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The small size of the adrenal gland belies its critical importance in medicine.
Imaging of the adrenal gland has made tremendous strides in the last decade as
new technologies continue to evolve. Consequently, we feel that it is an oppor-
tune time to distill, for the first time, the current state of knowledge available
concerning imaging of the adrenal gland, into a single volume. In order for this
text to offer widespread appeal and for completeness, we also considered it
important to solicit current adrenal insights from medical disciplines other
than imaging experts. These contributions are designed to be both independent
(i.e. can be read on their own) and also be complementary to the remainder of the
chapters. To allow this independence. specific information has been re-empha-
sized across different chapters according to the individual authors” different
perspectives. We thus hope that the individual chapters and the complete text
will serve as relevant and up-to-date references of adrenal gland imaging for both
radiologists and non-radiologists (particularly oncologists, surgeons and endo-
crinologists), and will be helpful to physicians in practice and in training, and
indeed to all interested in the adrenal glands.

We have tried to highlight the pertinent clinical and pathological information
that underpins the accurate interpretation and use of adrenal imaging. Estab-
lished adrenal imaging findings, algorithms and techniques in CT, MR, nuclear
medicine, PET and PET/CT, as well as intervention and trauma, are reviewed.
We chose to put the adrenal pathology chapter first as it provides a basis for the
rest of the book serving as a comprehensive overview of the diseases that can
effect the adrenal gland. We chose to place summary sections at the end of each of
the other chapters, illuminating their key teaching points to enhance their
retention.

We were also very fortunate to have been joined on this project by such a
prestigious group of international contributors for whose support we are very
grateful. Drs Ronald DelLellis and Sham Mangray give the overview of adrenal
embryology and pathology in the first chapter. The pivotal adrenal role in
endocrinology is highlighted by both Drs Subbulaxmi Trikudanathan and
Robert Dluhy who cover adrenal cortical dysfunction. and also by Dr William
Young who writes on adrenal medullary dysfunction. The important adrenal role
in oncology from endocrinology, radiation oncology and radiology viewpoints is



Vi
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supplied by the collaboration of Drs Claire Higham, Peter Trainer, John Coen
and Giles Boland. Adrenal surgeons Drs Antonia Stephen, Alex Haynes and
Rich Hodin contribute a chapter from the adrenal surgeon’s point of view. The
imaging of adrenal hyperfunction and pheochromocytoma is then described
by Drs Sahdev Anju and Rodney Reznek and Drs Eric Remer and Frank
Millar respectively. The team of Drs Mel Korobkin, Mahmoud Al-Hawary
and Isaac Francis demonstrate how to use CT to differentiate adrenal ade-
nomas and metastases. Dr Phil Kenney gives an overview of adrenal MRI
while Drs Jim Scott and Ted Palmer give their insight into adrenal nuclear
medicine. Dr Johannes Roedl discusses with us the still emerging role of PET
and PET/CT of the adrenals. Dr Brian Lucey shares his experience with adrenal
intervention and trauma. To conclude the book, we look into the future with
Dr Nagaraj Holalkere, who highlights new developments in adrenal imaging.

We are very grateful to our world-renowned adrenal experts whose contribu-
tions have made this a practical, well-illustrated, and authoritative text. We are
most thankful to Springer and Humana for giving us this opportunity and for all
their support and, in particular, to Yana Mermel and Paul Dolgert.

Boston, USA Michael A. Blake
Giles W.L. Boland
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Adrenal Embryology and Pathology

Shamlal Mangray and Ronald A. DelLellis
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from the neural crest [2]. In the 5th week of gestation
(9-mm embryo stage), mesothelial cells from the pos-
terior abdominal wall, between the root of the bowel
mesentery and developing mesonephros/gonad (uro-
genital ridge), proliferate and form the primitive cor-
tex of the adrenal gland [3]. In the 6th week, a second
wave of mesothelial cells surrounds the primitive
cortex. By 8 weeks, the cortical cells separate from
the mesothelium and become surrounded by a
fibrous capsule. In the fetus, the cortex is divisible
into a broad inner zone composed of large eosino-
philic cells (provisional zone or fetal cortex) and an
outer zone that is destined to become the adult (defi-
nitive) cortex. The major secretory product of the
fetal cortex is dehydroepiandrosterone sulfate,
reflecting its importance in the development of the
genital system during gestation, whereas the cells of
the adult cortex produce cortisol, aldosterone and
sex steroids.

The combined weight of the glands at birth is
approximately 10 g, with 75% of the cortical volume
represented by fetal cortex. At this time the adrenal
glands are 10-20 times larger than adult glands rela-
tive to body weight and approximately one third the
size of the neonatal kidney. Shortly thereafter, a series
of involutional changes occurs associated with an
approximate 50% reduction in the gland weight
[3. 4]. Much of the fetal cortex involutes while the
permanent cortex proliferates toward the center of the
gland. As a result, the fetal cortex accounts for 20% of
cortical volume by the 12th postgestational week.

The intra- and extra-adrenal paraganglia and the
sympathetic nervous system are intimately asso-
ciated during embryonic development and arise
from the neural crest. The cortical anlage is invaded
on its medial aspect by primitive sympathetic cells
and nerve fibers that originate from the contiguous
prevertebral and paravertebral sympathetic tissue in
the 14-mm embryo (about 7weeks of gestation).
Some primitive sympathetic cells, however, may
penetrate the anlage without associated nerve fibers
[5, 6]. The primitive sympathetic cells are first appar-
ent as nodular aggregates in the cortex, where they
may form rosettes or pseudorosettes. Chromaffin
cells (mature medullary cells) are identifiable
among the primitive sympathetic cells between the
27-and 33-mm stages and gradually increase in num-
ber. The nodules of primitive sympathetic cells peak
in number and size between 17 and 20 weeks and

then decline. Groups of primitive cells may, however,
persist until birth and may also be apparent in early
infancy (see section on neuroblastoma). In the fetus,
the extraadrenal chromaffin cells account for most of
the chromaffin tissue and are most prominent in the
organ of Zuckerkandl in the region proximal to the
aortic bifurcation, where they are identifiable grossly
[7]. There is a progressive involution of the extra-
adrenal chromaffin cells while the medullary chro-
maffin cells reach maximum volume at birth.

The eventual shape of the adrenal glands is
affected by the development of the kidneys and
gonads. The gonadal component of the urogenital
ridge 1s located medial to the mesonephros. The
gonads descend caudally, the mesonephros becomes
largely involuted and the kidneys are derived pre-
dominantly from the metanephros of the pelvis
migrating cephalad to lie eventually inferolateral
to the adrenal glands [2, 3]. The ultimate pyramidal
or crescent shape of the adrenal glands is dependent
on the normal development and migration of the
kidneys as is demonstrated by the flattened appear-
ance of the adrenal glands in cases of renal agenesis.

The most common congenital anomaly of the
adrenal is heterotopia [8]. Although the term “hetero-
topia” is commonly used for this condition, a more
accurate description is accessory adrenal tissue since
in most cases orthotopic adrenal gland is also pre-
sent. Most accessory adrenals consist exclusively of
cortical tissue, but a few examples, particularly those
in the region of the celiac ganglion, may also contain
medulla [7]. Accessory adrenal cortex is most fre-
quently found in the retroperitoneal space along the
course of the urogenital ridges. In addition, accessory
adrenal tissue may also be discovered incidentally
just beneath the renal capsule in the upper pole, at
the hilar regions of the ovaries and testes, and along
the course of the spermatic cord. The studies of
MacLennan [9] have shown that adrenal cortical
tissue 1s present in approximately 1% of inguinal
hernia sacs from children undergoing inguinal her-
niorrhaphy. Rare sites of accessory adrenal tissue
include pancreas, spleen, liver, mesentery, lung and
brain. Accessory adrenals may undergo hyperplasia
in response to increased levels of ACTH and may
serve as the site of origin of cortical neoplasms [7, 10].
True heterotopic adrenals may be fused with the liver
or kidney and are typically surrounded by a common
connective tissue capsule [11, 12].
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Adrenal union (fusion) and adhesion are rare
anomalies that are distinguished respectively by
the presence (adrenal union) or absence (adhesion)
of a connective tissue capsule. Fusion is occasion-
ally associated with midline congenital defects,
including spinal dysraphism, indeterminate visceral
situs, and the Cornelia de Lange syndrome [7].
Fusion of the adrenals can occur in patients with
bilateral renal agenesis.

Aplasia of the adrenals has been reported in asso-
ciation with anencephaly; however, in most
instances, the adrenals are markedly hypoplastic
rather than completely absent. In approximately
10% of patients with unilateral renal agenesis, the
ipsilateral adrenal is also absent. Several types of
adrenal hypoplasia have been reported. Affected
infants typically show signs and symptoms of adrenal
insufficiency. In so-called primary hypoplasia, the
adult cortex is markedly hypoplastic, but the fetal
zone is retained and often demonstrates cytomegalic
features [12]. This disorder has an X-linked pattern
of inheritance and is associated with mutations or
deletions of the DAX-1gene (Xp21) [13, 14]. The
miniature adult type of hypoplasia may appear spor-
adically or as an inherited abnormality with an auto-
somal recessive pattern of inheritance. The adrenals
have a normal architecture despite their small size.

Gross and Microscopic Anatomy
of the Adrenal Glands

In the normal adult, each gland weighs between 4
and 5 g, although greater weights have been recorded
in hospitalized patients dying after prolonged ill-
nesses presumably due to prolonged stimulation by
endogenous ACTH [7]. Adrenals from patients trea-
ted with prolonged corticosteroid administration, on
the other hand, are atrophic. Each normal adrenal
measures approximately 5 x 3 x lcm. The right
gland has a roughly pyramidal shape, while the left
gland has a crescent shape (Fig. 1.1). The glands have a
tripartite structure that consists of head (medial), body
(middle), and tail (lateral) portions [7]. The central vein
emerges from the ventral aspect of the gland at the
junction of the head and body (Fig. 1.1B). Within the
gland itself, the muscle bundles of the central vein
are eccentric and are oriented toward the medulla.

In the fresh state, the outer cortex is bright
yellow, while the inner cortical zone is brown to

tan. The cortex measures approximately 1 mm in
thickness in adults and comprises approximately
90% of the total glandular weight. It consists of
the glomerulosa, fasciculata, and reticularis zones
[6]. The glomerulosa comprises up to 15% of the
cortical volume and is composed of relatively small
lipid-poor cells (Fig. 1.2A), which synthesize
mineralocorticoids. Since this layer is often incom-
plete, the fasciculata may abut the capsule of the
gland directly. The fasciculata is composed of col-
umns of lipid-rich cells, which synthesize both glu-
cocorticoids and sex steroids. This zone occupies
70%—-80% of the cortical volume. Stimulation of
the adrenal by adrenocorticotropic hormone
(ACTH) leads to depletion of lipid stores from
the fasciculata [12]. The remainder of the cortex
is composed of the reticularis, which is capable
of synthesis of both glucocorticoids and sex ster-
oids. These cells are characterized by eosinophilic
cytoplasm, scanty lipid vacuoles, and prominent
deposits of lipochrome pigment, which are respon-
sible for the brown color of the reticularis. Adrenal
cortical cells demonstrate positive immunohisto-
chemical staining with antibodies to the intermedi-
ate filament proteins vimentin and cytokeratin,
and the steroid cell markers inhibin and calretinin.
In addition, cortical cells are positive with the
monoclonal antibody, A103 (melan-A).

On microscopic examination cortical extrusions
are found frequently in association with the adre-
nal glands of adults. They are characterized by the
presence of nodular groups of cortical cells that
extend into the peri-adrenal fat. Typically, they
are attached to the adjacent cortex by a small
pedicle and are surrounded by a fibrous capsule;
however, they may be completely separated from
the gland in some instances.

In the adult, the adrenal medulla occupies
8%-10% of the gland volume and has an average
weight of 0.44 g [7]. The major portion of the medulla
lies within the head of the gland (medial), while the
body of the gland contains medullary cells within its
crest and usually within one alar region [7]. The
average corticomedullary ratio is 5:1 in the head of
the gland and 14.7:1 in the body. The tail (/ateral) of
the adrenal does not normally contain medullary
tissue. An understanding of the normal distribution
of the medulla is essential for the recognition of the
early phase of adrenal medullary hyperplasia.
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Fig. 1.2 Microscopic
section demonstrating the
layers of the adrenal cortex.
The zona glomerulosa (ZG)
is present just beneath the
capsule, the clear cell
containing zona fasciculata
(ZF) occupies an
intermediate position and
the zona reticularis (ZR) is
present in the lowest
portion of the figure (A).
The medulla (B) is
composed of large cells
with basophilic cytoplasm
and large nuclei that
demonstrate variation

in size and shape.
Sustentacular cells have
spindle shaped nuclei
(arrows). A few cells from
the zona reticularis are
present in the lowest
portion of the field

Medullary cells are typically arranged in small
nests and cords that are separated by a rich capillary
network (Fig. 1.2B). A few ganglion cells are present
within the medulla either as single cells or small cell
clusters. Sustentacular or supporting cells are present
at the peripheries of the medullary cords and nests
and are also evident around the ganglion cells. In
current pathology practice, immunohistochemical
stains can be used to demonstrate the component
cells of the adrenal medulla. The most commonly
utilized antibodies are the neuroendocrine markers
chromogranin and synaptophysin that stain the cyto-
plasm of the medullary cells while the S-100 protein
antibody stains the sustentacular cells.

The medulla contains both norepinephrine and
epinephrine in addition to their biosynthetic inter-
mediaries. The major catecholamine product of the
medulla is epinephrine, which affects the activities

of a wide variety of cells and tissues following
its interactions with specific receptors. The extra-
adrenal sympathetic paraganglia are identical
morphologically and histochemically to the adre-
nal medulla.

Hyperplastic Disorders
Cortical Hyperplasia

Hyperplasia of the adrenal cortex, which represents
an increased cortical mass resulting from stimula-
tion of the cortex by ACTH derived from the pitui-
tary or from a variety of extrapituitary sources, can
be associated with a wide variety of clinical syn-
dromes. Cortical hyperplasia can also selectively
involve the zona glomerulosa in patients with idio-
pathic hyperaldosteronism.



