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Abstract

Rhabdomyosarcoma is the most common childhood soft tissue sarcoma and the fourth most common
pediatric solid tumor. For most patients, treatment consists of a multimodality approach, including
chemotherapy, surgery, and/or radiotherapy. To guide treatment, patients with rhabdomyosarcoma are
risk stratified based on a number of factors. These factors include clinical group, which depends largely on
the extent of resection and nodal involvement, and stage, which takes into account tumor size, invasion,
nodal involvement, and disease site. Histology of the tumor and age at diagnosis are also factored into risk
stratification. Recent advances in understanding the biology of the disease have allowed for the further sub-
classification of rhabdomyosarcoma. In addition, elucidation of additional clinical features associated with
poor prognosis has allowed for better understanding of risk and provides more clarity regarding those
patients who require more intensive therapy. Many areas of active investigation are ongoing, including the
following: further delineation of the biological underpinnings of the various disease subtypes with the
possibility of molecularly targeted therapy; a better understanding of clinical risk factors, including the
evaluation and management of potentially involved lymph nodes; determination of the appropriate role of
post-treatment imaging and assessment of response to therapy; and incorporation of advanced
radiotherapeutic techniques, including conformal intensity-modulated photon and proton therapy.

Introduction
Rhabdomyosarcoma is the most common childhood
soft tissue sarcoma and the fourth most common
pediatric solid tumor [1]. Since the development of the
Intergroup Rhabdomyosarcoma Study Group (IRSG) in
the early 1970s, survival outcomes for patients with
rhabdomyosarcoma have continued to improve, due to
advances in therapy and a better understanding of which
patients require more aggressive treatment. Therapy for
most patients consists of a multimodality approach,
including chemotherapy as well as local treatment with
surgery and/or radiotherapy. To guide treatment deci-
sion-making, patients with rhabdomyosarcoma are risk
stratified based on a number of factors, including clinical
group, which depends largely on the extent of resection
and nodal involvement; stage, which takes into account
tumor size, invasion, nodal involvement, and disease site;

histology of the tumor, and age at diagnosis. Recent
advances in understanding the biology of the disease
have allowed for the further sub-classification of rhabdo-
myosarcoma, including distinction by molecular fusion
product status, with fusion-positive alveolar rhabdo-
myosarcoma a more aggressive disease, and alveolar
rhabdomyosarcoma without fusion and embryonal rhab-
domyosarcoma having a similar, better prognosis. In
addition, elucidation of additional clinical features
associated with poor prognosis has allowed for better
understanding of risk and provides more clarity regarding
those patients who require more intensive therapy, as well
as the timeframe in which it is necessary to introduce local
therapy in high-risk patients. We examine here the many
ongoing areas of active investigation, including the
following: further delineation of the biological under-
pinnings of the various disease subtypes with the
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possibility of molecularly targeted therapy; a better
understanding of clinical risk factors, including the
evaluation and management of potentially involved
lymph nodes; determination of the appropriate role of
post-treatment imaging and assessment of response to
therapy, as well as the prognostic importance of pre-
treatment imaging including positron emission tomogra-
phy-computed tomography (PET-CT); and incorporation
of advanced radiotherapeutic techniques, including con-
formal intensity-modulated photon and proton therapy.
Here we discuss recent advances in the understanding and
management of rhabdomyosarcoma.

Advances in biology
Investigation of the biologic underpinnings of rhabdo-
myosarcoma has been an area of extensive research, with
promising results. The distinction between embryonal
rhabdomyosarcoma and alveolar rhabdomyosarcoma
has been understood for many years, with stage-matched
and group-matched alveolar rhabdomyosarcoma gener-
ally behaving more aggressively than embryonal rhab-
domyosarcoma and, indeed, classification of alveolar
histology precludes stratification in the low-risk group in
current trials. Further biologic features are now being
identified, with distinct differences being confirmed.
Studies have indicated that most alveolar rhabdomyo-
sarcomas express one of two oncogenic gene fusions:
PAX3 or PAX7 with FOXO1, known as P3F and P7F,
respectively. P3F is the protein produced by the
chromosomal translocation t(2;13)(q35;q14), which is
present in approximately 60% of cases of alveolar
rhabdomyosarcoma [2]. P7F is present in 20% of cases
and is produced by the translocation t(1:13)(p36;q14).
Approximately 20% of alveolar rhabdomyosarcoma
cases are fusion-negative [2].

The prognostic implication of this fusion is critically
important. In a subset analysis from D9803, an inter-
mediate-risk rhabdomyosarcoma trial, patients were
evaluated for the prognostic value of PAX-FOXO1 fusion
status. Patients with embryonal rhabdomyosarcoma and
alveolar rhabdomyosarcoma with no detectable fusion
(alveolar rhabdomyosarcoma fusion-negative) had a
similar prognosis after therapy. Patients with alveolar
rhabdomyosarcoma P3F had statistically worse event-
free survival (EFS) than patients with embryonal
rhabdomyosarcoma, and those with P3F had poorer
survival than those with P7F. Interestingly, there is a
trend toward improved EFS in alveolar rhabdomyosarcoma
fusion-negative patients vs. those with embryonal rhabdo-
myosarcoma (90% vs. 77%, P=0.15). The results indicate
that it is the fusion status driving outcome for rhabdo-
myosarcoma, as opposed to the histopathologic subtype
[3]. In fact, outcomes in alveolar rhabdomyosarcoma

fusion-negative patients compare favorably with those in
embryonal rhabdomyosarcoma patients, although this was
not statistically significant. Other reports have also noted
that alveolar rhabdomyosarcoma fusion-negative and
embryonal rhabdomyosarcoma patients have very similar
gene expression patterns, clinical features, and outcomes
[4]. Indeed, even histologic distinction between alveolar
rhabdomyosarcoma fusion-negative and embryonal
rhabdomyosarcoma can be challenging. Rudzinski et al.
re-reviewed 255 cases originally classified as alveolar
rhabdomyosarcoma and compared these cases with a
control group of 38 embryonal rhabdomyosarcoma cases
[5]. On review, many cases classified as alveolar rhabdo-
myosarcoma had a densely cellular pattern with cytological
features and myogenin expression more typical of embry-
onal rhabdomyosarcoma. After this re-review, 33%of cases
initially classified as alveolar rhabdomyosarcoma were
reclassified as embryonal rhabdomyosarcoma. All reclassi-
fied embryonal rhabdomyosarcomas were fusion-negative,
while 82% of confirmed alveolar rhabdomyosarcomas
were fusion-positive. The total number of cases of alveolar
rhabdomyosarcoma returned to historic rates of 25-30%,
andalveolar rhabdomyosarcoma fusion-negativedecreased
to 18% of alveolar rhabdomyosarcoma cases, down from
37% [5]. Given the similar prognosis of alveolar rhabdo-
myosarcoma fusion-negative to embryonal rhabdomyo-
sarcoma, this group of patients may be more appropriately
stratified and treated as if they were histologically embry-
onal rhabdomyosarcoma cases rather than as part of the
alveolar rhabdomyosarcoma positive group. Fusion status
and risk stratification are currently being investigated for
patients with rhabdomyosarcoma enrolled on Children’s
Oncology Group (COG) clinical trials.

Analyses of gene expression microarray data have shown
that several techniques help distinguish fusion status in
rhabdomyosarcoma. Reverse-transcription polymerase
chain reaction (RT-PCR) and fluorescence in situ hybridi-
zation (FISH) are able to detect fusion-gene positive
rhabdomyosarcoma, but notably both techniques require
a significant quantity of high-quality material for analysis.
Recently, Rudzinski et al. reported that a panel of four
immunohistochemical markers can be used as surrogate
markers of fusion-positive status in rhabdomyosarcoma:
myogenin, AP2B, NOS-1, and HMGA-2, of particular
importance when the available pathologic material is
minimal or of poor quality. The use of a panel of four
immunohistochemical markers also has the advantage of
not missing a rare fusion variant [6].

With the new information regarding the molecular
underpinnings of alveolar rhabdomyosarcoma have
come new opportunities for targeted therapy, although
these have not yet reached the clinic. Recent preclinical
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data have shown that FANCD2 is a potential therapeutic
target in fusion-positive alveolar rhabdomyosarcoma. In
mousemodels, FANCD2may have a significant role in the
radiation resistance of alveolar rhabdomyosarcoma, and
offers a possibility for targeting this DNA repair protein
through mTOR inhibition [7]. Targeting of the fusion
protein is an area of active research from multiple
directions; Jothi et al. reported a small molecule inhibitor
of the sarco/endoplasmic reticulum as an effective
inhibitor of the fusion protein binding to target genes
and promoting its degradation in the proteasome [8].

Progress has also beenmade in understanding the biology
of embryonal rhabdomyosarcoma. Genomic analysis has
shown that embryonal rhabdomyosarcoma has more
structural and copy number variations than alveolar
rhabdomyosarcoma, and mutations in RAS/NF1 pathway
are significantly associated with intermediate- and high-
risk embryonal rhabdomyosarcoma. In intermediate- and
high-risk embryonal rhabdomyosarcoma, orthotopic
xenografts were recently developed, characterized, and
whole genome sequencing performed. High-throughput
screening of primary cultures derived from these xeno-
grafts identified recurrent p53 and RAS pathway muta-
tions in embryonal rhabdomyosarcoma, and pointed to
oxidative stress as a potential pathway of therapeutic
relevance for embryonal rhabdomyosarcoma. The thior-
edoxin reductase inhibitor auranofin was found to have
activity against the embryonal rhabdomyosarcoma xeno-
grafts [9]. In addition, fibroblast growth factor receptor 4
(FGFR4) has been found to be upregulated in embryonal
and alveolar rhabdomyosarcoma, with higher protein
expression in alveolar rhabdomyosarcoma. Crose et al.
reported that stable expression of P3F induced elevated
FGFR4. FGFR4 blockade was found to have differential
effects in alveolar and embryonal rhabdomyosarcoma,
inducing cell death in alveolar rhabdomyosarcoma, while
inhibiting proliferation and tumorigenesis in embryonal
rhabdomyosarcoma, highlighting a potential target for
therapy in alveolar rhabdomyosarcoma [10]. Addition-
ally, new molecular and genetic insight into anaplastic
rhabdomyosarcoma has been reported based on a recent
analysis of children with anaplastic rhabdomyosarcoma.
Hettmer et al. found that 11 of 15 children with anaplastic
rhabdomyosarcoma had TP53 germline mutations, and
further found that in children with anaplastic rhabdomyo-
sarcoma with a family cancer history consistent with Li-
Fraumeni syndrome, 5 of 5 had a TP53 germlinemutation,
and 4 of 5 patients without this family history had TP53
germlinemutation [11]. Themost comprehensive genomic
analysis of rhabdomyosarcoma thus far was recently
reported by Shern et al., in which they reported a relatively
low rate of somatic mutations, particularly in P3F and P7F
cases. However, the receptor tyrosine kinase/RAS/PIK3CA

axis was altered in 93% of cases, highlighting a potential
opportunity for intervention [12]. The key to better
treatment and outcome for patients with rhabdomyosar-
coma is likely to lie in a better understanding of the
biological basis of disease.

Defining clinical risk
Risk stratification
Combining the understanding of histologic findings
along with clinical presentation has allowed for the
ability to estimate the risk of metastatic disease at
presentation, and thereby potentially avoid unnecessary
staging studies in very low-risk patients. In an analysis of
patients from the Intergroup Rhabdomyosarcoma Study
(IRS) and COG studies treated from 1991 to 1997 and
from 1999 to 2004, specific features of disease associated
with metastasis were evaluated. Rhabdomyosarcoma
without local invasion was found to have a low rate of
metastasis, particularly embryonal rhabdomyosarcoma
(0%). Alveolar rhabdomyosarcoma with invasion had a
high rate of distant metastases [13]. The authors argue
that bone marrow aspirate and biopsy can be safely
omitted in a very low-risk subgroup of patients, and
note that those patients with node-positive disease
are also at high risk of hematogenous metastases. From
these data, a staging algorithm was developed to
guide the use of staging studies in newly diagnosed
rhabdomyosarcoma.

Other efforts to risk stratify patients have resulted in the
development of a nomogram from Surveillance, Epide-
miology, and End Results (SEER) data to predict overall
survival (OS). In a cohort of 1679 pediatric rhabdomyo-
sarcoma patients treated between 1990 and 2010, 5 year
OS was 64.5%. In multivariate analysis, age at diagnosis,
tumor size, histological type, surgery, and radiotherapy
were all significantly associated with survival [14].

Based on improved understanding from clinical risk,
efforts are now focused to further tailor therapy among
subsets of patients. In an effort to shorten the total
duration of treatment for a subset of low-risk patients, in
an analysis of COG ARST 0331 patients with subset 1
low-risk embryonal rhabdomyosarcoma (stage 1–2,
group I/II embryonal rhabdomyosarcoma, or stage 1
group III orbit embryonal rhabdomyosarcoma), it was
found that giving lower-dose cyclophosphamide and
radiotherapy did not compromise survival. Patients with
microscopic or gross residual disease at entry received
radiotherapy. These findings built upon IRSG III and IV
which showed improved failure-free survival (FFS)
with vincristine-actinomycin D-cyclophosphamide vs.
vincristine-actinomycin D for patients with subset 1
low-risk embryonal rhabdomyosarcoma [15].
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Disease site
Specific considerations for individual disease sites are
also becoming more clearly defined. The parameningeal
site carries a known adverse prognosis in children with
localized rhabdomyosarcoma and, in a pooled analysis
from North American and European cooperative groups,
1105 patients with parameningeal disease in 10 studies
treated between 1984 and 2004 were analyzed. There
was a significant difference in OS between patients who
did and did not receive radiotherapy (68.5% vs. 40.8%,
respectively). The analysis also differentiated those with
a good prognosis from those with a poor prognosis, and
confirmed unfavorable prognostic factors to be: age <3
or >10, signs of meningeal involvement, unfavorable
site, and tumor size [16]. In a separate study on the effect
of radiation timing on outcome in patients with
parameningeal disease, Spalding et al. analyzed two
recent clinical trials for intermediate-risk rhabdomyosar-
coma (IRS-IV and COG D9803). In IRS-IV, patients with
any high-risk features (cranial nerve palsy, cranial base
bony erosion, or intracranial extension) began treatment
on day 0. On D9803, only those patients with
intracranial extension received day 0 radiotherapy;
those with cranial nerve palsy or cranial base bony
erosion had radiotherapy at week 12. The 198 patients
with parameningeal disease in IRS-IV and 192 patients
with parameningeal disease in D9803 had no difference
in 5 year local failure (19% vs. 19%), FFS (70% vs. 67%),
or OS (75% vs. 73%). Of note, patients in D9803 were
more likely to have been staged by magnetic resonance
imaging (MRI) (71% vs. 53%) [17].

Lymph nodes
The question of whether, and how, to address lymph node
involvement remains a matter of investigation. Surgery is
most useful to confirm lymph node involvement, as in
IRS-IV, boys with paratesticular tumors over 10 years of
age who were classified as Group I after orchiectomy and
retroperitoneal nodal assessment by CT scan had inferior
outcome [18]. However, this surgical sampling is most
useful to confirm lymph node involvement. Patients with
lymph node involvement require radiation. In a recent
SEER analysis of lymph nodemanagement in 255 patients
with paratesticular rhabdomyosarcoma, authors found
that among 173 boys 10 years or older, lymph node
dissection was associated with an improved 5 year OS rate
(64% vs. 86%). Patients younger than 10 had excellent
outcomes with or without lymph node dissection (5 year
OS 100% vs. 97%). Radiotherapy was found to be
beneficial in those with node-positive disease [19]. There
is increasing interest in sentinel node biopsy, but this
remains investigational, and not all sites are amenable.
Still, it is important to know lymph node status for

radiation planning purposes, as lymph nodes are not
irradiated electively, but require radiotherapy if involved
with disease. 18-fluorodeoxyglucose (FDG)-PET appears
to be useful in the detection of in transit and regional
nodal disease [20].

Assessing response to treatment
In an analysis of response-related treatment and out-
come in the German Cooperative Weichteilsarkom
Studiengruppe (CWS) group studies, patients with
IRSG-III rhabdomyosarcoma who were non-responders
after induction chemotherapy (<33% volume reduction)
were compared with partial responders (at least 33%
reduction). Of note, the non-responder group contained
more patients having an unfavorable primary site.
Response to induction chemotherapy was an important
surrogate marker of poor outcome in patients with stable
or progressive disease, primarily due to ineffective local
control [21]. This indicates that a lack of significant
tumor volume reduction following neoadjuvant che-
motherapy is a marker for poor outcome.

However, response by anatomic imaging does not
predict FFS in patients with Group III rhabdomyosar-
coma. On IRS-IV, there was no relationship between
early response and FFS. In a more recent analysis of COG
D9803 with non-metastatic, initially unresected embry-
onal or alveolar rhabdomyosarcoma, which excluded
those with progressive disease, patients were categorized
as follows: complete response (CR), partial response
(PR), or no response (NR). The overall objective
response rate (CR+PR) assessed at week 12 was 85%,
similar between embryonal rhabdomyosarcoma and
alveolar rhabdomyosarcoma. Anatomic imaging includ-
ing CT and MRI did not predict outcome, and was felt to
have questionable use in tailoring subsequent therapy
[22]. Still, a lack in change of the size of the tumor does
not necessarily reflect viability of the tumor and, as such,
there has been considerable interest in PET as a tool to
assess functional response to treatment. Data on PET are
still scarce, though it has shown benefit in prospective
studies of sarcoma in pediatric patients [23]. PET scans
improve during and after chemotherapy, but rarely
normalize. A recent report of the Memorial Sloan
Kettering Cancer Center (MSKCC) experience with PET
in 107 patients with rhabdomyosarcoma showed that
initial standardized uptake value (SUV) was predictive of
progression-free survival (PFS) and OS, but not local
control, with higher SUV associated with poor outcomes.
SUV after 12 weeks of chemotherapy was predictive of
PFS and local control. A positive PET scan after local
therapy was predictive of worse PFS, local control, and
OS [24]. The current open ARST 0531 and ARST 08P1
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trials are assessing the value of PET prospectively by
performing PET at baseline and during treatment.

Advances in radiotherapy
Radiotherapy has proven to be critical in most settings in
rhabdomyosarcoma and, indeed, when radiotherapy is
omitted, studies have shown higher recurrence rates, as
reflected in the SIOP MMT 89 study, and the female
genitourinary (GU) primary site arm of ARST0331 [25].
There may, however, be ways to reduce dose and still
retain the local-regional benefit from radiotherapy. One
such method of doing so comes via delayed primary
excision. As most intermediate-risk rhabdomyosarcoma
patients have gross residual disease after the first
operative procedure, Rodeberg et al. analyzed whether,
following induction chemotherapy, resection might
allow radiotherapy dose reduction in select patients
enrolled on COG D9803 (1999–2005). They found that
delayed primary excision could be performed in only
45% of eligible Group III rhabdomyosarcoma patients
with select anatomic sites (bladder dome, extremity, and
trunk). Of those with delayed primary excision, 84%
were eligible to receive a radiotherapy dose reduction to
36–41.4 Gy, with local control outcomes unchanged
from historical rates [26].

Many pediatric patients are now treated with intensity-
modulated radiotherapy (IMRT). In an intermediate-
risk group of patients with rhabdomyosarcoma enrolled
in the soft tissue sarcoma protocol D9803, IMRT
improved the target dose coverage compared with three
dimensional-conformal radiation therapy (3D-CRT),
although an improvement in locoregional control or
FFS could not be demonstrated in this population [27].
There has also been considerable interest in proton
therapy with the goal of minimizing dose to adjacent
normal tissue in these pediatric patients. A multicenter
prospective phase II study undertaken at Massachusetts
General Hospital (MGH) and MD Anderson was
performed to assess disease control and assess acute
and late effects of treatment with proton therapy. Ladra
et al. analyzed results from 57 patients with localized
rhabdomyosarcoma or metastatic embryonal rhabdo-
myosarcoma. Mean follow-up was 47 months for
survivors, and 5 year EFS, OS, and local control were
69%, 78%, and 81%, respectively. There were 13 patients
with grade 3 acute toxicity and 3 patients with grade 3 late
toxicity but no acute or late toxicities greater than grade 3
[28]. While the early proton results appear promising,
long-term follow-up is essential to analyze outcome, late
effects, and quality of life issues. Determining who may
benefit from protons will also be important to consider.
As is often true for particle therapy, dosimetric plans may

appear superior, but whether this translates to a mean-
ingful clinical benefit, particularly in the era of sky-
rocketing health care costs and issues with access to care,
is unclear.

Summary
What have we learned about rhabdomyosarcoma in
recent years? We now know that rhabdomyosarcoma is
likely a collection of subtypes of disease with differing
biological underpinnings and prognoses, warranting
tailored treatment. Each of these subtypes continues to
be further delineated through careful and rigorous study.
Fusion-positive alveolar rhabdomyosarcoma is a more
aggressive disease, while alveolar rhabdomyosarcoma
without fusion and embryonal rhabdomyosarcoma
appear to have a similar, better prognosis. While the
presence of the fusion product is a negative prognostic
indicator, it also provides a potential target for therapy
and, indeed, a number of exciting therapies are under
study, including small molecule inhibitors and other
targeted therapies. Importantly, clinical trials that
include stratification based on molecular findings
incorporate therapies that have been shown preclinically
to benefit that patient population. We also continue to
learn more about the biology of embryonal rhabdo-
myosarcoma and anaplastic rhabdomyosarcoma. The
biological advances in understanding subtypes of rhab-
domyosarcoma are exciting and hold promise for future
therapy. The Childhood Solid Tumor Network (CSTN) is
an important new, freely available resource that is likely
to facilitate these advances [29].

We are now better able to clinically differentiate patients
into risk categories based on other factors, even
potentially avoiding some staging studies in select
patients. The timing of radiotherapy in patients with
parameningeal disease is becoming better clarified, and
it appears that in patients with cranial nerve palsy or
cranial bone erosion, radiotherapy can be delayed to
week 12 without adversely impacting local control. No
data yet show that patients with intracranial extension
can avoid immediate (day 0) radiotherapy. Treatment
paradigms will continue to evolve and be better defined
by patient and disease characteristics.

What do we not yet know? The optimal way of assessing
lymph node status has not yet been defined, and will
likely differ for various cases and disease sites. We know
that boys under age 10 with paratesticular rhabdomyo-
sarcoma have an excellent survival whether or not the
lymph nodes are addressed, but older boys benefit from
pathologic confirmation of nodal involvement so radio-
therapy can be reserved for those with positive nodes.
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FDG-PET appears useful in the initial staging of disease,
particularly with respect to regional and distant spread.
The value of early post-treatment imaging remains
unclear, and anatomic imaging does not appear to
provide a benefit. Very recent data suggest that PET-CT
may help predict outcome, and prospective trials are
currently evaluating this possibility. Finally, in the
radiotherapy setting, advanced technologies including
IMRT photon and proton therapy show increasing
dosimetric advantages in coverage and dose distribution
over 3D conformal plans. Early studies of proton therapy
appear promising, though long-term follow-up and
quality of life studies are not yet available to determine
whether particle therapy will provide a meaningful
clinical benefit. The future of rhabdomyosarcoma
therapy will involve individualized, tailored therapy to
provide intensive additional treatment to those who
need it, and avoid the risk of potential toxicity of
excessive treatment in those who do not.
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