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Imaging surveillance for children with predisposition to renal tumors
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Abstract
Effective surveillance is necessary for early detection of tumors in children with cancer predisposition syndromes. Instituting a
surveillance regimen in children comes with practical challenges that include determining imaging modality and timing, and
considering cost efficiency, accessibility, and the significant consequences of false-positive and false-negative results. To address
these challenges, the American Association for Cancer Research has recently published consensus recommendations that focus
on surveillance of cancer predisposition syndromes in children. This review condenses the imaging surveillance recommenda-
tions for syndromes that carry a predisposition to renal tumors in childhood, and includes summaries of the predisposition
syndromes and discussion of considerations of available imaging modalities.
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Introduction

Cancer is fundamentally a genetic disease, resulting from
pathogenic mutations that act through complex mechanisms
to produce dysregulation of the core evolutionary processes of
cellular proliferation, differentiation and survival. The genetic
underpinnings of cancer were first deduced in the 19th and
early 20th centuries by Paul Broca, Theodor Boveri and
Aldred Warthin, by study of the incidence of similar cancers
among related individuals [1]. Although we now know that
most cancers result from somatic (also called post-zygotic,
sporadic or acquired) mutations, the study of cancers caused
by familial predisposition— germline mutations— has great-
ly contributed to the understanding of cancer genetics. One
illustrative example is Alfred Knudson’s “two-hit” hypothe-
sis, derived from his analysis of the epidemiology of heredi-
tary retinoblastoma. This postulates that if one mutation is
inherited in the germline, a secondmutation has to be acquired
to produce the cancer. This hypothesis was corroborated with
the discovery of the retinoblastoma predisposition gene, RB1,

and it has since been a guiding principle in the study of cancer
pathogenesis [1, 2].

Cancer predisposition genes

Cancer predisposition gene mutations occur in the germline
and can be categorized as either tumor-suppressor or onco-
genes. Mutations in the former result in proteins whose loss
of function then enables the onset of cancer through abroga-
tion of their regulatory role in inhibiting cell cycle progres-
sion, promoting apoptosis, or stimulating differentiation.
Mutations in the latter — genes that often code for kinases
— produce a gain of function, resulting in a constitutively
active protein that results in proliferation. The majority of
cancer predisposition genes are tumor suppressors [3].

Specific types and sites of mutations in cancer predisposi-
tion genes are often associated with a specific cancer suscep-
tibility. Different mutations can also confer different risks of
the same cancer, as well as different risks of different cancers.
For example, SMARCB1 mutations can predispose a child to
either renal rhabdoid tumor or schwannomatosis and menin-
gioma, based on the type of mutation [4, 5]. How particular
variations in the same gene produce such strikingly different
phenotypes remains a conundrum in cancer genetics, indicat-
ing uncharted complexities of gene function. These are
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influenced by mosaicism and organ-specificity, and also by
intricate interactions in haplotypic background and between
epigenetic and non-genetic factors. The fact that some cancer
predisposition syndromes have a defined cancer spectrum
(e.g., hereditary retinoblastoma and Beckwith–Wiedemann
syndrome), whereas others have a variable cancer spectrum
(e.g., Li–Fraumeni syndrome and Von Hippel–Lindau syn-
drome) is evidence of these complex interactions.

In children, it is estimated that at least 10% of cancer pa-
tients harbor a germline mutation in a cancer predisposition
gene, and this number is likely an underestimate because of
undiscovered genes, variants and syndromes [6]. In children,
genetic predisposition is suggested when any of the following
occur: (a) a family history of related cancers, (b) physical
findings suggestive of a cancer predisposition syndrome, (c)
multifocal or multiple cancers, (d) the onset of cancer earlier
than is typical for similar sporadic tumors or (e) the onset of
tumors specific for a cancer predisposition syndrome (e.g.,
adrenocortical carcinoma in Li–Fraumeni syndrome) [2, 3].

Surveillance for cancer predisposition
syndromes

A child suspected of having cancer predisposition should un-
dergo genetic testing to confirm predisposition and characterize
the pathogenic variant. The determination of cancer predispo-
sition provides prognostic information that can be used to es-
tablish a surveillance regimen, which can include imaging,
physical examination and blood tests for biomarkers. Given
that a child is predisposed to cancer, it is logical that surveil-
lance should provide earlier detection of cancer, and that this
should result in lower morbidity from less intensive therapy
and higher rates of survival. Although there is evidence in
support of surveillance, robust supporting evidence on out-
comes has not been established, largely because of the low
incidence of known cancer predisposition syndromes. An early
study on outcomes of children with Beckwith–Wiedemann
syndrome found that screening protocols with ultrasonography
(US) were associated with detection of smaller tumors [7].

The diagnosis of a cancer predisposition syndrome influ-
ences management by enabling pre-symptomatic testing of
relatives and counseling for family planning. Once a tumor
is detected, information from genetic testing can be used to
target vulnerabilities specific to the tumor type. For example,
such data can determine feasibility of specific upfront chemo-
therapy or partial nephrectomy. This trend toward personal-
ized cancer therapy is only beginning [1].

Effective surveillance must be cost-effective, adequately ac-
curate in detection, and appropriately low-risk. Practical chal-
lenges with cancer surveillance in children include the choice of
modality, timing (i.e. when to start, when to stop, intervals be-
tween surveillance tests), and whether tests should change over

time [2, 3]. The cost incurred by families undergoing imaging
surveillance, as well as anxiety associated with scanning, can be
significant. False-negative results can have significant conse-
quences, and false-positives can result in unnecessary interven-
tion and associated psychological distress, morbidity and cost.

To address these challenges, the Pediatric Cancer Working
Group of the American Association for Cancer Research con-
ducted a workshop in 2016 to develop consensus recommen-
dations for surveillance in the most common cancer predispo-
sition syndromes. An estimated childhood cancer risk of ≥5%
was set as the threshold to always recommend screening, and
screening was sometimes recommended for syndromes with
estimated risk 1–5%. The recommendations would not apply
to follow-up of diagnosed tumors or surveillance for second-
ary malignant neoplasms, and any positive finding or new
clinical signs would warrant vigilant imaging follow-up or
intervention. These recommendations were presented in the
summer of 2017 in a series of articles in Clinical Cancer
Research. This review condenses the imaging recommenda-
tions from this series and focuses on syndromes with predis-
position to renal tumors.

Imaging modalities

Imaging surveillance is suited for solid tumors, where out-
comes are more clearly associated with the stage of the tumor
at diagnosis. Whether to include imaging in the surveillance
protocol, and the type of modality, is determined by the pur-
ported sensitivity and specificity of the modality, cost-effec-
tiveness, the use of ionizing radiation, and ease of perfor-
mance. Accordingly, current surveillance protocols largely re-
ly on MRI (both whole-body and organ-specific) and US.
These studies should be interpreted by a radiologist with ex-
perience in cancer predisposition syndromes [8]. Efficient
reporting of imaging results and open communication with
patient families about tumor risk are important in reducing
anxiety and aiding compliance with surveillance [9].

Ultrasound

Although outcomes data on US for surveillance are limited,
McNeil et al.[10] demonstrated cost-effectiveness and surviv-
al benefit for people with Beckwith–Wiedemann syndrome
who were screened for Wilms tumor and hepatoblastoma.
Advantages of US include ease of use and lack of ionizing
radiation. Scans require less time than MRI, and sedation is
rarely necessary. Spatial resolution in small children is excel-
lent. However, contrast resolution is limited, as is spatial res-
olution in larger patients.

Performance of US is operator-dependent, but with appro-
priate technique and patient factors, US can have similar ac-
curacy to CT for renal tumors [11]. The detection of smaller
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lesions requires sonographer vigilance and experience, some-
times with repeat scanning by the radiologist. US should be
performed per American College of Radiology practice pa-
rameters, should utilize a probe appropriate for patient size
and the tissues being imaged, and should include gray-scale
and Doppler imaging. The use of cine clips is also beneficial.
Contrast-enhanced ultrasound has not been validated for sur-
veillance but can be used for lesion characterization.
Ultrasound contrast agents (fluoride molecular gas in minus-
cule lipid or protein shells) are well-tolerated but administra-
tion requires intravenous access.

Magnetic resonance imaging

Depending on the cancer predisposition syndromes, MRI sur-
veillance for renal tumors might be performed with whole-
body scanning or targeted abdominal or renal MRI. Whole-
bodyMRI consists of contiguous multi-region scanning to pro-
duce head-to-toe imaging. The capacity for whole-bodyMRI to
detect lesions depends on several factors, including the anatom-
ical site, size and lesion histology [12]. Whole-body MRI has
shown good diagnostic accuracy for staging solid tumors.
There is no robust evidence of outcomes of whole-body MRI
surveillance, but several recent studies support its use for Li–
Fraumeni syndrome, hereditary pheochromocytoma/
paraganglioma syndrome, and constitutional mismatch repair
deficiency [13–15]. Whole-body MRI has been shown to have
superior sensitivity and similar specificity compared to bio-
chemical surveillance for detecting paraganglioma in hereditary
pheochromocytoma/paraganglioma syndrome, and whole-body
MRI surveillance has also been found to be beneficial in Von
Hippel–Lindau syndrome [16, 17].

Renal protocol MRI typically consists of axial fast spin-
echo T2-weighted and axial gradient T1-weighted in- and
out-of-phase sequences. Intravenous contrast agent is neces-
sary to characterize enhancement of lesions, and macrocyclic
agents potentially afford decreased risk of nephrogenic sys-
temic fibrosis. The contrast enhanced portion often consists of
axial or coronal pre-contrast, followed by fast gradient echo
T1 fat-saturated images obtained at 30 s, 90–100 s, 180–210 s
and 5–7 min. Diffusion-weighted imaging is performed in
axial plane with b values of 0–50 s/mm2, 400–500 s/mm2

and 800–1,000 s/mm2.

Wilms tumor predisposition syndromes

Wilms tumor predisposition states can be subdivided into over-
growth syndromes and other Wilms tumor-related syndromes.
Wilms tumor risk, median age at presentation, and incidence
for the various syndromes are given in Table 1. Imaging sur-
veillance recommendations for these syndromes are directed
toward early detection and are presented in Table 2.

Overgrowth syndromes associated with Wilms tumor

These syndromes might confer predisposition toWilms tumor
and hepatoblastoma. Overall predisposition syndromes ac-
count for approximately 20% of Wilms tumor, but at least
80% of hepatoblastomas are associated with a predisposition
syndrome [18, 19].

Beckwith–Wiedemann syndrome

Beckwith–Wiedemann syndrome stands as the prototype pre-
disposition syndrome for Wilms tumor (Fig. 1). It affects at
least 1 in 11,000 children and is characterized by overgrowth,
macroglossia, omphalocele and hemihyperplasia, with predis-
position for Wilms tumor and hepatoblastoma. Clinical fea-
tures are attributed to genetic and epigenetic changes in chro-
mosome 11p15. Paternal disomy of 11 (UPD11) and methyl-
ation at imprinting center 1 (IC1) confer a high risk of tumor
(up to about 30%) [20, 21]. Low-risk (epi)genotypes include
CDKN1C variants and loss of methylation at IC2. The former
also confers a neuroblastoma predisposition. Idiopathic
hemihyperplasia does not have additional features of
Beckwith–Wiedemann syndrome but carries an elevated risk
of Wilms tumor. It is thought to be a forme fruste of an “11p
overgrowth” spectrum.

Current surveillance recommendations in the United States
do not differentiate high- from low-risk genotypes for
Beckwith–Wiedemann syndrome. Recommendations are

Table 1 Wilms tumor risk for various Wilms tumor predisposition
syndromes

Syndrome Wilms
tumor
risk
(%)

Median
age at
presentation

Syndrome
incidencea

Beckwith–Wiedemann
syndromeb

4 24 m 1 in 10,500

Idiopathic
hemihyperplasiab

3–4 37 m 1 in 86,000

Simpson–Golabi–Behmel
syndromeb

8 Undefined Unknown

Perelman syndrome 75 <24 m <1 in 1,000,000
WAGR syndrome 50 22 m 1 in 500,000–1,000,000
Denys–Drash syndrome >90 12 m Unknown
Bohring–Opitz syndrome 7 24 m Unknown
Mulibrey nanism 7 30 m Unknown
Trisomy 18b >1 5–9 y 1 in 5,000

a All incidences according to National Institutes of Health Genetics Home
Reference (ghr.nlm.nih.gov)
b Also has a risk for hepatoblastoma

mmonths,WAGRWilms tumor, aniridia, genitourinary abnormalities and
retardation, y years
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instituted based on estimated risk of cancer incidence of at least
1% and these are likely to evolve to incorporate genotypic
distinctions as they are further characterized. Based on an epi-
demiologic analysis, imaging surveillance recommendations
for Wilms tumor consist of renal US every 3 months through
the 7th birthday; imaging surveillance for hepatoblastoma adds
abdominal US (which can supplant the renal US) every
3 months through the 4th birthday, with monitoring of alpha
fetoprotein (AFP) levels. Abdominal MRI is recommended for
further characterization of any lesion seen on US, or if serum
AFP increases over two successive tests 6 weeks apart [19].

Simpson–Golabi–Behmel syndrome

Simpson–Golabi–Behmel syndrome is characterized by
macrosomia, distinctive facies and intellectual disability, as
well as genitourinary and gastrointestinal anomalies. Skeletal
anomalies include segmentation abnormalities of the ribs and
spine, and congenital hip dislocation. Mutations are in GPC3
or GP4 genes. Commonest associated tumors are Wilms tu-
mor and liver tumors. Recommendation for tumor screening is
similar to that for Beckwith–Wiedemann syndrome, with
screening for Wilms tumor and hepatoblastoma.

Perelman syndrome

Perelman syndrome, caused by mutations in DIS3L2, is a rare
overgrowth syndrome characterized by macrosomia, hypoto-
nia, distinctive facies, visceromegaly, renal dysplasia and
nephroblastomatosis (Fig. 2) [19, 22]. Most children have
early mortality but survivors are at high risk for early and
multifocal Wilms tumor. Perelman syndrome is notable for
polyhydramnios and fetal ascites and the absence of
macroglossia and omphalocele. Tumor surveillance is recom-
mended only for Wilms tumor.

Other Wilms tumor predisposition syndromes

WAGR syndrome

WAGR syndrome (Wilms tumor, aniridia, genitourinary
abnormalities and retardation) is caused by deletions in
chromosome 11p13, involving WT1 and PAX6. The
product of WT1 is a transcription factor that regulates

Table 2 Imaging surveillance recommendations for the Wilms tumor/
hepatoblastoma predisposition states

Wilms tumor surveillance
regimen:
renal US every 3 m through 7th
birthday

Hepatoblastoma surveillance
regimen:
abdominal US every 3 m through 4th
birthday

Beckwith–Wiedemann
syndrome

Beckwith–Wiedemann syndrome

Idiopathic hemihyperplasia Idiopathic hemihyperplasia

Simpson–Golabi–Behmel
syndrome

Simpson–Golabi–Behmel syndrome

Perelman syndrome Trisomy 18
WAGR syndrome

Denys–Drash syndrome

Fraser syndrome

Bohring–Opitz syndrome

Mulibrey nanism

Trisomy 18

mmonths,WAGRWilms tumor, aniridia, genitourinary abnormalities and
retardation

Fig. 1 Beckwith–Wiedemann syndrome. Annual renal/bladder imaging
follow-up in a 6-year-old boy with left kidney hydronephrosis evident
since prenatal imaging. a, bAxial (a) and coronal (b) magnetic resonance
urography images show a 1-cm lesion that is hypoechoic to renal cortex
(arrows). Nephron-sparing surgery revealed histopathology with a

mixture of nephrogenic rest and Wilms tumor without a capsule,
indicative of an evolving Wilms tumor. Genetic consult identified
macroglossia and hemihypertrophy and genetic testing showed
hypermethylation of IC1, consistent with Beckwith–Wiedemann
syndrome
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differentiation and growth of the kidneys, gonads,
spleen and mesothelium. Nephropathy might also be a
feature. The risk of Wilms tumor is approximately 50%.

Denys–Drash and Fraser syndromes

Denys-Drash syndrome is characterized by Wilms tu-
mor, nephrotic syndrome and gonadal dysgenesis with
a 46XY karyotype, is also caused by pathogenic vari-
ants of WT1 (Fig. 3). Fraser syndrome shares similar
features and is characterized by Wilms tumor, protein-
uria from focal segmental glomerulosclerosis, and go-
nadal dysgenesis with a 46XY karyotype. There is also
a risk for gonadoblastoma. Denys–Drash and Fraser
syndromes might be part of the same spectrum of dis-
ease. The risk of Wilms tumor is more than 90% and
could be related to truncating mutations in exon 8/9 of
WT1. Wilms tumor occurs earlier in children with
WAGR, Denys–Drash and Fraser syndromes than in
those with somatic WT1 mutations.

Bohring–Opitz syndrome and others

Bohring–Opitz syndrome is rare and is characterized by
developmental delay, distinctive facies, radial head dis-
location with ulnar deviation, and brain deformity. The
syndrome is associated with ASXL1 mutations, early
mortality and increased Wilms tumor risk. Mulibrey
(“muscle, liver, brain”) nanism is also a rare syndrome

producing growth retardation, hepatomegaly, distinct
dysmorphism and constrictive pericarditis. The largest
known cohort originates from Finland, and it is caused
by mutations in TRIM37. A surveillance regimen similar
to that for Beckwith–Wiedemann syndrome is recom-
mended for WAGR syndrome, Denys–Drash syndrome,
Fraser syndrome, Bohring–Opitz syndrome and mulibrey
nanism. Last, it should be noted that MYCN copy num-
ber gains in the germline have recently been shown to
predispose to Wilms tumor [23].

Trisomy 18

Trisomy 18 is the second-most common trisomy and is
marked by a variety of malformations and severe develop-
mental delay, and poor survival. There is an increased risk of
cancer, most commonly Wilms tumor and hepatoblastoma.
Cancer screening for trisomy 18 is controversial, but screen-
ing recommendations are similar to those for Beckwith–
Wiedemann syndrome [19].

DICER1 syndrome

DICER1 codes for a ribonuclease III that processes micro-
ribonucleic acid (miRNA), crucial for activating RNA interfer-
ence, a process that limits gene expression. Pleuropulmonary
blastoma is the most common childhood lung tumor and
it is associated with DICER1 syndrome. Other DICER1-
related tumors are embryonal rhabdomyosarcoma of the

Fig. 2 Nephroblastomatosis in a
baby boy with Perelman
syndrome with deletion at 2q37.1,
including the DIS3L2 locus. a, b
Longitudinal left kidney (a) and
transverse right kidney (b) US
images at 5 months of age show
diffusely enlarged kidneys with
peripheral nodules. Dominant
nodules are marked with arrows,
and the large nodule in the right
lower pole is mildly hyperechoic.
c MRI was obtained for further
characterization of masses.
Coronal inversion recovery
sequence shows uniform mild T2
prolongation in all the masses
(arrowheads). d Apparent
diffusion coefficient (ADC) map
from diffusion-weighted MR
sequence shows restricted
diffusion (dark areas) in the
nephrogenic rests. Lesions were
responsive to chemotherapy with
vincristine and dactinomycin
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cervix, ovar ian Sertol i–Leydig cel l tumor and
gynandroblastoma. Multinodular goiter is common in
DICER1 syndrome, and there is elevated risk for differ-
entiated thyroid carcinoma. Mult i locular cyst ic
nephroma is also common in children with DICER1
syndrome. Interestingly, rare mosaic variants of a partic-
ular domain of the ribonuclease result in a Wilms tumor
overgrowth syndrome known as GLOW syndrome,
which presents with global developmental delay, lung
cysts, overgrowth and Wilms tumor. Wilms tumor risk
in DICER1 syndrome extends to a later age than with
Wilms tumor-related cancer predisposition syndromes
described above. Rare brain tumors, most commonly
pineoblastoma and pituitary blastoma, have been report-
ed in DICER1 syndrome.

For renal tumors, particularly multilocular cystic nephroma
and Wilms tumor, abdominal US is recommended, albeit at a
different schedule than for other Wilms tumor predisposition
syndromes — biannual abdominal US until age 8 and annu-
ally after 8 years. Given the wide variety of tumors with this
syndrome, some institutions use whole-body MRI for surveil-
lance in children older than 6 years [24].

Hyperparathyroid–jaw tumor syndrome

This syndrome is characterized by parathyroid adenoma
and ossifying maxillary or mandibular fibroma, with el-
evated risk for parathyroid carcinoma. Other features
include uterine tumors, renal cysts and other anomalies,
and rarely Wilms tumor. Hyperparathyroid–jaw tumor

Fig. 3 Denys–Drash syndrome in a 10-month-old girl who presented
with hypertension and bilateral renal masses on renal US. a Right renal
US shows a fairly homogeneous and mildly hyperechoic mass, 16 cm in
diameter. b Left renal US shows a heterogeneous, echogenic 3-cm mass
with small cystic areas. c Coronal T2-weighted MR image shows a large
heterogeneous mass in the right kidney (arrows) and multi-cystic foci in
the upper and lower poles of the left kidney (arrowheads). d Diffusion-
weighted MR imaging apparent diffusion coefficient (ADC) map shows
restricted diffusion (arrows) with central necrotic areas of T2 shine-

through in the right kidney and cystic changes of T2 shine-through with
dilated glomeruli in the left kidney (arrowheads) as well as focal areas of
restricted diffusion. Note that the diffusion-weighted image enhances the
detection the nephrogenic rest. Pathology after right nephrectomy showed
Wilms tumor with stromal-predominant histology. Left renal biopsy
revealed intralobar nephrogenic rest with cyst formation. During
chemotherapy, the girl developed nephrotic syndrome. Germline blood
testing revealed a WT1 mutation. She was diagnosed with Denys–Drash
syndrome
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syndrome is caused by pathogenic variants in CDC73,
which codes for parafibromin, a tumor suppressor prob-
ably involved in regulating transcription and cell cycle
progression.

Surveillance should begin between 5 years and
10 years of age and include dental and mandibular ra-
diographs and renal ultrasound every 5 years, in addi-
tion to annual serum calcium panel for hyperparathy-
roidism. Pelvic US is reserved for females with symp-
toms (e.g., abnormal bleeding) [25].

Li–Fraumeni syndrome

Li–Fraumeni syndrome results in a wide spectrum of
tumors, caused by mutations in the suppressor gene
TP53. Children with Li–Fraumeni syndrome might de-
velop tumors of the kidney, including Wilms tumor [8,
26]. During the first 18 years of life, people with Li–
Fraumeni syndrome should undergo annual surveillance
with whole-body MRI and brain MRI. Additionally, ab-
dominal and pelvic US are performed every 3–4 months,
as well as vigilant clinical examinations [8].

Renal cell carcinoma predisposition
syndromes

Body imaging surveillance recommendations for these syn-
dromes are given in Table 3.

PTEN tumor syndrome

PTEN (phosphatase and tensin homolog) tumor syndrome
consists of associated tumor syndromes including Cowden,
Proteus and Bannayan–Riley–Ruvalcaba syndromes. Shared

clinical features include macrocephaly, gastrointestinal
polyposis, lipomata, intellectual disability and vascular
malformations. The PTEN gene is a tumor suppressor that
codes for the phosphatase and tensin homolog and negatively
regulates the PI3K/AKT/mTOR pathway, which plays a com-
plex and crucial role in in cell proliferation and angiogenesis.
PTEN tumor syndrome confers an elevated risk of melanoma,
breast, thyroid, endometrial, colorectal and renal cell carcino-
ma, usually the clear cell subtype. Thyroid carcinoma (papil-
lary and follicular) is the predominant childhood cancer.
Currently there are no screening recommendations specific
to renal cancer risk in the pediatric population [24].

Hereditary leiomyomatosis and renal cell cancer
syndrome

Hereditary leiomyomatosis and renal cell cancer syndrome is
caused by pathogenic variants in the fumarate hydratase gene
FH, a component of the Krebs cycle. The build-up of fumarate
is thought to activate hypoxia-inducible factor, which regulates
gene expression by oxygen and is implicated in promoting
tumor growth, angiogenesis and metastasis. It is characterized
by painful cutaneous and uterine leiomyomata and renal cell
carcinoma. Leiomyomata occur earlier and are more severe
than is typical, and rarely transform to leiomyosarcoma.
Certain pathogenic variants are also associated with pheochro-
mocytoma and paraganglioma.

Renal cell carcinoma are papillary type 2 and aggressive;
small lesions metastasize early. Early detection might improve
morbidity and mortality. Because renal cell carcinoma in he-
reditary leiomyomatosis and renal cell cancer syndrome tends
to be small and isoechoic, annual renal protocol MRI begin-
ning at age 8 (including chemical shift imaging, at least three
contrast phases of dynamic 3-D gradient T1-weighted imag-
ing and diffusion-weighted imaging [DWI]) is favored over

Table 3 Surveillance recommendations for other cancer predisposition syndromes that have elevated risk for renal tumors

Syndrome Imaging recommendations

DICER1 syndrome Biannual abdominal US until age 8 y, then annually thereafter

May consider whole-body MRI beginning at age 6 y

Hyperparathyroid–jaw tumor syndrome Renal US every 5 years beginning at 5–10 y

Li–Fraumeni syndrome Abdominal-pelvic US every 3–4 m to age 18 y, then annually thereafter
Annual whole-body MRI to age 18 y

Hereditary leiomyomatosis and renal cell carcinoma syndrome Annual MRI with renal protocol at 8 y

Hereditary pheochromocytoma and paraganglioma syndrome Biannual whole-body MRI, beginning at 6–8 y

Von Hippel–Lindau syndrome Annual MRI with renal protocol beginning at 10 y

Rhabdoid tumor predisposition syndrome Abdominal US every 3 m through age 5 y;
may consider whole-body MRI

Constitutional mismatch repair deficiency Annual whole-body MRI beginning at age 6 y
(or earlier if anesthesia not necessary)

m months, y years
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US. Screening for leiomyomata is suggested with gynecologic
US starting at age 20 [24].

Hereditary pheochromocytoma/paraganglioma
syndrome

This syndrome predisposes to tumors of neural crest origin,
pheochromocytoma and paraganglioma. These are located in
the paravertebral regions, from the skull to the pelvis. Other
tumors that might develop are clear cell renal cell carcinoma,
pituitary adenoma and gastrointestinal stromal tumor of the
stomach.

The genes most commonly responsible are of the succinate
dehydrogenase enzyme complex, (SDHx), which participates
in the Krebs cycle and the electron transport chain. Elevated
succinate concentrations prevent degradation of hypoxia-
inducible factor, which is implicated in tumor promotion, me-
tastasis and angiogenesis. A higher risk of malignancy has
been recognized for SDHB mutations. Despite the genotype-
phenotype association with SDHB, distinct surveillance para-
digms based on genotype are not currently recommended.
Given anatomical distribution of paragangliomata, biannual
whole-body MRI is recommended, beginning at age 6–
8 years. Concomitant neck MRI with contrast might be con-
sidered [27].

Von Hippel–Lindau syndrome

Von Hippel–Lindau syndrome predisposes to renal and pancre-
atic cysts andmultiple tumors, including hemangioblastoma (cer-
ebellar, brainstem, spinal and retinal), clear cell renal cell carci-
noma, pheochromocytoma, pancreatic neuroendocrine tumor,
endolymphatic sac tumor, ovarian broad ligament and epididy-
mal cystadenoma. Pediatric patients are particularly at risk for
hemangioblastoma and pheochromocytoma. The incidence of
Von Hippel–Lindau syndrome is relatively high for a cancer
predisposition syndrome, at one in 36,000. The protein encoded
by VHL is involved in the ubiquitination and degradation of
hypoxia-inducible factor, a pathogenic actor also involved in
hereditary leiomyomatosis and renal cell cancer and hereditary
pheochromocytoma/paraganglioma syndromes. There are four
types of Von Hippel–Lindau syndrome, with varying risks of
different tumors and phenotype defined by the genotype. A rel-
atively high risk of renal cell carcinoma is conferred by truncat-
ing mutations and exon deletions (type 1 Von Hippel–Lindau
syndrome). Higher hypoxia-inducible factor expression appears
to result in lower risk for renal cell carcinoma.

Everyone with Von Hippel–Lindau syndrome develops a
tumor by age 75. Lifelong surveillance is therefore necessary.
Imaging surveillance of the central nervous system begins at
age 8 with biannual contrast-enhanced brain MRI with high-
resolution imaging of the internal auditory canals (for risk of
endolymphatic sac tumor) and biannual spine MRI with

contrast. For body tumors, annual MRI of the abdomen with
renal protocol is recommended beginning at age 10 and can be
performed concurrently with the brain and spine MRI. The
remainder of Von Hippel–Lindau syndrome surveillance is
clinical, including screening for pheochromocytoma with
plasma-free metanephrines or 24-h urine fractionated
metanephrines [27]. Small screening-detected tumors undergo
active surveillance if less than 3 cm in diameter [28]. Tumor
growth reaching 3 cm or more in diameter undergoes a
nephron-sparing surgery, or a partial nephrectomy or percuta-
neous thermal ablation as an alternative, depending on lesion
size [26].

It should be noted that an increased risk of clear cell renal
cell carcinoma is also seen in people with translocations of
chromosome 3p, which can involve various genes including
VHL, SETD2, PBRM1 and with inactivation of germline
BRCA-associated protein 1 gene (BAP1) [29, 30]. For indi-
viduals with a germline mutation of BAP1, the information on
the most appropriate screening modality is limited.

Other renal tumor predisposition syndromes

Constitutional mismatch repair deficiency

Themismatch repair system is responsible for recognizing and
repairing errors during deoxyribonucleic acid (DNA) replica-
tion and DNA damage. Mismatch repair genes includeMSH2,
MSH6, MLH1 and PMS2. Biallelic germline mutations of
these genes result in constitutional mismatch repair deficiency
syndrome in children. In contrast, inherited heterozygous mu-
tations in these genes result in Lynch syndrome, associated
with adult colorectal and ovarian/endometrial cancers.

The experience with solid tumors during childhood in
Lynch syndrome is scant, but the pediatric tumor spectrum
of constitutional mismatch repair deficiency syndrome is wide
and includes renal lesions. There is a significant risk (about
10%) of upper tract urothelial cancers [31, 32], especially in
those with MSH2 and MLH1 mutations [33]. Surveillance
protocols focus on the different tumor frequencies at specific
ages, and surveillance of the genitourinary tract is usually
reserved for older children [34–36]. Recently, whole-body
MRI has been added as a surveillance modality for constitu-
tional mismatch repair deficiency syndrome, annually, starting
at 6 years, or earlier if anesthesia is not necessary. Brain MRI
is performed every 6 months to detect central nervous system
lesions, while upper endoscopy and video capsule endoscopy
start from age 8 [37].

Rhabdoid tumor predisposition syndrome

Rhabdoid tumors occur most often in the central nervous system
(atypical teratoid/rhabdoid tumor) or kidney, and despite their
name, they consist of undifferentiated small round blue cells with
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epithelial and mesenchymal components. Tumors are aggressive
and present between ages 1 and 3. Rhabdoid tumor predisposi-
tion syndrome is characterized by loss-of-function germline mu-
tation in SMARCB1 for rhabdoid tumor predisposition syndrome
type 1, and SMARCA4 for rhabdoid tumor predisposition syn-
drome type 2. These gene products are involved in chromatin
remodeling. This family of genes is also implicated in neurofi-
bromatosis type 2-related disorders. SMARCB1 truncating muta-
tion carriers can also develop schwannomatosis, multiple menin-
giomata, and malignant peripheral nerve sheath tumors.
SMARCA4mutations are strongly associatedwith renal rhabdoid
tumor and small cell ovarian cancer hyporcalcemic type (which
is similar on pathological analysis to rhabdoid tumor), but mu-
tations show less penetrance in carriers [4].

Renal rhabdoid tumor is a highly aggressive malignancy.
About 60% occur in the first year, with peak incidence between
6 months and 12 months. Tumors are centrally located and lob-
ulated, with characteristic subcapsular fluid collections. Necrosis
and calcification are common. Tumors quickly invade surround-
ing tissues and vessels, resulting in lung metastases [28].

Developing surveillance recommendations for rhabdoid tu-
mor predisposition syndrome is complicated by the young age
at onset, the aggressive nature of rhabdoid tumors, unclear
penetrance and the rarity of the syndrome. Surveillance rec-
ommendations are specific to genotype. For SMARCB1 trun-
cating mutation carriers, brainMRI every 3 months until age 5
is recommended. For surveillance of renal and extra-renal
abdominal tumors, abdominal US every 3 months is recom-
mended from infancy through age 5. One might consider
whole-body MRI, to age 5 years, but there is not yet a recom-
mended frequency for surveillance [4].

Conclusion

This review provides a summary of current imaging surveil-
lance recommendations for cancer predisposition states with
elevated risk for renal tumors. Surveillance is recognized as a
means to improve survival in this vulnerable population, and
imaging is a crucial part of surveillance for many syndromes.
New syndromes, as well as more specific information about
genotype–phenotype associations — perhaps revelations of
cooperating epigenetic, genetic and environmental events that
modify the phenotype conferred by the primary gene mutation
— and outcomes data are expected to allow recommendations
to be further refined, to be more tumor-specific and patient-
specific. In addition, new techniques in molecular biology
and advancements in diagnostic imaging are expected to pro-
vide less costly and more accurate methods of early cancer
detection. Other risk-reducing measures, including preventa-
tive therapies, might also impact the demand for cancer
surveillance.
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