-neck/spine (HNS) coil, 30

malignant primary neoplasms
airway carcinoid tumor, 56
inflammatory myofibroblastic tumors, 56, 57
mucoepidermoid carcinoma, 56
nasopharyngeal tumors, 54–56
tumors of tongue, 54, 55

metastases, 57, 58
neuroblastoma, 61, 62
2D techniques

fast spin-echo with helical K-space acquisition, 34, 35
fast spin-echo/turbo spin-echo sequences, 31, 34
steady-state free precession techniques, 34

3D techniques
dynamic MR large airway imaging, 39
short and ultra-short echo time GRE sequences, 34–37
3D fast spin-echo sequences, 38
UTE and ZTE sequences, 36, 37

Large bowel, 313, 315
Laryngeal stenosis, 43–45
Left aortic arch with aberrant right subclavian artery, 80
Leukemia, spleen, 285
Li-Fraumeni syndrome (LFS), 460–462
Lipoblastoma, 172, 173, 439–441
Lipoma, 172, 173
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Lipomatosis, 174
Liver

anatomy
embryology, 199
normal development and, 200
variants, 202

congenital disorders
Alagille syndrome, 202
congenital hepatic fibrosis, 202, 203

diffuse parenchymal disorders
Gaucher disease, 207, 209
glycogen storage disease, 207

embryologic development of, 200
enzymes, 242
hemochromatosis

hereditary hemosiderosis, 209, 210
secondary hemosiderosis, 210

infectious disorders
amebic infections, 205
bacterial infections, 203, 205
Echinococcus, 205, 207
fungal infections, 205
viral hepatitis, 203

iron deposition
cirrhosis, 210, 211
hepatic steatosis, 210

iron quantitation, 197
liver fat quantitation, 194, 197
magnetic resonance (MR) elastography, 197, 198
magnetic resonance imaging (MRI)

extracellular contrast agents, 193
hepatobiliary contrast agents, 193, 194
parameters, 194

malignant neoplasms
fibrolamellar carcinoma (FLC), 220
hepatoblastoma, 219, 220
hepatocellular carcinoma (HCC), 220
metastasis, 220, 222
rhabdomyosarcomas, 224
undifferentiated embryonal sarcoma (UES), 223, 224

multiphase T1-weighted fat-suppressed post-contrast imaging, 194
neoplastic disorders

angiomyolipoma, 216
focal nodular hyperplasia (FNH), 213, 215
hepatic hemangioma, 211, 213
hepatocellular adenomas, 215, 216
mesenchymal hamartomas, 213
nodular regenerative hyperplasia (NRH), 219

radial non-Cartesian techniques, 198, 199
transplantation, 225

postoperative complications, 227, 229
preoperative imaging assessment, 227

vascular disorders
Budd-Chiari syndrome (BCS), 224, 225
hepatic veno-occlusive disease, 225
portal hypertension, 225

Liver laceration, 250
Liver metastasis, 269
Lung abscess, 19
Lung and pleural disease

anatomy, embryonic phase, 3
Magnetic resonance Imaging (MRI)

advantage, 1
feed and wrap technique, 1
patient preparation, 1
protocols, 2
specialized sequences, 2

ultra-short (UTE) or zero echo time (ZTE) sequences, 2
ventilation, inflammation, perfusion and structural, 2–3

Lung disease
anatomy

alveolar phase, 4
canalicular phase, 4
embryonic phase, 3
fetal lung fluid, 4
lobar anatomy, 5
lung parenchyma, 5
pseudoglandular phase, 3
pulmonary lymphatics, 6
saccular phase, 4
surfactant, 4
vascular, 5, 6

congenital and developmental disorders
bronchial atresia, 7, 8
bronchogenic cysts, 8–10
congenital lobar emphysema, 8
congenital pulmonary airway malformations, 10, 11
congential lobar emphysema, 8
esophageal duplication cysts, 8, 9
neurenteric cysts, 8
pulmonary sequestration, 11, 12

infectious disorder
bacterial infection, 14, 15
bronchiectasis, 19
empyema, 20
fungal infection, 16
ground-glass opacities, 18
internal membrane, 19
lung abscess, 19
mycobacterial infection, 17
parasitic infection, 17
pleural effusions, 19
pulmonary consolidation, 18
pulmonary necrosis, 19
viral respiratory infections, 15, 16

Magnetic resonance Imaging (MRI)
cystic fibrosis, 25
pleural effusions, 23
pulmonary edema, 22

neoplasms
benign primary neoplasms, 20
malignant primary neoplasms, 20
metastatic disease, 22

Lung parenchyma, 5
Lymphatic malformation (LM), 60, 136, 183, 431, 432, 434

spleen, 291, 292
Lymphatic system

anatomy
cisterna chyli, 117
embryology, 116
initial lymphatic networks, 117
lymphatic channels, 117
normal development, 117
perivascular and peribronchial lymphatics transport, 118
pulmonary lymphatic network, 118
thoracic duct, 117
variants, 118

central conducting lymphatic anomaly
abnormal pulmonary flow, 121
congenital dysfunctional drainage, 119
generalized hereditary lymphedema, 120
iatrogenic disorders, 122–124
immature lymphatic system, 119
Kaposiform lymphangiomatosis, 120

Index



491

lymphatic malformation, 116, 119
morbidity and mortality, 119
normal lymphatic channels, 119
recurrent chylous pleural effusion and bony abnormalities, 121

central lymphatic imaging, 113
conventional fluoroscopic intranodal lymphangiography, 113
embryology, 117
interstitial injection, 113
lymphatic vessels, 113
MR lymphangiography, 113

delayed imaging, 116
dynamic contrast-enhanced MR imaging, 116
dynamic protocol, 116
maximum intensity projection volume rendering images, 116
multiplanar reconstruction, 116
patient preparation, 113
post-contrast subtraction images, 116
post-contrast 3D spoiled gradient-recalled echo T1-weighted 

imaging, 114
pre-contrast coronal 3D spoiled gradient-recalled echo 

T1-weighted imaging, 114
3D-SSFP post-contrast sequence, 114
3-Tesla systems, 114
T2-weighted imaging, 114

transportation, 113
Lymphoma, 137, 139, 270, 466–468

gastrointestinal tract, 323, 324
kidney, ureter and bladder, 347, 348
peritoneal and retroperitoneal disorders, 446
spleen, 285, 286

M
Congenital pulmonary airway malformation (CPAM), 12
Macroglossia, 42, 43
Magnetic resonance cholangiopancreatography (MRCP)

gallbladder and gallbladder, 237
pancreas, 255

Magnetic resonance elastography, liver, 197, 198
Magnetic resonance enterography protocol, gastrointestinal tract, 312
Magnetic resonance fat-suppression methods, 297
Magnetic resonance imaging (MRI)

chest wall evaluation, 159, 160
diaphragm evaluation, 160
female genital tract

patient preparation, 387
pulse sequences and protocols, 387, 388

gallbladder and bile ducts
hardware, 236
patient preparation, 235
sedation, 235
standard sequences, 236
T1-weighted images/spoiled gradient, 237
T2-weighted sequences, 236, 237

gastrointestinal tract, 311
appendicitis protocol, 312
enterography protocol, 312
fetal MR bowel imaging protocol, 312
perianal fistula protocol, 312

kidney, ureter and bladder
patient preparation, 327
pulse sequences and protocols, 327, 328, 341

liver
extracellular contrast agents, 193
hepatobiliary contrast agents, 193, 194
parameters, 194

pancreas, 255
patient preparation, 255, 256
pulse sequences and protocols, 256, 257

patient preparation, 159
peritoneal and retroperitoneal disorders, 425

contrast enhanced sequences, 426
unenhanced gradient-echo sequences, 426
unenhanced spin-echo sequences, 426

spleen
parameters, 275, 276
patient preparation, 275

Magnetic resonance index of activity (MaRIA), 319
Male genitourinary tract, 355

anatomy
embryology, 358
normal development and, 359
variants, 360–362, 364

congenital male genitourinary tract disorders
cryptorchidism, 368
Müllerian duct cyst, 367
posterior urethral valves, 365, 366
utricle cyst, 366, 367

infectious male genitourinary tract disorders
epididymitis, 369, 370
Fournier gangrene, 372, 373
orchitis, 368

Magnetic resonance Imaging (MRI)
patient preparation, 355
pulse sequences and protocols, 355–358

neoplastic male genitourinary tract disorders
genitourinary rhabdomyosarcoma, 375, 377
metastatic disease, 378, 379, 381
paratesticular rhabdomyosarcoma, 377, 379
testicular germ cell tumor, 373, 374
testicular non-germ cell tumors, 374

testicular and epididymal appendage torsion, 382
testicular torsion, 381, 382
vascular anomalies, 382, 383

Malignant neoplasms, liver
fibrolamellar carcinoma (FLC), 220
hepatoblastoma, 219, 220
hepatocellular carcinoma (HCC), 220
metastasis, 220, 222
rhabdomyosarcomas, 224
undifferentiated embryonal sarcoma (UES), 223, 224

Malignant peripheral nerve sheath tumor (MPNST), 179
Malignant primary neoplasms, diaphragm, 187
Marfan syndrome (MFS), 100, 101
Meckel diverticulum, 320–322
Meconium peritonitis, 431, 432
Mediastinal adenopathy

Castleman disease, 142
sarcoidosis, 142

Mediastinal neurofibromas, 53
Mediastinum, 11

anatomy
center method, 128
ectopic thymus, 128–130
embryology, 126
lateral chest radiograph, 128
normal development, 127
paravertebral compartment, 128
prevascular compartment, 128
structure displacement tool, 128
thymic herniation, 130
visceral compartment, 128
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Mediastinum (cont.)
aplasia or hypoplasia of thymus, 132
benign neoplastic disorders

germ cell tumors, 133, 134, 136
lymphatic malformations, 136
thymic cyst, 132
thymolipomas, 132, 133

foregut duplication cysts
bronchogenic cyst, 144
esophageal duplication cysts, 144
neuroenteric cysts, 144

infectious lymphadenopathy, 141
malignant neoplastic disorders

lymphoma, 137, 139
midline nut cell tumor, 139
thymic carcinomas, 137
thymomas, 136, 137

mediastinal adenopathy
Castleman disease, 142
sarcoidosis, 142

MR imaging technique
cardiac motion artifacts, 125
fat suppression techniques, 126
patient motion, 125
patient preparation, 125
phased array receiver coils, 125
rapid pulse sequences or respiratory gating, 125
respiratory motion, 125
1.5 Tesla (T) or 3.0T MRI scanners, 125, 126

neoplastic lymphadenopathy
metastatic disease, 142
primary neoplasm, 142

posterior mediastinal lesions
extramedullary hematopoiesis, 152
ganglioneuroblastomas, 146
ganglioneuromas, 145
neuroblastoma, 146
neurofibromas, 151
posterior diaphragmatic hernia, 152
schwannomas, 151, 152

Medullary carcinoma, 347, 348
Megacystitis-microcolon-intestinal hypoperistalsis syndrome 

(MMIHS), 338, 339
Mesenchymal hamartomas, 213, 215
Mesenteric adenitis, 436
Mesenteric cysts, 428
Mesenteric fibromatosis, 439
Mesenteric lymphadenopathy, 436
Mesenteric plexiform neurofibroma, 442
Mesoblastic nephroma, 341, 342
Mesonephros, 328
Mesothelial cyst, 428, 431
Metabolic disorders, liver, 207, 209
Metanephros, 328
Metastatic disease

chest wall, 181
hemangiomas, 181, 182
kaposiform hemangioendothelioma (KHE), 182
lymphatic malformation, 183
vascular anomalies, 181
venous malformations, 183

diaphragm, 187
male genitourinary tract, 378, 379
spleen, 286

Metastatic renal cell carcinoma, 287
Metastatic rhabdomyosarcoma, 449

Meyer-Rokitansky-Kuster-Hauser syndrome, 396
Midline nut cell tumor, 139
Mild hepatic iron deposition, 197
Mitosis-karyorrhexis index (MKI), 301
Mixed fibrosarcoma, 179
Morgagni hernias (MH), 184
Morphological rib anomalies, 167
Motion artifact, 357
MRI, see Magnetic resonance imaging (MRI)
Mucoepidermoid carcinoma (MEC), 56
Mucoepidermoid tumor, 20
Müllerian duct anomalies (MDAs), 394–397, 400
Müllerian duct cyst, 367
Müllerian organogenesis, 389
Multicystic dysplastic kidney (MCDK), 333, 335, 336
Multilocular cystic renal tumor (MCRT), 341–343
Multiorgan transplantation, 339
Multiphase T1-weighted fat-suppressed post-contrast imaging, liver, 194
Multiple chest wall neurofibromas, 175
Multiple congenital anomalies, 331
Multiple hereditary exostoses, 177
Mycobacterium tuberculosis (TB) infection, 17, 282
Mycotic aneurysms/pseudoaneurysms, 97
Myofibroblastic pancreatic tumor, 272
Myofibroma, 174, 175
Myotomes, 161

N
Nasopharyngeal tumors, 54–56
Necrotizing fasciitis, 169
Necrotizing pancreatitis, 264
Neonatal hemochromatosis, 209
Neonatal Marfan syndrome (nMFS), 100
Neonatal neuroblastoma, 303
Neonatal ovaries, 391
Neoplastic disorders

chest wall, 171
aneurysmal bone cysts (ABC), 178
brown fat/hibernoma, 171, 172
desmoid-type fibromatosis, 173, 174
Ewing sarcoma, 179, 180
fibrous dysplasia, 177, 178
fibrous hamartoma, 175
Langerhans cell histiocytosis (LCH), 178
lipoma and lipoblastoma, 172, 173
malignant peripheral nerve sheath tumor (MPNST), 179
mesenchymal hamartoma, 177
myofibroma and infantile myofibromatosis, 174, 175
neurofibroma, 175
osteochondroma, 176, 177
osteoid osteoma and osteoblastoma, 176
osteosarcoma, 181
sarcoma, 178, 179
schwannoma, 176

diaphragm, 187
female genital tract

epithelial neoplasms, 413, 414
germ cell tumors, 409, 410
ovarian neoplasms, 409
sex-cord stromal neoplasms, 410, 413
uterine and vaginal neoplasms, 414, 415

gallbladder, cholangiocarcinoma, 248, 250
gastrointestinal tract

gastrointestinal stromal tumors (GISTs), 323
lymphoma, 323, 324
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kidney, ureter and bladder, 340
angiomyolipoma, 342, 344
clear cell sarcoma, 346, 347
lymphoma, 347, 348
medullary carcinoma, 347
mesoblastic nephroma, 340, 341
multilocular cystic renal tumor (MCRT), 341, 342
renal cell carcinoma (RCC), 344–346
rhabdoid tumor, 347
trauma, 348, 349
Wilms tumor and nephroblastomatosis, 344

liver
angiomyolipoma, 216
focal nodular hyperplasia (FNH), 213, 215
hepatic hemangioma, 211, 213
hepatocellular adenomas, 215, 216
mesenchymal hamartomas, 213
nodular regenerative hyperplasia (NRH), 219

peritoneal and retroperitoneal disorders, 439
spleen

angiosarcoma, 285
hamartomas, 284, 285
hemangiomas, 283, 284
leukemia, 285
lymphoma, 285, 286
metastasis, 286
post-transplant lymphoproliferative disorder, 286, 288

Neoplastic lymphadenopathy
metastatic disease, 142
primary neoplasm, 142

Neoplastic male genitourinary tract disorders
genitourinary rhabdomyosarcoma, 375, 377
metastatic disease, 378, 379
paratesticular rhabdomyosarcoma, 377, 379
testicular germ cell tumor, 373, 374
testicular non-germ cell tumors, 374

Neoplastic pancreatic disorders, 267
Nephrectomy, 344
Nephroblastomatosis, 344
Nephrocalcinosis, 349, 350
Nerve sheath tumor, 441
Neurenteric cysts, 8
Neuroblastoma, 61, 271, 356, 382, 447

abdominal neuroblastic tumors, 301
classification, 301
clinical symptoms, 300
congenital, 303
diagnosis, 299, 300
favorable histologic result, 301
fetal neuroblastoma, 303
imaging modalities, 301
immature, undifferentiated cells, 299
International Neuroblastoma Risk Group (INRG) staging, 300
metastases, 303, 304
mitosis-karyorrhexis index, 301
neonatal neuroblastoma, 303
occurrence, 299
paraspinal neuroblastic tumor, 303, 304
renal atrophy, 303
restricted diffusion on DWI, 303
tumor extension, 303
unfavorable histologic characteristics, 301
watery diarrhea and electrolyte imbalances, 300

Neuroendocrine tumors, 268–270
Neuroenteric cysts, 144
Neurofibromas, 53, 54, 151, 175

Neurofibromatosis type 1 (NF1), 175
Neuromuscular (NM) disorders, 477
Nodular regenerative hyperplasia (NRH), 219
Non-accidental trauma, 476
Non-alcoholic fatty liver disease (NAFLD), 210
Non-Cartesian radial pulse sequences, 257
Non-contrast MR angiography, 68
Non-epithelial pancreatic neoplasms

lymphoma, 270, 271
metastases, 271

Nonhemorrhagic corpus luteum, 392
Non-Hodgkin lymphoma (NHL), 139, 466, 467
Non-seminomatous testicular tumor, 374
Noonan syndrome, 119
Normal lymphatic channels, 119
Nuclear protein of testis (NUT), 139
Numerical rib anomalies, 167

O
Obstructed hemivagina ipsilateral renal agenesis (OHVIRA), 398, 402
Obstructive sleep apnea syndrome (OSAS), 49
Omental cysts, 428
Omental infarction, 437

peritoneal and retroperitoneal disorders, 436
OMERACT (Outcomes Measures in Rheumatology) scoring system, 476
Omphalocele, 428
Opsoclonus-myoclonus syndrome, 300
Orchiopexy, 368
Orchitis, 368, 369
Osseous and soft tissue sarcomas, 462
Osseous metastases, 470
Osteoblastoma, 176
Osteochondroma, 176, 177
Osteoid osteoma (OO), 176
Osteomyelitis, 170
Osteonecrosis, 472
Osteosarcoma (OS), 180, 181
Ovarian cysts, 403, 417
Ovarian neoplasms, 409
Ovarian/adnexal torsion, 420, 422
Ovaries, differentiation of, 389

P
Paget-Schroetter syndrome (PSS), 105
Pancreas, 255

anatomy
embryology, 257
and function, 257, 258
variants, 258

annular pancreas, 258, 259
congenital hyperinsulinism (CHI), 262, 263
cystic fibrosis, 261
development of, 258
dorsal agenesis of, 260
ectopic pancreas, 260
epithelial pancreatic neoplasms

pancreatoblastoma, 267
solid pseudopapillary tumor, 267, 268

inflammatory pancreatic disorders, acute pancreatitis, 263–265
intrapancreatic splenic tissue, 260
Magnetic resonance Imaging (MRI)

patient preparation, 255, 256
pulse sequences and protocols, 256, 257
techniques and protocols, 255

Index



494

Pancreas (cont.)
neoplastic pancreatic disorders, 267
neuroendocrine tumors, 268–270
non-epithelial pancreatic neoplasms

lymphoma, 270, 271
metastases, 271

pancreas divisum, 258
pancreatic agenesis and hypoplasia, 259, 260
pancreatic cyst, 260
pancreatic neoplasms, mimics and pitfalls of, 271
pancreatitis

autoimmune, 266, 267
causes of, 265
chronic, 265, 266

Shwachman-Diamond syndrome, 262
traumatic pancreatic injury, 272, 273
ultrasound and magnetic resonance Imaging (MRI), 255
von Hippel-Lindau (VHL) disease, 260, 261

Pancreas divisum, 258, 259
Pancreatic agenesis, 259, 260
Pancreatic cystosis, 260, 262
Pancreatic endocrine tumors, 269
Pancreatic injury grading, 272
Pancreatic insulinoma, 270
Pancreatic lipomatosis, 261
Pancreatic neoplasms, mimics and pitfalls of, 271
Pancreatic pseudocyst, 264
Pancreatic solid pseudopapillary tumor, 269
Pancreaticobiliary ducts, 238
Pancreaticopleural fistulas, 265
Pancreatitis

autoimmune, 266, 267
chronic, 265, 266
causes of, 265

Pancreatoblastoma, 267, 268
Paraganglioma, 441, 444
Paraneoplastic syndromes, 300
Paraovarian cysts, 403, 404
Parapneumonic effusion, 15
Parasitic infection, spleen, 282, 283
Paraspinal neuroblastic tumors, 303
Paratesticular rhabdomyosarcoma, 377, 378
Partial anomalous pulmonary venous connection (PAPVC), 90–92
Patent ductus arteriosus (PDA), 71
Pectus carinatum, 168
Pectus excavatum, 167, 168
Pediatric hepatic imaging, MRI sequences, 194
Pediatric pancreatic neoplasms, 267
Peliosis, 290, 291
Pelvic inflammatory disease (PID), 407, 409
Perianal fistula protocol, 320

gastrointestinal tract, 312
Peritoneal and retroperitoneal disorders, 425

anatomy
embryology, 426
normal development and, 427

Castleman disease, 439
congenital disorders

bronchogenic cyst, 432, 435
gastroschisis and omphalocele, 428
lymphatic malformations, 431, 432
meconium peritonitis and pseudocyst, 431
mesenteric and omental cysts, 428
mesothelial cyst, 428, 431

desmoid tumor/mesenteric fibromatosis, 439
desmoplastic small round cell tumor (DSRCT), 441, 442, 446

infectious and inflammatory disorder
abdominal cerebrospinal fluid pseudocyst, 437, 438
mesenteric adenitis, 436
omental infarction, 436
peritoneal inclusion cyst, 436

inflammatory myofibroblastic tumors (IMT), 439
intraperitoneal and retroperitoneal abscess, 438
lipoblastoma, 439, 441
lymphoma, 446
MR imaging

contrast enhanced sequences, 426
patient preparation and coil selection, 425
unenhanced gradient-echo sequences, 426
unenhanced spin-echo sequences, 426

neoplastic disorders, 439
nerve sheath tumor, 441
paraganglioma, 441
peritoneal metastases, 448
retroperitoneal neuroblastic tumors, 446
rhabdomyosarcoma (RMS), 448
traumatic disorders, 448, 450

Peritoneal cavity, 427
Peritoneal inclusion cyst, 437

peritoneal and retroperitoneal disorders, 436
Peritoneal metastases, 448, 450
Peritoneal spaces, 426
Peritoneum, 427
Persistent hyperinsulinemic hypoglycemia of infancy, 262
Persistent left superior vena cava (PLSVC), 80
Phased array coils, 30
Pheochromocytomas, 298, 305
Pleural disease

anatomy
accessory pleural fissures and lobes, 6
heterotaxy syndromes, 7
parietal and visceral pleura, 6
pleura development, 4
pleural fissures, 6

infectious disorder
bacterial infection, 14, 15
bronchiectasis, 19
empyema, 20
fungal infection, 16
ground-glass opacities, 18
internal membrane, 19
lung abscess, 19
mycobacterial infection, 17
parasitic infection, 17
pleural effusions, 19
pulmonary consolidation, 18
pulmonary necrosis, 19
viral respiratory infections, 15, 16

Magnetic resonance Imaging (MRI)
cystic fibrosis, 25
pleural effusions, 23
pulmonary edema, 22

neoplasms
benign primary neoplasms, 20
malignant primary neoplasms, 20
metastatic disease, 22

Pleural effusion, 15, 19, 22, 23
Pleural fissures, 6
Pleuropulmonary blastoma (PPB), 20
Plexiform neurofibromas (PN), 53, 175, 465
Pneumatosis intestinalis, 322, 323
Poland syndrome, 168, 169
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Polycystic ovarian syndrome (PCOS), 417–419
Polymyositis (PM), 476, 477
Polyorchidism, 364
Polyostotic fibrous dysplasia, 177
Polysplenia, 277–279
Portal hypertension, 225, 227, 292, 293
Portal vein thrombosis, 229
Posterior diaphragmatic hernia, 152
Posterior mediastinal lesions

extramedullary hematopoiesis, 152
ganglioneuroblastomas, 146
ganglioneuromas, 145
neuroblastoma, 146
neurofibromas, 151
posterior diaphragmatic hernia, 152
schwannomas, 151, 152

Posterior urethral valves (PUV), 365, 366
Postpubertal uterus in anteversion, 394
Postsurgical bronchial stenosis, 58, 59
Post-transplant lymphoproliferative disorder (PTLD), 229, 231, 288
Post-traumatic aortic pseudoaneurysm, 100–102
Post-traumatic pseudocysts, 280
Post-traumatic tracheobronchial injuries, 58
Prepubertal uterus, 394
Primary hepatic lymphoma, 224
Primary lymphangiectasia, 119
Primary megaureter, 333, 334
Primary sclerosing cholangitis (PSC), 246, 249
Prophylactic surgery, 100
Prostate rhabdomyosarcoma, 378
Proximal descending thoracic aorta, 72
Prune-belly syndrome, 337
Pseudoaneurysm or false aneurysm, 100
Pseudocyst, 266, 431, 432
Pseudoglandular phase, 3
Pulmonary abscess, 19
Pulmonary agenesis, 81
Pulmonary and pleural metastases, 23
Pulmonary arterial anomalies

interruption of proximal pulmonary artery/pulmonary artery 
agenesis, 83–85

pulmonary artery sling, 85, 86
Pulmonary artery sling, 85, 86
Pulmonary Asperigillus infection, 16
Pulmonary carcinoid tumor, 20
Pulmonary coccidiomycosis infection, 16
Pulmonary consolidation, 14
Pulmonary edema, 22–24
Pulmonary embolism (PE), 102–104
Pulmonary hamartoma, 20
Pulmonary histoplasmosis, 52
Pulmonary hydatid cysts, 18, 19
Pulmonary inflammatory myofibroblastic tumor, 21
Pulmonary lymphatic network, 118
Pulmonary lymphatic perfusion syndrome (PLPS), 121
Pulmonary lymphatics, 6
Pulmonary necrosis, 19
Pulmonary sequestration, 11, 12
Pulmonary vein atresia (PVA), 94, 95
Pulmonary vein stenosis (PVS), 91, 93
Pulmonary vein varix, 95, 96
Pulmonary venous anomalies

partial anomalous pulmonary venous connection, 90–92
pulmonary vein atresia, 94, 95
pulmonary vein stenosis, 91, 93
pulmonary vein varix, 95, 96

total anomalous pulmonary venous connection, 86, 88–90
variable pulmonary vein branching, 86, 87

Pyelonephritis, 339, 340
Pyogenic abscesses, 281

R
Radial non-Cartesian techniques, 198, 199
Recurrent chylous ascites, 123
Recurrent chylous pleural effusion, 121
Regenerative nodule, 203
Rejection, 229
Relaxometry, 197
Renal agenesis, 330
Renal atrophy, 303
Renal cell carcinoma (RCC), 344–346
Renal ectopia, 331
Renal trauma, 349
Respiratory diverticulum, 39
Respiratory papillomatosis (RP), 53
Respiratory syncytial virus (RSV) infection, 15
Retinoblastoma (RB), 461, 462, 464
Retroperitoneal and pelvic abscesses, 438

peritoneal and retroperitoneal disorders, 438
Retroperitoneal bronchogenic cyst, 435
Retroperitoneal neuroblastic tumors, 446
Retroperitoneal spaces, 428
Rhabdoid tumor, 347
Rhabdomyosarcoma (RMS), 178, 179, 224, 369, 375–377, 414, 448
Rib anomalies, 167

chest wall
cervical, 167
morphological, 167
numerical, 167

Riedel lobe, 202
Right aortic arch

with aberrant left subclavian artery, 78, 79
with mirror-image branching, 79

Rotterdam criteria, 418

S
Saccular phase, 4
Sarcoid involvement of scrotum, 380
Sarcoidosis, 142
Sarcoma botryoides, 414–415
Sarcomas, 178, 179
Schwannian stroma, 301
Schwannoma, 151, 152, 176
Schwannomatosis, 466
Scimitar syndrome, 92
Sclerotomes, 160
Scrotal lymphatic malformation, 383
Secondary hemosiderosis, 196, 198, 210
Secondary pulmonary lobule, 5
Secretin, 255
Sedation, gallbladder and bile ducts, 235, 236
Seminal vesicle cyst, 370
Septum, 398
Sertoli-Leydig cell tumors, 413
Severe combined immunodeficiency (SCID) syndromes, 132
Sex-cord stromal neoplasms, 410, 413
Shwachman-Diamond syndrome, 262
Sickle cell disease, 289, 290
Single left superior vena cava draining to coronary sinus, 81, 83
Situs ambiguous (heterotaxy), 42
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Small bowel, 313
Small intestines, development and anatomy, 313, 315
Solid aneurysmal bone cysts (ABC), 178
Solid pseudopapillary tumors (SPT), 267, 268
Spectral adiabatic inversion recovery (SPAIR), 297
Spleen, 275

anatomic variants
accessory spleen, 278
embryology, 276
normal development and, 276, 277
splenic clefts, 277

congenital disorders
asplenia and polysplenia, 278, 279
epidermoid cyst, 280
hereditary spherocytosis, 280
post-traumatic pseudocysts, 280
wandering spleen, 279, 280

infarction, 288, 289
infectious disorders

bacterial infections, 281, 282
fungal infections, 282
parasitic infection, 282, 283
viral infections, 280, 281

lymphatic malformations, 291, 292
Magnetic resonance Imaging (MRI)

parameters, 275, 276
patient preparation, 275

neoplastic disorders
angiosarcoma, 285
hamartomas, 284, 285
hemangiomas, 283, 284
leukemia, 285
lymphoma, 285, 286
metastasis, 286
post-transplant lymphoproliferative disorder, 286, 288

peliosis, 290, 291
portal hypertension, 292, 293
sickle cell disease, 289, 290
storage disorders, 290
traumatic disorders, blunt traumatic injury, 288

Splenic atrophy, 290
Splenic cleft, 277
Splenic hamartoma, 285
Splenic hemangioma, 284
Splenic infarct, 289
Splenic laceration, 289
Splenic lymphatic malformation, 292
Splenomegaly, 280, 282, 286, 287, 293
Splenule/supernumerary spleen, 278
Steady-state free precession (SSFP) techniques, 34, 237
Stellate cells, 202
Sternal foramen, 166
Sternalis muscle, 166
Sternum, 161
Stomach

development and anatomy, 313
gastrointestinal tract, 312

Storage disorders, 290
Subglottic hemangioma, 52, 53
Subphrenic abscess, 186, 187
Subsequent malignant neoplasms (SMN), 461
Superficial plexiform, 175
Superior vena cava syndrome (SVCS), 104, 105
Supravalvular aortic stenosis (SVAS), 72
Surfactant, 4
Surfactant deficiency disorder (SDD), 4

Synthetic secretin-enhanced magnetic resonance 
cholangiopancreatography, pancreas, 255

Systemic venous anomalies
persistent left and duplicated superior vena cava, 80–82
single left superior vena cava draining to coronary sinus, 81, 83

T
Takayasu arteritis (TA), 97, 99
Testicle, 374
Testicular adrenal rest tumors, 299, 300
Testicular germ cell tumor, 373, 374
Testicular metastasis, 380
Testicular non-germ cell tumors, 374
Testicular torsion, 381, 382
Thoracic aortic dissection (TAD), 102, 103
Thoracic outlet syndrome (TOS), 105, 106
Thoracic vascular disorders, 67
Thymic carcinomas, 137
Thymic cyst, 132
Thymic herniation, 130
Thymolipomas, 132, 133
Thymomas, 136, 137
Todani classification, 242
Todani type V choledochal cyst, see Caroli disease
Tonsillar hypertrophy, 43, 44
Total anomalous pulmonary venous connection (TAPVC), 86–90
Tracheal bronchus (TB), 46, 47
Tracheal stenosis, 40, 41
Tracheobronchomalacia (TBM), 49, 50
Tracheoesophageal fistula (TEF), 44–46
Transplantation

liver, 225
postoperative complications, 227, 229
preoperative imaging assessment, 227

Transverse vaginal septum, 402
Traumatic disorders

gallbladder, bile leaks, 250, 251
peritoneal and retroperitoneal disorders, 448, 450
spleen, blunt traumatic injury, 288

Traumatic female genitourinary tract disorders, 415, 416
Traumatic pancreatic injury, 272, 273
Tuberculin skin test (TST), 50
Tuberculosis (TB), 17, 50, 51, 171
Tubo-ovarian abscess (TOA), 407, 409
Type 1 Mayer-Rokitansky-Kuster-Hauser (MRKH) Syndrome, 395
Type III pleuropulmonary blastoma, 21
Typhlitis, 322

U
Ultra-short or Zero-TE (UTE/ZTE) Sequences, 36, 37
Ultra-small particle iron-oxide (USPIO) agents, 459
Ultrasound, pancreas, 255
Undescended testes, 368
Undifferentiated embryonal sarcoma (UES), 222, 225
Unenhanced gradient-echo sequences, peritoneal and retroperitoneal 

disorders, 426
Unenhanced spin-echo sequences, peritoneal and retroperitoneal 

disorders, 426
Unicornuate uterus, 397
Urachal cyst, 360
Ureteral duplication, 332
Ureterocele, 333
Ureteropelvic junction obstruction (UPJO), 331–333
Ureterovesical junction (UVJ), 328
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Urethral segments, 359
Urinary tract calcification

nephrocalcinosis, 349, 350
urolithiasis, 350, 351

Urogenital sinus, 405, 407
Urolithiasis, 350, 351
Uterine anomalies, 390
Uterine development, 393
Uterine neoplasms, 414, 415
Uterus didelphys, 398
Utricle cyst, 366

V
Vaginal discharge, 416
Vaginal neoplasms, 414, 415
Vaginal rhabdomyosarcoma, 415
Valvular aortic stenosis (VAS), 72
Variable pulmonary vein branching, 86, 87
Vascular anomalies, 382, 383

chest wall, 181
Vascular disorders

liver
Budd-Chiari syndrome (BCS), 224, 225
hepatic veno-occlusive disease, 225
portal hypertension, 225

Vasculitis disorders
Takayasu arteritis, 97, 99

Venous malformations (VM), 183
Ventricular septal defect (VSD), 71
Ventriculoperitoneal shunt placement, 437
Vessel involution, 71
Video-assisted thorascopic (VATS), 76
Viral bronchiolitis, 16
Viral hepatitis, 203
Viral infections, spleen, 280, 281
Viral respiratory infections, 15, 16
Voluntary motion artifacts, 425
von Hippel-Lindau disease (VHL), 260, 261

W
Wandering spleen, 279, 280
Water lily sign, 207
Whole body magnetic resonance imaging

anatomy, 459–460
assessing diffuse, multifocal and/or multisystem disease processes, 

453
avascular necrosis, 472
cancer predisposition syndromes

constitutional mismatch repair deficiency, 462, 465
hereditary paraganglioma-pheochromocytoma syndrome, 461, 

463
indication-specific protocols, 460
inherited pathogenic mutations, 460
Li-Fraumeni syndrome, 460–462

neurofibromatosis, 464–466
psychological burden, 460
retinoblastoma, 461, 462, 464
schwannomatosis, 466
surveillance, 460
time and financial costs, 460

false positive screening test, 453
image analysis, 478
indication-specific anatomic coverage, 460
infectious and non-infections inflammatory disorders

chronic recurrent multifocal osteomyelitis, 473–475
enthesitis-related arthritis, 474, 476
fever of unknown origin, 472, 473

ionizing radiation, 453
juvenile dermatomyositis, 476, 477
Langerhans cell histiocytosis, 467, 469
lung nodules, 470
lymphoma, 466–468
metastatic rhabdomyosarcoma, 471
neuromuscular (NM) disorders, 477
non-accidental trauma, 476
non-oncologic and oncology, 470
osseous metastases, 470
osteonecrosis, 472
patient positioning, 459
patient preparation, 453
polymyositis, 476, 477
postmortem, 477, 478
pulse sequences and protocols

acquisition times, 456
anatomic coverage, 458
apparent diffusion coefficient (ADC) maps, 455
coils, 458
coronal T1-weighted turbo spin echo, 454
diffusion weighted whole body imaging with background 

suppression (DWIBS), 455
gadolinium-based contrast agents, 459
gradient echo (GRE) sequences, 454
indication-specific protocols, 454, 456
magnetic resonance imaging (MRI) scanners, 457
post-processing tools, 455
quantitative lesion analysis, 455
sliding or step-by-step table movement, 458
standard pulse sequences, 453
supplementary sequences, 456–458
ultra-small particle iron-oxide agents, 459

sporadic solid tumors, 470
standardized reporting templates, 478
tumor staging neuroblastoma/Wilms tumor, 470

Wilms tumor, 344
Wolffian duct, 362

X
Xanthogranulomatous pyelonephritis, 340
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