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Abstract Renal fusion is on a spectrum of congenital abnor-
malities that occur due to disruption of the migration process of
the embryonic kidneys from the pelvis to the retroperitoneal
renal fossae. Clinically, renal fusion anomalies are often found
incidentally and associated with increased risk for complications,
such as urinary tract obstruction, infection and urolithiasis. These
anomalies are most commonly imaged using ultrasound for an-
atomical definition and less frequently using renal scintigraphy
to quantify differential renal function and assess urinary tract
drainage. Functional magnetic resonance urography (fMRU) is
an advanced imaging technique that combines the excellent soft-
tissue contrast of conventional magnetic resonance (MR) images
with the quantitative assessment based on contrast medium up-
take and excretion kinetics to provide information on renal func-
tion and drainage. fMRU has been shown to be clinically useful
in evaluating a number of urological conditions. A highly sensi-
tive and radiation-free imaging modality, fMRU can provide
detailed morphological and functional information that can fa-
cilitate conservative and/or surgical management of children
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with renal fusion anomalies. This paper reviews the embryolog-
ical basis of the different types of renal fusion anomalies, their
imaging appearances at fMRU, complications associated with
fusion anomalies, and the important role of fMRU in diagnosing
and managing children with these anomalies.
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Introduction

Renal ectopy and fusion are on a spectrum of congenital abnor-
malities that occur due to disruption of the migration process of
the embryonic kidneys from the pelvis to the retroperitoneal
renal fossae [1, 2]. Renal ectopia can be simple, crossed with
or without renal fusion, or fused in the midline. Simple renal
ectopia occurs when the kidney is not located in its expected
position in the retroperitoneal renal fossa, and usually refers to
a low-lying pelvic kidney that failed to ascend normally. In
crossed renal ectopia, one kidney crosses over the midline and
lies in the opposite side of the abdomen relative to its ureteral
insertion. Most kidneys that cross the midline fuse with the con-
tralateral kidney, a condition referred to as crossed-fused ectopia.
Horseshoe kidney is a specific type of renal fusion anomaly in
which the lower poles of the kidneys are joined in the midline,
but each distinct renal unit remains on either side of the midline
[1, 3-5]. This review will focus on renal fusion anomalies. Renal
fusion anomalies are clinically important because they are asso-
ciated with increased risk for complications, such as urinary tract
obstruction, infection and urolithiasis [1, 2, 6]. Patients are also at
increased risk for renal injuries during blunt abdominal trauma
because the kidneys are located away from their normal location
under the ribs and can be compressed against the spine [7, 8].
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These anomalies are most commonly imaged using ultra-
sound (US) for anatomical definition and some are then im-
aged using renal scintigraphy to quantify renal function and
assess urinary tract drainage. Functional magnetic resonance
urography (fMRU) is an advanced imaging technique that
combines the excellent soft-tissue contrast of conventional
MRI with quantitative assessment based on contrast medium
uptake and excretion kinetics to provide information on renal
function and drainage. fMRU has been shown to be clinically
useful in evaluating a number of urological conditions [9-11].

Renal fusion anomalies have been described on nuclear
medicine studies, US, intravenous urography and computed
tomography (CT) but have not been described in detail using
fMRU [1, 2]. This paper reviews the embryology of renal
fusion anomalies, their appearance on fMRU, complications
associated with fusion anomalies, and the role of fMRU in
their diagnosis and management in children.

Embryology

Understanding normal renal development aids the interpreta-
tion of anatomical variations and structural malformations of
the kidneys [12—15]. The embryonic kidney goes through three
distinct phases: pronephros, mesonephros and metanephros.
The permanent kidney develops from the metanephros. It
arises caudal to the mesonephros and has a dual composition:
the epithelial cells of the ureteric bud and the mesenchymal
cells of the metanephric blastema [16]. The ureteric bud arises
as a branch of the distal part of the mesonephric duct. The bud
then elongates and its tip penetrates the metanephric blastema
(Fig. 1). A series of signaling interactions between these tissues
causes the ureteric bud to branch multiple times to form the
ureter, renal pelvis, calyces and collecting tubules (Fig. 1). At

a

Ureteric Bud

Mesonephric blastema

Fig. 1 Illustration of renal development. a Embryological diagram
shows the ureteric bud invaginating into the mesonephric blastema. b
The bud differentiates into the renal collecting system and the blastema
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the same time, the metanephric blastema undergoes epithelial
conversion, induced by the adjacent ureteric bud branch tips, to
form nephrons that are comprised of a glomerulus, proximal
and distal convoluted tubules, and a loop of Henle.

Between the sixth and eighth embryonic week, the permanent
kidneys migrate cephalad from their site of origin in the presacral
region into the renal fossae in the paralumbar region. The ascent
of the kidneys occurs due to true migration as well as growth of
the lumbar portion of the fetal body. The kidneys reach their final
level by the end of the eighth week of gestation. During their
ascent from the pelvis, the kidneys rotate medially approximately
90° around their longitudinal axis before they assume their final
position. Over the course of ascension, the renal blood supply is
sequentially supplied from neighboring vessels. Initially, blood
flow is from the middle sacral artery, followed by the common
iliac and inferior mesenteric arteries, and finally the abdominal
aorta. Venous drainage from the kidneys is often also anomalous.

Types of renal fusion anomalies

Failure of ascension results in renal ectopia [17]. In simple renal
ectopia, the affected kidney is in an abnormal position but on
the proper side of the body and can be in the pelvis, at the level
of the iliac wing or rarely in the thorax. Crossed renal ectopia
occurs when the affected kidney crosses the midline and lies on
the opposite side of the body. The ureter associated with the
crossed kidney, however, inserts at its normal position on the
bladder. When the crossed kidney fuses with the contralateral
one it is called crossed-fused renal ectopia. If renal fusion oc-
curs along the lower pole of the kidneys but the kidneys remain
on their respective sides of the midline, the result is a horseshoe
kidney. Renal fusion ectopias are commonly associated with
other urinary tract and congenital abnormalities.

Mesonephric blastema/renal tubules and nephrons

Renal Pelvis

L Ureter____

differentiates into the nephrons and tubules after ascending. Renal fusion
anomalies occur when the right and left blastema fuse together during
their ascent. Images created by Jessica F. Yim
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Fig.2 An 8-year-old male with a
horseshoe kidney and bilateral
renal collecting system dilation. a
Axial T2-weighted fat-suppressed
image shows fusion of the inferior
poles of the right and left renal
moieties in the midline
(arrowhead) with a bridging
isthmus of normal renal tissue.
The renal parenchyma has normal
signal intensity and normal
corticomedullary differentiation.
b Each kidney has an extrarenal
pelvis morphology (asterisks) that
points anteriorly and has dilation
of the left pelvis and dilation of
the right pelvis and central
calyces. ¢ Coronal maximum
intensity projection from a
volumetric T2-weighted fat-
saturated acquisition
redemonstrates renal collecting
system dilation and shows right
cortical thinning with no dilation
of the ureters. d Arterial phase
post-contrast coronal T1-
weighted fat-suppressed image
shows prompt enhancement of a
single artery on each side
(arrows), which courses above
the level of the renal pelvises. e
Delayed post-contrast coronal T1-
weighted fat-suppressed image
shows that contrast washout is
symmetrical with no overt
obstruction identified. f Note the
symmetry in the enhancement
curves. The cortical transit times
were very similar measuring

3 min and 9 s on the right and

2 min and 59 s on the left. The
right excretion curve is slightly
delayed compared with the left
and the right Patlak differential
function was less than the left
(45% vs. 55%). Overall findings
indicate that the function is
relatively symmetrical with only
mildly decreased function on the
right relative to the left. The
patient had follow-up imaging

2 years after this study, which
showed that the findings were
stable
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Renal fusion is frequently accompanied by ectopy of the
renal vessels. Because ectopic kidneys ascend and rotate less
than normal kidneys, they often maintain a more primitive
blood supply from the iliac vessels, lower abdominal aorta
or even inferior mesenteric artery rather than assuming the
mature blood supply from the mid abdominal aorta.

Horseshoe kidney

Horseshoe kidney is the most common renal fusion anomaly,
accounting for 90% of all renal fusion abnormalities, with a
reported incidence of approximately 1:500 live births [18]. It

Fig. 3 A 13-year-old boy with
horseshoe kidney and left renal
collecting system dilation due to a
crossing vessel. a Axial T2-
weighted fat-suppressed image
shows ureteropelvic junction
obstruction (asterisks). b
Maximum intensity projection
reconstruction from a T1-
weighted post-contrast fat-
suppressed sequence during the
excretory phase has moderate left-
side pelvocaliectasis (asterisk)
with normal caliber proximal
ureter suggestive of ureteropelvic
junction obstruction. ¢, d Coronal
multiphase volumetric T1-
weighted fat-suppressed images
following gadolinium
administration demonstrate a
lower pole crossing renal artery
(arrowheads) originating from
the aorta causing left-side
ureteropelvic junction
obstruction. e The excretion curve
on the left is markedly delayed
indicating obstruction. The left
renal transit time of 7 min and

13 s was delayed compared to the
right, which measured 2 min and
49 s. The findings on fMRU were
confirmed at surgery and the child
is doing well after a dismembered

consists of two distinct kidneys on either side of the vertebral
column that are fused most commonly at their lower poles
(Fig. 2). The site of fusion is referred to as the isthmus and
is usually comprised of functioning renal parenchyma or rare-
ly a narrow band of fibrous tissue. Fusion of the two renal
units of the horseshoe kidney may occur less frequently at
their upper poles resulting in an inverted horseshoe kidney
(5-10%), or at both poles, resulting in a disc kidney [19].
According to Cook and Stephens [20], horseshoe kidneys
are further characterized as midline horseshoe kidneys if the
fusion site between the lower poles occurs in the midline
(Figs. 2 and 3), or as laterally fused horseshoe kidneys if the
fusion site is positioned to the right or left of the vertebral
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column. Laterally fused systems are more commonly left
dominant (70%) (Fig. 4).

Renal fusion occurs during the early stages of embryogen-
esis when the curved fetus undergoes progressive somatic
growth and straightening. Several theories have been postu-
lated regarding horseshoe kidney development. The widely
accepted theory is that intrauterine position may impair or
delay straightening of the curved fetus. This delay results in
prolonged physical stress upon the embryonic renal masses
within the fetal pelvis, thus delaying their ascent and predis-
posing them to midline fusion [5]. Another theory is that te-
ratogens, genetic factors or chromosomal abnormalities im-
pair normal migration of posterior nephrogenic cells that ulti-
mately form the parenchymal isthmus [21].

The anatomical configuration of the horseshoe kidney can
be complex. The horseshoe kidney is ectopic and located along
the path of renal ascent, inferior to the level of the expected
renal fossae because ascension is prevented by the inferior
mesenteric artery [21]. In 40% of cases, the isthmus is found
at the level of L3 vertebra immediately below the inferior mes-
enteric artery [5]. However, in the majority of cases, the isth-
mus lies either at the L4 level (40%) or within the pelvis (20%).

During normal development, the renal pelvises rotate from an
anterior and horizontal position to a medial and vertical position.
In horseshoe kidneys, fusion of the renal masses prevents this

rotation. Therefore, the kidneys don’t rotate and the renal pel-
vises remain oriented anteriorly. The ureter often inserts in a
high position into the pelvis and crosses in front of the isthmus.

Horseshoe kidneys are also associated with ureteral dupli-
cation. The general population prevalence of partial ureteral
duplication (bifid collecting system) is 0.6% (Fig. 4), whereas
complete ureteral duplication is seen in 0.2% and may be
present on one or both sides (6% are bilateral) [22, 23].
Complete ureteral duplication is most commonly associated
with an ectopic ureterocele at the distal end of the upper moi-
ety and a refluxing lower moiety [22, 23].

Horseshoe kidneys have highly variable arterial blood sup-
ply and venous drainage. Normal supply is from native renal
arteries arising from the abdominal aorta. Aberrant renal arteries
can arise from other mesenteric or pelvic vessels and can enter
the kidney at the pelvis or directly into the poles or the isthmus
of the kidney (Fig. 3) [24]. Venous anomalies associated with
horseshoe kidney are also common. Multiple renal veins and
variations in venous drainage have been described including
retroaortic or circumaortic renal veins. Anomalous veins drain
either into the inferior vena cava (IVC) or iliac veins. Variations
of IVC anatomy, including double IVC, left IVC, pre-isthmic
right IVC and azygos continuation of the IVC are observed ten
times more frequently in association with horseshoe kidneys
compared with normal kidneys (5.7%) [19, 23].

Fig. 4 Horseshoe kidney in a 17-year-old boy who had abdominal pain
months after he was involved in a motor vehicle accident. a Delayed axial
CT at the time of injury shows contrast extravasation within the left
perinephric space beyond the border of the left renal collecting system
(arrow). b Several months later, the patient returned with increasing
abdominal pain. Maximum intensity projection (MIP) reconstruction
from an isotropic 3-D T2 fat-saturated sequence shows the left upper

pole calyces are dilated and the left collecting system is dysmorphic. ¢
MIP reconstruction from a T1-weighted post-contrast fat-suppressed
sequence shows the horseshoe configuration of the parenchyma and
scarring of the left upper pole parenchyma. It also shows an area of left
upper pole infundibular post-traumatic stricture/scarring (arrow) and the
resultant urinary tract dilation (open arrow)

@ Springer
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Crossed-fused renal ectopia

Crossed-fused renal ectopia is the second most common renal
fusion anomaly, with an estimated incidence of 1:1,300-
1:7,500 live births [25]. In this type of ectopia, one kidney
crosses over the midline and fuses with the contralateral kid-
ney, which is located in its expected position in the renal fossa.
Several subtypes of crossed-fused renal ectopia have been
described based on the point of fusion between the migratory
and contralateral kidney (superior, inferior or middle pole), the
orientation of the crossed kidney within the abdomen and
degree of the rotation of the renal pelvis. These include uni-
lateral fused kidney with superior or inferior ectopia (Fig. 5),
sigmoid or S-shaped kidney and L-shaped kidney (Fig. 6).

The most common type is the inferior renal ectopia where
the lower pole of the crossing kidney fuses with the upper pole
of the orthotopic kidney. The next most common type is uni-
lateral superior ectopia where the superior pole of the crossing
kidney fuses with the inferior pole of the normal kidney. In
both cases, the resultant fused kidney is vertically oriented
with pelvises pointed anteriorly. Left to right crossed-fused
ectopy is three times more common than right to left crossover
[26]. In sigmoid or S-shaped kidney, the superior pole of one
kidney is fused to the inferior pole of the other kidney and the
orientation remains vertical. However, the renal pelvises point
in opposite directions, with the superior renal pelvis pointing
medially and the inferior renal pelvis pointing laterally. In the
L-shaped kidney, the superior pole of one kidney is fused to
the inferior pole of the other kidney, but the orientation of the
crossed kidney is horizontal within the abdomen and perpen-
dicular to the normal vertical kidney. In all types of crossed-
fused renal ectopia, the ureters most often have normal ana-
tomical insertions into the urinary bladder (Fig. 6) [27].
Figure 5 shows a single ureter originating from a crossed-
fused kidney, which seems to be a rare anatomical variant [28].

Both the normally located kidney and the crossed-fused
one commonly have aberrant arterial supply originating from
the upper abdominal aorta in 25% of cases and from the lower
aorta or iliac arteries in the remaining cases (Fig. 5) [1, 29].
The cephalad artery is less likely to be aberrant [30]. There is
also increased incidence of vesicoureteral reflux, tumors, uri-
nary tract infections and associated genetic syndromes in pa-
tients with crossed-fused renal ectopia [27, 30].

Lump or cake kidney

Lump or cake kidney is an extreme variant of the spectrum of
congenital renal fusion anomalies where the entire renal sub-
stance is fused into one mass (Figs. 7 and 8). The estimated
incidence is 1:65,000 to 1:375,000, accounting for 2% of all
types of crossed-fused renal cases [25]. Most commonly, the
lump kidney lies in the pelvis and has two separate ureters that
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enter the bladder orthotopically. Rarely, lump kidney can have
a single ureter.

Functional magnetic resonance urography

Functional magnetic resonance urography (fMRU) is an exam
that has two parts. The first part of the exam concentrates on
morphology and consists of an anatomical MRI of the abdo-
men and pelvis. This part usually consists of sequences to look
at the renal collecting systems and the renal parenchyma.
High-resolution 2-D and volumetric 3-D T2-weighted images
can delineate the morphology of the pelvicalyceal system and
the anatomical relationships of the urinary tract; 3-D images
can be used to create a variety of reconstructions (Fig. 4).
Conventional T1-weighted and T2-weighted sequences com-
bined with new techniques, such as radial sampling of k-space
for motion compensation and half-Fourier acquisitions of k-
space for rapid imaging, can accurately evaluate the renal
parenchymal thickness, evaluate corticomedullary differentia-
tion and identify focal or multifocal areas of cortical thinning.
The multiphase acquisition of volumetric T1-weighted gradi-
ent recalled echo images during fMRU can provide informa-
tion regarding the vascular supply of the kidney that is impor-
tant for surgical planning. However, digital subtraction angi-
ography (DSA) remains the gold standard for vascular map-
ping. The morphological part of fMRU examination can pro-
vide exquisite morphological delineation of the complex renal
anatomy.

The second part of the exam concentrates on determining
the differential renal function and it consists of T1-weighted
post-contrast images typically acquired during a period of
15 min. The kidneys are imaged over and over again before
and after contrast administration. The post-contrast images are
subtracted from the pre-contrast images to isolate the appear-
ance and flow of the contrast through the vascular system, the
kidneys and the urinary collecting system. The intensity and
location of the contrast can be measured from these subtracted
images. From these measurements, different renal functional
parameters can be calculated. The analysis package used in
this paper ([Children’s Hospital of Philadelphia]-fMRU)
models the flow of contrast through a three-part system: vas-
cular, renal cortex and collecting system. This analysis pack-
age calculates how much contrast flows through each kidney
to calculate differential renal function and how quickly the
contrast flows through to get an idea of how efficiently the
nephrons in each kidney are filtering. The Patlak values cal-
culated by the software are a rough estimate of glomerular
filtration rate and are related to the kinetic constants that gov-
e the movement of the contrast through the blood, the kid-
neys and the collecting systems. This information is used to
calculate accurate and comprehensive evaluation of the renal
function and drainage [9, 11].
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Fig. 5 A 2-year-old girl with right to left crossed-fused superior renal
ectopia and grade IV vesicoureteral reflux shown by voiding
cystourethrogram. a Axial T2-weighted fat-saturated and (b, ¢) coronal
T1-weighted fat-saturated post-contrast images show the right renal
moiety has crossed the midline and its superior pole (hollow
arrowhead) has fused with the inferior pole of the left renal moiety
(solid arrowhead), which remains in its expected anatomical location in
the left renal fossa. The lower pole of the right renal moiety extends to the
midline (dashed arrowhead). The right renal moiety does not have a
separate ureter, but communicates with the collecting system of the left
renal moiety as a bifid system. d Coronal T1-weighted fat-saturated post-
contrast image during the arterial phase shows an aberrant renal artery

Complications of renal fusion anomalies

Horseshoe and crossed-fused kidneys are usually asymptom-
atic and most commonly detected incidentally during routine

(arrow) supplying the mid-lower pole of the left renal moiety, originating
from the left common iliac artery. e Coronal T1-weighted fat-saturated
post-contrast image during the excretory phase shows mild caliectasis of
both moieties (I=left and r=right). There is no ureterectasis. The distal left
ureter (arrow) is oriented toward the left side of the bladder. f Note the
steady increase in the bilateral excretion curves from the functional
analysis indicative for vesicoureteral reflux. The enhancement curves
are symmetrical and the cortical transit times are almost equal (right is
2:19 and left is 2:29) with 51% Patlak differential renal function on the
right and 49% Patlak differential renal function on the left. All of the
preceding findings indicate no obstruction

prenatal or postnatal imaging examinations [31]. However,
patients with these anomalies are predisposed to numerous
pathological conditions and complications, including renal
parenchyma dysplasia, ureteropelvic junction obstruction,

@ Springer
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Fig. 6 An 11-month-old girl with left to right L-shaped crossed-fused
renal ectopia and urogenital sinus. a Three-dimensional reformat of
maximum intensity projection coronal T2-weighted fat-suppressed
image shows the right renal moiety is located in the expected
anatomical location in the right renal fossa. The left renal moiety has a
horizontal orientation and crossed the midline with its superior pole fused
to the inferior pole of the right renal moiety. The left (hollow arrowhead)
and right (arrowhead) ureters insert orthotopically into the bladder. b
Axial T2-weighted fat-saturated image shows the renal parenchyma of

ectopic ureteral insertion, ureterovesical junction obstruction,
vesicoureteral reflux, renal infections, urolithiasis, traumatic
injury and neoplasia [18, 27, 31].

Ureteropelvic junction obstruction
In renal fusion and ectopia, there is a higher incidence

of ureteropelvic junction (UPJ) obstruction. Early and
accurate recognition of this condition and surgical

@ Springer

both kidneys (arrowhead=right, arrow=left) is normointense with normal
corticomedullary differentiation and no cortical thinning. ¢ Sagittal T2-
weighted fat-saturated image shows the position of the vagina, marked by
the catheter (arrow). d Sagittal T1-weighted fat-saturated post-contrast
image shows a normal-appearing bladder neck with a dilated proximal
urethra (dashed arrow). At the end of this structure, there was a small
stenotic-appearing opening that corresponded to the confluence of urethra
and the vagina (arrow) into the urogenital sinus (arrowhead). These
findings were confirmed by cystoscopy

correction of significant obstruction is important to pre-
vent irreversible renal damage. Specific causes include
congenital narrowing, abnormal position and orientation
of the renal pelvis, abnormal ureteral course or vessels
crossing over the renal pelvis. UPJ obstruction is a
common congenital abnormality leading to urological
surgery in children (Fig. 3).

In horseshoe kidneys with UPJ obstruction, the ana-
tomical part of the fMRU is useful in demonstrating the
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Fig. 7 A 2-month-old girl with pelvic lump kidney and congenital
hydronephrosis. a Coronal high-resolution T2-weighted fat-saturated
image shows fused pelvic kidney with a horizontal orientation. The left
renal moiety is significantly larger than the right. Both renal moieties have
vertically oriented renal pelvises (asterisks) that are directed inferiorly.
There is severe left ureterectasis with a tortuous redundant morphology
left ureter (arrowheads) that inserts within the left paramedian bladder
base and is associated with a large ureterocele (arrow). b Axial high-
resolution T2-weighted fat-saturated image. Scattered small simple

morphology and orientation of the renal pelvis and the
relationship to the flow voids of surrounding vessels
[24]. The ureteropelvic junction is located higher than
normal and the ureter usually courses anteriorly to the
isthmus. In the case of crossed-fused renal ectopia,
fluid-sensitive sequences can define the borders of the
fused renal moieties and determine the type of fusion.
The functional part of fMRU and post-processing anal-
ysis help demonstrate delayed or absent drainage of the
contrast and the variable degree of associated renal func-
tional impairment in the case of decompensated UPJ

renal cortical cysts (arrowhead) are noted near the each pelvis. ¢
Sagittal high-resolution T2-weighted fat-saturated image shows that
posterior to the bladder (arrow) there is a fluid-filled structure (star)
that corresponds to a dilated vagina. This joins with the distal urethra
into a common channel (not shown) in keeping with urogenital sinus.
d,e Sagittal T1-weighted fat-saturated post-contrast images during the
excretory phase were useful in localizing the right ureter (hollow
arrowheads), which inserted ectopically into the proximal urogenital
sinus. These findings were confirmed during cystoscopy

obstruction. Post-processing analysis can quantify the dif-
ferential renal function parameters using the kinetics of
contrast uptake and excretion. In addition, the functional
part of fMRU can help differentiate between non-
obstructive pelvocaliectasis and clinically relevant UPJ
obstruction. For example, the patients in Figs. 2 and 3
have unilaterally dilated renal pelvises. In Fig. 3, the pa-
tient had symmetrical excretion on post-contrast images
and very similar cortical transit times and Patlak values.
In Fig. 4, the dilated left pelvis had delayed excretion of
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Fig. 8 A 12-day-old girl with
VACTERL and cystic lump
kidney. Axial (a) and coronal (b)
T2-weighted fat-suppressed high-
resolution images show an
enlarged midline kidney with the
right (r) and left (1) renal moieties
joined centrally in the lower
pelvis. The renal parenchyma
contains numerous tiny cortical
cysts (open arrowheads). Coronal
T2-weighted fat-suppressed high-
resolution image (c) shows that
the right renal moiety has a bifid
configuration (1 + 2) with severe
pelvocaliectasis. The right ureter
crosses the midline and inserts in
an ectopic position in the left
bladder wall (arrow). Coronal T2-
weighted, fat-suppressed high-
resolution image (d) shows left
renal moiety with diffuse
pelvocaliectasis. The left ureter
has an ectopic extravesical
insertion in the distal urethra
(dashed arrow)

contrast and the left cortical transit time was delayed com-
pared with the right.

Occasionally, a lower pole renal vessel crossing over the
renal pelvis may cause extrinsic obstruction of the
ureteropelvic junction. In this case, the arterial phase of the
dynamic post-contrast volumetric T1-weighted sequence can
reveal the crossing vessel and establish the diagnosis (Fig. 3).

Vesicoureteral reflux

Vesicoureteral reflux (VUR) is frequently associated with re-
nal fusion anomalies. Cascio et al. [32] found that 13/40
(32%) horseshoe kidney patients had VUR on voiding
cystourethrograms. Similarly, in a study by Solanki et al.
[26] that included six children with crossed-fused renal anom-
alies, vesicoureteral reflux was detected in four cases and ure-
teric reimplantation was required in three children [26].

The imaging modalities of choice to detect VUR and
evaluate its severity are voiding cystourethrography, nuclear
medicine cystogram and contrast-enhanced voiding
urosonography. However, fMRU can exquisitely demon-
strate retrograde urine flow and the sequelae of recurrent
urinary tract infections such as pyelonephritis and renal
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scarring. The advantage for fMRU over planar nuclear med-
icine images in assessing the thickness of the renal cortex is
particularly important given that the complex anatomy of the
renal fusion anomalies can impede the evaluation of the renal
parenchyma with US. Renal scarring appears as focal or
multifocal areas of cortical thinning overlying a renal pyra-
mid. fMRU has been shown to have higher interobserver
agreement and higher accuracy than dimercaptosuccinic acid
(DMSA) for identifying renal parenchyma defects [32].
Upward spikes or increasing signal intensity in the collecting
systems are also a good indication of VUR on the functional
part of the fMRU exam (Fig. 6) [32].

Urinary tract calculi

Urinary tract calculi can be frequently associated with
renal fusion anomalies. They result from prolonged uri-
nary stasis or infections and are associated with
pelvicalyceal dilation or obstruction [24, 33].

Stones within the urinary tract can be identified on conven-
tional MRI sequences of fMRU examination as signal voids
on T2-weighted images, surrounded by urine that is of high
signal (Fig. 9). Post-contrast T1-weighted images are useful in
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Fig. 9 Horseshoe kidney in a 1-year-old girl with VACTERL, renal stones
and left renal dysfunction. Coronal T2-weighted fat-saturated image (a)
showing multiple low signal intensity foci is seen within calyces on the
right side and surrounded by fluid signal (urine) representing renal calculi
(arrowheads). There is marked left urinary tract dilation (asterisk) with severe
parenchymal thinning. Markedly dilated vagina with hemivaginas (v) and
longitudinal septum (arrows). Corresponding abdominal radiograph (b)
also demonstrates the right renal stones (circle). Sagittal T2-weighted fat-

identifying stones using high contrast differentiation between
excreted contrast in the urinary tract and the low signal of
renal calculi. Post-contrast images and functional data can
assess for the possibility of concurrent UPJ obstruction. If
there is concurrent UPJ obstruction, a pyeloplasty would be
performed at the same time as a pyelolithotomy.

saturated image (c¢) shows ectopic insertion of right ureter in the inferior
aspect of the bladder (arrow). Sagittal T2-weighted fat-saturated image (d)
of a septated fluid-filled structure that represents one homn of the vagina (star)
posterior to the urinary bladder (asterisk). The degree of fluid retention within
the vagina suggests vaginal outlet obstruction. A fluid-debris level (arrow)
seen within the right hemi-vagina was secondary to communication with the
gastrointestinal tract. Intraoperatively, a complete fusion of the rectum,
urethra and vagina was found indicating the cloacal malformation

Ureteral duplication, ectopic ureteral insertion and other
abnormalities of the urogenital tract

Complete or partial ureteral duplication (Fig. 4) and ec-

topic ureteral insertion into adjacent pelvic structures such
as the urethra, vagina or seminal vesicles (Figs. 7 and 8)
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are commonly associated with renal fusion and ectopia
[34, 35].

Renal fusion and ectopia can also be associated with
other congenital abnormalities of the urogenital tract such
as urogenital sinus and cloacal malformations (Fig. 9) or
as part of VACTERL (vertebral defects, anal atresia, car-
diac defects, tracheoesophageal fistula, renal anomalies,
and limb abnormalities) (Figs. 8 and 9) or Turner syn-
drome [27].

High-resolution T2-weighted anatomical images
coupled with post-contrast excretory volumetric images
can delineate the pelvicalyceal system morphology and
detect the exact number and insertion point of a contrast-
filled ureter and define pelvic anatomy (Fig. 7). This ana-
tomical detail is crucially important if surgical repair is
planned.

Blunt abdominal trauma

Traumatic renal injury of a patient with renal fusion anomaly
may occur in the setting of blunt abdominal trauma and can be
serious even with minor impact forces. The horseshoe kidney
is lower and relatively anterior in the abdomen and, therefore,
not protected by the lower rib cage making it susceptible to
parenchymal lacerations and ureteric injuries (Fig. 4). In

addition, the isthmus is more vulnerable to compression inju-
ries against the lumbar vertebrae as it is closely opposed to the
spine. Rupture or transection of the isthmus has been reported
[7, 36]. Contrast-enhanced multidetector CT is typically the
modality of choice for evaluating trauma patients; however,
fMRU can be used in the follow-up of these cases or in cases
managed conservatively.

Malignancy

Wilms tumor occurs with increased incidence in patients
with horseshoe kidneys. Neville et al. [38] showed that
the prevalence of Wilms tumor is 1.76 to 7.93 times
higher in those with horseshoe kidneys compared to the
general population (Fig. 10). The isthmus is the most
common location for tumor development. This may be
explained based on the theory that the isthmus is formed
as the result of teratogenic effect on the metanephric blas-
tema during embryogenesis leading to abnormal prolifer-
ation [24].

Wilms tumor arising in a horseshoe kidney presents a
unique diagnostic and surgical challenge because the large
tumor can often overshadow the underlying fusion abnormal-
ity. The underlying fusion anomaly was missed on preopera-
tive imaging in seven patients in a series of 22 patients with

Fig. 10 An 8-year-old boy with horseshoe kidney with a Wilms tumor.
High-resolution T2-weighted image (a) with fat saturation shows a
lobular heterogeneously hyperintense mass (arrowheads) centered
within the lower pole of the right renal moiety extending across the
midline toward the isthmus. There is associated complex right
perinephric fluid collection (asterisks) suggestive of perinephric
urinoma. The mass (arrowheads) demonstrates restricted diffusion on
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the (b) apparent diffusion coefficient (ADC) map. The patient then
underwent adjuvant chemotherapy before surgical resection to shrink
the tumor. Axial T2-weighted fat-suppressed high-resolution image (c)
after chemotherapy shows decreased size of the mass (arrowhead). The
residual tumor (arrowhead) demonstrates restricted diffusion on the ADC
map (d). The tumor was subsequently completely removed with resection
of the isthmus of tissue joining the two renal moieties
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Wilms tumor. Four of these seven patients had ultrasounds
and/or CT and three of these patients only had abdominal
radiography or excretory urography. Note that the CTs were
all performed prior to 1997 and modern CT would likely have
been able to diagnose the underlying fusion abnormality.
fMRU could be a helpful adjunct in cases where patients only
have preoperative ultrasounds and/or radiographic images
[37].

fMRU is helpful in the surgical planning of nephrectomy
by delineating the exact borders of the two renal moieties and
their anatomical relationships with the mass. It can also help in
accurate staging by revealing lymphadenopathy. fMRU has
also been used for assessing tumor response if a patient ini-
tially receives adjuvant therapy and for surveilling residual or
recurrent tumor after the primary tumor has been resected.

Conclusion

Renal fusion anomalies are a complex group of congen-
ital anomalies of the kidney and urinary tract. Although
they can be asymptomatic and detected incidentally,
they are often associated with complications, such as
obstruction, vesicoureteric reflux, renal calculi, trauma
or, rarely, malignancy. fMRU is a highly sensitive and
radiation-free imaging modality that can provide detailed
morphological and functional information that can facil-
itate the care and management of children with renal
fusion anomalies.
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