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It is a great pleasure and honor to write the Foreword for this book on periph-
eral nerve tumors, written and edited by distinguished colleagues and dear 
friends from the WFNS Peripheral Nerve Surgery Committee.

The activity of the WFNS PNS Committee has been outstanding over the 
past few years. A continuous effort from the group of devoted neurosurgeons, 
with their compassionate endeavors in the preservation of peripheral nerve 
surgery within neurosurgery, once again led to the most comprehensive book 
on peripheral nerve tumors to date.

These lesions (accounting for only about 1% of all soft tissue tumors) 
demand a dedicated and meticulous approach. With the era of “life-saving,” 
functional or even extremity sacrifice having passed, contemporary approaches 
to peripheral nerve tumors include basic principles, a deep understanding of 
pathophysiology and pathomorphology, as well as modern surgical techniques 
and tricks. With the development of chemotherapeutics and radiation- oncology, 
with targeted therapies taking their rightful place, we now have all the best tools 
at our disposal, and this book is here to guide new generations of neurosurgeons 
and peripheral nerve surgeons. The book is also aimed at all physicians dealing 
with these complex lesions, however with the emphasis on young neurosur-
geons, as well as those expected to solve the most demanding cases.

This book will help in educating general neurosurgeons and beyond. On 
the other hand, it should inspire experts to expand knowledge and to improve 
patient outcomes. The field of peripheral nerve surgery is considered one of 
the less represented areas in any average neurosurgical department world-
wide. I am confident that this book will raise awareness about the importance 
of this field and contribute to its visibility and increasing interest.

I would like to congratulate the editors of this book, Fernando Guedes, 
Mariano Socolovsky, Lukas Rasulic, Eric L. Zager, and Debora Garozzo, as well 
as all chapter authors for publishing a very useful book to support all surgeons 
involved in the diagnostic assessment and treatment of peripheral nerve tumors.

 Franco Servadei
Department of Neurosurgery, Humanitas  

University and Research Hospital Milano, Milan, Italy 
 WFNS, Milan, Italy 

 Italian Society of Neurosurgery (SINCh), Milan,Italy
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What a pleasure it is to be asked to write a foreword for this book on periph-
eral nerve tumors. One of the great challenges and sometimes the joy of 
working with surgical nerve lesions are managing patients with nerve tumors. 
The editors Fernando Guedes (Brazil), Eric L. Zager (USA), Debora Garozzo 
(Italy and UAE), Lukas Rasulic (Serbia), and Mariano Socolovsky (Argentina) 
as well as 30 chapters from North, Central, and South America, Europe, 
India, and UAE have created a fascinating compendium covering epidemiol-
ogy, genetics, pathology, clinical assessment, neurophysiology, ultrasound, 
MRI, biopsy, surgical resection, intraoperative monitoring, complications, 
pain management, radiotherapy and chemotherapy, neurofibromatosis, 
schwannomatosis, and malignancies, and I imagine a number of other tumor 
types in addition to the most common benign neural sheath tumors, schwan-
nomas, neurofibromas, and others such as perineuriomas—localized hyper-
trophic neuropathy (LHN), hemangiomas, ganglion cysts, desmoids, triton 
tumors, and more. The different loci of tumors such as the brachial and pelvic 
plexus are also delineated. You will enjoy both consulting and reading this 
new and up-to-date book on peripheral nerve tumors.

As a minor historic addendum—when we began to operate on nerve 
tumors in the late 60s, 70s, and 80s, we already had experience with operative 
recordings of CNAPs (Compound Nerve Action Potentials) for injured nerves 
in continuity. It became evident that what was very important was to expose 
both the proximal and distal poles of schwannomas and neurofibromas 
because there were fascicles or groups of fibers entering and leaving both 
poles (more in neurofibromas than schwannomas) and when entering fasci-
cles were stimulated proximally and recordings done on exiting fascicles dis-
tally, the traces were flat on these rather globular tumors. By comparison, 
fascicles or groups of fibers more superficial in the capsule or pseudocapsule 
conducted an NAP as did the nerve as a whole even when fascicles or fiber 
groups entering and leaving the mass of the tumor were sectioned. Histological 
examination of the entering and leaving fascicles or fibers from the tumor 
mass itself showed a rudimentary array of immature poorly developed, small 
axons in a very disorganized background. As one Ochsner pathologist com-
mented—the entering and exiting fascicles had an embryonic appearance. 
This was also confirmed by Masson, Bodian, and Luxol fast blue as well as 
HandE stains in our own neurohistology laboratory at LSUHSC NS (Louisiana 
State University Health Sciences Center, Department of Neurosurgery). 
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These observations were made not only on sporadic neurofibromas but those 
associated with neurofibromatosis.

• Donner TR, Voorhies RM, Kline DG.  Neural sheath tumors of major 
nerves. J Neurosurg. 1994;81:362–73

• Kim DH, Hudson AR, Kline DG. Surgical techniques for nerve tumors. In 
Atlas of peripheral nerve surgery. 2nd Ed. Philadelphia: Saunders- Elsevier; 
2013. p. 235–40.

• Kline DG, Hudson AR, Kim DH. Benign neural sheath tumors. In Atlas of 
peripheral nerve surgery. Philadelphia: Saunders-Elsevier; 2001. 
p. 190–6.

David G. Kline
LSUHSC-NS 

New Orleans, LA, USA
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We are pleased to present this text Diagnostic Assessment and Treatment of 
Peripheral Nerve Tumors to the medical community. This work was con-
ceived by the Peripheral Nerve Surgery Committee of the World Federation 
of Neurosurgical Societies and follows upon the previous text Manual of 
Peripheral Nerve Surgery: From the Basics to Complex Procedures, 
which was published in 2018. We are very fortunate to have received superb 
contributions from many of the leading nerve surgeons in the world, along 
with our colleagues in neuroradiology, neuropathology, and neurology. 
Peripheral nerve tumors comprise a fascinating group of heterogeneous 
lesions that challenge our diagnostic and therapeutic capabilities. Our man-
agement of these lesions has progressed substantially in recent decades 
through the pioneering efforts of our colleagues in many disciplines, but 
many controversies and challenges remain. No longer do we accept the rou-
tine sacrifice of functional nerve fascicles when resecting benign nerve sheath 
tumors. However, even the most experienced and skillful nerve surgeons do 
inadvertently injure nerves occasionally when removing certain difficult 
lesions, even when benign. Recognizing and dealing with potentially malig-
nant lesions is even more challenging, and we have not even reached uniform 
agreement as to when a biopsy is mandatory prior to tumor resection. Imaging 
has improved substantially for these tumors, but is still incapable of reliably 
diagnosing malignancy in many cases without a tissue diagnosis. Once a 
malignant lesion is diagnosed, there is still major controversy regarding opti-
mal management in terms of the type and timing of adjuvant therapy and 
reconstructive options.

In this text, we present first the general principles of clinical and surgical 
approaches to nerve tumors. This section includes chapters on epidemiology, 
genetics and pathology of nerve tumors, the clinical and radiological assess-
ment of these patients, indications and techniques for biopsy, the fundamental 
aspects of surgical technique along with intraoperative neurophysiological 
monitoring, and recognition and management of the inevitable and unfortu-
nate complications which accompany any surgical endeavors. We also dis-
cuss the indications for adjuvant therapy of malignant tumors. The second 
and third parts of this book include chapters that deal with specific tumor 
types and locations in the body in both the general population and in specific 
genetic disorders.

Our goal here is to provide a readable collection of chapters that cover this 
fascinating topic comprehensively for both the generalist and the specialist, 
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with contemporary and classic references for further reading. Our target audi-
ence is broad and includes neurosurgeons, neurologists, hand surgeons in 
orthopedic and plastic surgery, surgical oncologists, radiation therapists, 
physiatrists, physical and occupational therapists, and even vascular and gen-
eral surgeons who often collaborate and provide operative exposure for us. 
We wish to thank our authors for their expertise and eloquence, and our pub-
lisher for their support in this endeavor. Most importantly, we wish to thank 
our patients for their trust and confidence that we are constantly striving to 
improve our care for their neurological disorders.

Rio de Janeiro, Brazil Fernando Guedes  
Philadelphia, PA, USA  Eric L. Zager  
Dubai, UAE  Debora Garozzo  
Belgrade, Serbia  Lukas Rasulic  
Buenos Aires, Argentina  Mariano Socolovsky   
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Epidemiology of Peripheral Nerve 
Sheath Tumors

Andrew S. Jack, Charlotte J. Huie, 
and Line G. Jacques

The first description of what was likely a peripheral 
nerve tumor was published by Cheselden in 1741 
[1]. Since that time, not only has management of 
peripheral nerve tumors obviously changed dra-
matically, but so has their reported epidemiology 
(as summarized in Table 1.1). With the advent of 
newer and more readily accessible imaging modal-
ities such as magnetic resonance imaging (MRI) 
and MR neurography, reported peripheral nerve 
tumor incidence has increased substantially. 
Peripheral nerve tumors can be subdivided into 
nerve sheath and non-nerve sheath tumors. As their 
name implies, peripheral nerve sheath tumors 
(PNSTs) are tumors arising from cells surrounding 
an axon or nerve fascicle(s), which may include, 
for example, Schwann cells, fibroblasts, and histio-
cytic or macrophage-like cells, among others. They 
can also be further subdivided into benign or malig-
nant. In this chapter, we will compare and contrast 
the different epidemiological characteristics of the 
most frequently encountered PNST—both benign 
(schwannomas, neurofibromas, perineuriomas, 
granular cell tumors, ganglioneuromas) and malig-
nant (malignant granular cell tumors and malignant 

peripheral nerve sheath tumors) alike. By under-
standing the respective epidemiology of these rare 
tumors, a better appreciation for their clinical bur-
den will hopefully prevail.

1.1  Schwannomas

Schwannomas are a benign PNST originating 
from Schwann cells encasing and insulating 
nerve fibers. They are the most common benign 
PNST, a category that also includes neurofibro-
mas (NF), perineuriomas, and granular cell 
tumors (to be discussed elsewhere). However, 
they can be quite heterogeneous in nature with 
respect to their reported epidemiology, including 
incidence and/or prevalence, location, and natu-
ral history, among others. Values and statistics for 
the aforementioned tumor characteristics will 
also vary substantially depending on the context 
in which they are being discussed. More specifi-
cally, reported values will vary depending on 
whether they are occurring sporadically or in 
association with a genetic syndrome (e.g., neuro-
fibromatosis 1 versus 2 (NF-1 and NF-2, respec-
tively), schwannomatosis, or Carney’s complex).

How the incidence and prevalence of schwan-
nomas are qualified (the context or circumstance 
in which they are being described) will ultimately 
dictate how common or uncommon they are 
reported to be. Because schwannomas can poten-
tially arise from any nerve throughout the body 
(or anywhere Schwann cells may be found for 

A. S. Jack (*)
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C. J. Huie · L. G. Jacques 
Department of Neurosurgery, University of 
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that matter), most reports will classify 
 schwannomas in context of their histology or 
based on their location. For example, schwanno-
mas are often categorized as being peripheral 
(occurring predominantly in the head and neck 
area or flexor aspects of the extremities) or cen-
tral (affecting the cranial nerves or spinal nerve 
rootlets and/or roots). Their prevalence is also 
often described on the basis of location, intracra-
nial, intraspinal, intracerebral, and/or intramedul-
lary, or in the context of other soft tissue or nerve 
sheath tumors. These schwannoma qualifiers will 
then determine and affect the specific values 
reported. For example, schwannomas are reported 
to be the most common benign PNST (as high as 
80% in some reports) [2–4]; however, they only 
account for 8% of all soft tissue tumors [1]. They 
have also been reported to represent 33% of pri-
mary spinal tumors [5–8], 8–10% of primary 
brain tumors [9–12], and 5.8% of foot and ankle 
peripheral nerve tumors [13]. Moreover, the mat-
ter of tumor symptomatology (asymptomatic or 
incidental diagnosis versus diagnosis based on 
symptomatic investigations) and how the tumors 
are being diagnosed (cadaveric study versus 
radiological cross-sectional study) will also 
greatly affect the prevalence reported. For exam-
ple, in earlier studies using cadaveric dissection 
for diagnosis, the prevalence of vestibular 
schwannomas (VS, incidental) was reported to be 
0–2.4% [10, 14–17]. However, with the increas-
ing use of MRI, other studies have found the VS 
prevalence to be 0.02–0.07% [16, 18–20].

In a similar vein, the incidence that is reported 
with respect to these tumors can also vary sub-
stantially depending on how it is defined (the 
context of the reported incidence). For example, 
in one prospective epidemiological database 
from Denmark, the incidence of diagnosed VS 
was reported to have increased from 8/million/
year at its inception to more recently 20/million/
year [21]. The rapid increase in the incidence of 
VS is likely related to increasing awareness of 
these tumors and improved diagnostic investiga-
tions such as audiological testing and MRI tech-
niques. In keeping with this latter value, other 
studies have found an incidence for VS to be 
between 0.01 and 0.1% [16, 22–25]. Other stud-

ies have characterized the incidence of schwan-
nomas based on location and tissue of origin or 
age. For example, in a radiological study examin-
ing the most common soft tissue tumors of the 
upper extremity, Hoglund et  al. found 5% of 
benign soft tissue tumors in their series to be 
schwannomas [26]. In keeping with their preva-
lence and incidence, gender and age peaks may 
also vary based on the schwannoma location. 
Although it is generally accepted that schwanno-
mas generally affect adults more than children 
(usually occurring in patients between 20 and 
50 years of age) [21, 27–31], whether or not a sex 
predilection exists for schwannomas remains 
controversial. Some studies state no difference in 
tumor incidence between males and females [2, 
10, 16, 27, 28, 30, 32–35], while others state 
females are more affected [1].

The natural history of schwannomas with 
respect to their growth rate is an important ele-
ment to consider when trying to determine the 
best patient management strategy. This can often-
times be difficult as the reported growth rate for 
these tumors is very heterogeneous depending on 
the study (likely related to the heterogeneity in 
methods used for tumor size and growth mea-
surements, the presence of extrinsic factors 
affecting tumor growth, as well as the tumor biol-
ogy and histological subtype itself). For example, 
sporadic growth rates have been said to vary from 
1–2 mm/year up to 17 mm/year. In their review, 
Paldor et  al. found an average growth rate of 
approximately 1  mm/year; however, it can be 
3 mm/year in those tumors demonstrating growth 
at early follow-up [34]. Furthermore, approxi-
mately one-third of newly diagnosed sporadic VS 
had grown within 1–3 years and 50% after 5 years 
of follow-up. And finally, factors determined to 
increase growth rate or predict tumor growth 
included hormonal therapy (specifically, erythro-
poietin), hemorrhagic or cystic tumor features, 
and early demonstrated growth on follow-up. 
Age, sex, location, symptomatic status, and size, 
however, did not predict growth. In another study 
examining schwannomas of other cranial nerves, 
growth rate was again noted to be quite variable 
(0.7  mm–2.6  mm/year, average 1.4  mm/year) 
[36, 37]. Although many of these extrinsic factors 
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may influence schwannoma growth patterns, as 
mentioned above, perhaps a more likely explana-
tion for the varied growth rates reported is that 
different histological subtypes (as shown in 
Fig.  1.1) of schwannomas [38] (subcategorized 
as cellular, conventional, intermediate, ancient, 
melanotic (1% of PNST) [39], plexiform (5% of 
schwannomas) [40], epithelioid) simply have dif-
ferent genotypes. The specific genetic or epigen-
etic mutations and factors will then result in 
similar phenotypic tumors potentially behaving 
much differently. For example, cellular schwan-
nomas (approximately 20–30% of retroperito-
neal schwannomas) which are still considered a 
benign PNST have been shown to have a higher 
growth rate and rate of recurrence compared to 
other subtypes [38, 41–43]. Although beyond the 
scope of this chapter, the advent of more targeted 
therapies has led to more and more research 
being done investigating these specific molecular 
mechanisms that may be responsible for different 
schwannoma growth characteristics [23, 44, 45]. 
The latter is highlighted when considering 

schwannomas in the context of genetic diseases 
and syndromes such as NF-1, NF-2, Carney’s 
complex, or schwannomatosis. Although dis-
cussed here are mainly sporadic schwannoma 
characteristics, their occurrence in diseases such 
as those just mentioned will ultimately lead to 
different epidemiological and behavioral charac-
teristics (to be discussed in later chapters).

1.2  Neurofibromas

Neurofibromas are benign PNSTs originating 
from Schwann cells, with admixed fibroblasts, 
perineurial cells, hematopoietic cells, and nerve 
fascicles also being seen on histopathological 
section [46, 47]. They are the second most com-
mon type of benign PNST after schwannomas 
with a reported prevalence of 10–24% of all iso-
lated nerve tumors and making up 5% of all soft 
tissue tumors [32, 48]. These can be classified as 
solitary (or sporadic, not occurring in the context 
of NF-1 and existing as a solitary nodule emanat-
ing from a single peripheral nerve) or plexiform 
(seen almost exclusively in the context of NF-1 in 
which multiple neoplastic tumors from individ-
ual nerves or nerve fascicles coalesce into a 
plexiform-like “bag of worms”). As shown in 
Fig.  1.2a, neurofibromas can be subclassified 
based on location and gross pathology: dermal/
cutaneous (which can then also be subcatego-
rized as localized dermal neurofibromas which 
are more common than their counterpart, diffuse 

a b

Fig. 1.2 Classification of neurofibromas (a) and photograph of a patient with a massive soft tissue-type neurofibroma 
(b)

Fig. 1.1 Histological classification of schwannomas

A. S. Jack et al.
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dermal neurofibromas), intraneural localized (in 
which a localized intraneural neurofibroma of the 
cranial, spinal, or autonomic nerves is seen), 
plexiform (multiple nerve or fascicular neurofi-
bromas coalescing as described above), and mas-
sive soft tissue-type (least common subtype, 
exclusively seen in NF-1 in which extensive soft 
tissue expansion is seen with an underlying 
enlarged nerve) [49]. The localized dermal neu-
rofibromas (most common subtype) make up 
approximately 90% of dermal neurofibromas, 
whereas the other 10% are diffuse in nature. 
Furthermore, 90% of both localized and diffuse 
neurofibromas are seen sporadically or as a soli-
tary tumor versus 10% occurring in the context of 
NF-1 [48, 49]. The distinction between localized 
and diffuse dermal neurofibromas is a gross his-
topathological one: although both are considered 
unencapsulated, the localized neurofibroma is a 
relatively circumscribed fusiform-like outgrowth, 
whereas the diffuse neurofibroma is a less com-
monly seen, plaque-like infiltrative outgrowth, 
less circumscribed and less delimited from its 
surrounding tissues. As mentioned previously, 
plexiform neurofibromas are almost exclusively 
seen in the context of NF-1 with some consider-
ing this to be pathognomonic for NF-1 [27, 29, 
30] (with few reports detailing this subtype as 
occurring sporadically or representing a mosaic 
NF-1 lesion as seen in cases of segmental-type 
NF-1) [46].

In contrast to schwannomas, neurofibromas 
tend to affect a slightly younger population. 
These tumors will usually occur in patients 
between 20 and 30  years of age [3, 32, 33], 
although similar to schwannomas, ambiguity 
persists regarding specific tumor sex predilec-
tion. Some studies suggest a sporadic neurofi-
broma male predominance (male to female ratio 
as high as 8.7) [3, 33], while others suggest no 
sex predilection exists [30, 46] or even a female 
preponderance [1, 50, 51]. Even in the context of 
neurofibromatosis, this ambiguity exists with 
reports of there being either no sex predilection 
[1] or males being more commonly affected [30]. 
Furthermore, unlike schwannomas, neurofibro-
mas have a more widespread anatomic distribu-
tion (depending on the subtype)—a full 

comparison/contrast of the two tumors can be 
seen in Table  1.1. Dermal neurofibromas can 
arise essentially from any nerve and are more 
randomly distributed over the surface of the body, 
whereas plexiform neurofibromas tend to be 
located more proximally in the upper (supracla-
vicular plexus 55%, major nerve trunks 45%) and 
lower (pelvic plexus and major nerve trunks) 
extremities [1, 3, 33, 52].

The natural history and malignant potential of 
neurofibromas are going to vary substantially 
depending on whether solitary or syndromic vari-
eties are considered. Dermal neurofibromas have 
almost no malignant potential (the localized sub-
type having essentially no potential for malig-
nancy and the diffuse subtype having a very low 
malignant proclivity). They are both generally 
considered slow-growing, benign tumors (though 
rarely have been reported to exhibit more rapid 
growth). Interestingly, in the context of NF-1, 
dermal neurofibromas tend to grow during ado-
lescence, as well as during pregnancy, suggesting 
a hormonal influence on their growth rate [49]. 
Intraneural neurofibromas are the second most 
common type of neurofibroma and may also be 
sporadic or NF-1 associated. Although this type 
of neurofibroma can display malignant transfor-
mation (usually in the setting of NF-1), it is more 
rarely seen than in plexiform neurofibromas or 
massive soft tissue neurofibromas (an example of 
which is shown in Fig.  1.2b) where it is com-
monly seen (both tumor types being virtually 
pathognomonic for NF-1) [49, 53]. Although 
malignant transformation is rare in the setting of 
sporadic or solitary plexiform neurofibromas, it 
has been reported to occur in upward of 15% of 
plexiform neurofibromas associated with NF-1—
the highest potential for malignant transforma-
tion among the neurofibroma subtypes [49]. 
Furthermore, most of these plexiform neurofibro-
mas tend to grow in early childhood, whereas 
such growth in adulthood should raise suspicion 
for malignancy [53, 54]. Although detailed stud-
ies outlining the natural history of radiation- 
induced neurofibromas (or other PNSTs such as 
schwannomas) are lacking [55, 56], local growth 
in a previously irradiated PNST should also 
prompt workup for malignancy. More recently, a 
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nodular “atypical neurofibroma” has been 
described associated with plexiform neurofibro-
mas and is believed to represent a precursor for 
tumor transformation into a malignant peripheral 
nerve sheath tumor (MPNST). These nodules 
display more rapid growth rates and have high 
uptake on fluorodeoxyglucose positron emission 
tomography (FDG-PET) compared to low uptake 
in conventional plexiform tumor areas [53, 57, 
58]. Although not all of these “atypical neurofi-
bromas” will transform into a MPNST [59, 60], 
their accumulation of genetic aberrations leading 
to divergent imaging characteristics represents, 
among others, clinical and radiographic cues, a 
tangible way of helping distinguish malignant 
transformation prompting more aggressive ther-
apy. As more molecular and genomic research is 
done to help to better classify these tumors, so 
too will the natural history of them change and 
more targeted therapeutics emerge.

1.3  Perineurioma

Perineuriomas, as implied by their name, are a 
peripheral nerve sheath tumor originating from 
perineurial cells surrounding nerve fascicles. 
They are classically described on histopathologi-
cal sections as having characteristic hypercellular 
and enlarged nerve fascicles with abundant neo-
plastic, perineurial spindle cells arranged in 
pseudo-onion bulb whorls. These tumors are sub-
classified as either intraneural (IPN, also called 
localized hypertrophic neuropathy and associ-
ated with a nerve) or extraneural (EPN, also 
called soft tissue perineurioma). In the case of 
EPNs, the collection of perineurial cells are not 
usually associated with a nerve and are seem-
ingly the more common of the two types [61–63]. 
Moreover, there are several different EPN vari-
ants, including intestinal, reticular, sclerosing, 
and plexiform [64–69]. Perineuriomas have also 
been described in the context of hybrid peripheral 
nerve sheath tumors such as perineurioma/
schwannoma and perineurioma/neurofibroma 
(also reported is the hybrid combination of 
schwannoma/neurofibroma) [70].

Although these tumors are frequently under-
recognized and thus likely underreported, peri-
neuriomas are still rare tumors making up only 
1% of all nerve sheath tumors [62, 71–73]. 
However, a shift in clinical practice has more 
recently occurred which may lead to an increase 
in their reported incidence and/or prevalence. 
Pathological confirmation was once believed to 
be required for diagnosis, although many now 
diagnose these PNSTs based on their clinical and 
radiological features which are believed to be 
sufficient and obviate the need for biopsy [73]. 
IPNs occur most frequently in adolescent to 
young adult patients, with no predilection for 
either sex [61]. They typically occur in the lower 
extremities (sciatic, femoral, common peroneal, 
tibial nerves) more commonly than the trunk or 
upper extremities (median, ulnar, radial nerves) 
[74, 75] with almost no reports of cranial nerve 
involvement [61]. In contrast, EPNs may occur in 
the subcutaneous soft tissue of the extremities or 
trunk [61, 62], although other less common peri-
neurioma variants such as sclerosing perineurio-
mas have also been described in the hands of 
mainly male patients, as well as in visceral loca-
tions [61, 62, 66, 68, 76–80]. Furthermore, 
although reported as being more common in 
females (female to male ratio as high as 4:1), 
other studies have failed to observe this sex pre-
dilection of EPNs [61, 62].

Perineuriomas are generally considered to be 
low-grade, benign PNSTs with reports of low- 
grade malignant perineuriomas, atypical perineu-
riomas, or low-grade MPNSTs with perineurial 
differentiation being the exception (making up 
approximately 4% of MPNSTs) [63, 81–86]. 
However, despite being a benign tumor with a 
static or slowly progressive growth pattern, they 
are generally considered to have a natural history 
with a poor functional outcome [74]. This is 
because the slow-growing tumor affects predom-
inantly motor nerves and commonly presents as a 
painless, motor mononeuropathy with little sen-
sory involvement (although multiple nerves/
nerve fascicles may be involved in up to one- 
sixth of cases) [74, 87]. Perineuriomas grow to 
envelop and diffusely enlarge the fusiform nerve 
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fascicles while maintaining gross fascicular 
architecture giving the lesion a honeycomb-like 
appearance [74, 88]. There is little overall mor-
bidity associated with them because they are usu-
ally benign; however, they can also continue to 
slowly progress imparting neurologic deficit and 
inexorably leading to complete loss of nerve 
function. As such, many favor surgical excision 
with end-end repair of the parent nerve [74, 87, 
89]. Others, on the other hand, believe optimal 
treatment consists of internal neurolysis and 
decompression in an attempt to preserve what 
function remains [90]. In addition to this, contro-
versy persists with respect to optimal timing of 
surgical intervention with a balance being 
required between imparting a new or worsened 
neurologic deficit from surgical resection and 
ongoing and potentially irreversible deterioration 
of distal nerve sheaths and long-standing dener-
vation atrophy [71, 91, 92].

1.4  Ganglioneuromas

Ganglioneuromas are a neuroblastic tumor variant 
which also include neuroblastomas, ganglioneuro-
blastomas, and ganglioneuroblastoma-intermixed. 
Neuroblastic tumor classification has been estab-
lished according to the International Neuroblastoma 
Pathology Classification (INPC) with these tumors 
best being thought of as existing on a histological 
spectrum. Where these tumors are on this spec-
trum and how these tumors are then classified as 
per the INPC are dependent on the relative pres-
ence of neural and Schwann-type cells (with gan-
glioneuromas being Schwann cell predominant 
and neuroblastomas being neural cell predomi-
nant) [93]. Neuroblastic tumors arise from neural 
crest cells and can also display varying degrees of 
differentiation—although likely not entirely accu-
rate, ganglioneuromas are thought to represent the 
differentiated form and neuroblastomas the undif-
ferentiated [94, 95].

Because neuroblastic tumors (including gan-
glioneuromas) arise from neural crest cells, 
these tumors can be found throughout the body 
(neural crest cell derivatives including, e.g., the 

adrenal medulla, neuronal cells of the auto-
nomic nervous system, Schwann cells, melano-
cytes, neuroendocrine cells, and head and neck 
mesenchymal cells, among others) [95]. 
Although neuroblastic tumors account for 15% 
of all childhood neoplasms seen in the first 
4  years of life [95], ganglioneuromas specifi-
cally are much more rare (reported incidence of 
1 per million or approximately 600 new cases 
reported per year) [96, 97]. They can occur both 
sporadically and in association with certain 
genetic syndromes such as Turner syndrome 
[98], Hirschsprung’s disease [99], and NF-1 
[100]. In their retrospective study of childhood 
ganglioneuromas, De Bernardi et al. found that 
the median age of diagnosis was 79 months (or 
approximately 6.5 years old) with no sex predi-
lection [101]. Ganglioneuromas are thus pre-
dominantly childhood tumors that are typically 
benign in nature. However, few have reported 
cases of late malignant transformation [101]. 
As for most tumors, when considering the natu-
ral history of ganglioneuromas and thus the 
optimum treatment for these tumors, it is 
important to distinguish them from other neuro-
blastic tumors due to differences in their clini-
cal course. For example, depending on 
symptomatology, treatment for ganglioneuro-
mas may include observation or surgical resec-
tion (with good overall prognosis reported, 
including for subtotal resections as gross total 
resection may not be feasible due to unaccept-
ably high morbidity) [102].

1.5  Granular Cell Tumors 
and Malignant Granular Cell 
Tumors

First described in 1926 by the Russian patholo-
gist Abrikossoff [103], granular cell tumors are 
rare soft tissue tumors initially thought to origi-
nate from Schwann cells. However, their cellular 
origin remains somewhat controversial with 
other proposed candidates including monocyte- 
histiocyte- macrophage cells, neuroendocrine 
cells, fibroblastic cells, myoblast/myofibroblastic 
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cells, as well as undifferentiated mesenchymal 
and endomesenchymal cells [104]. More recently, 
the expression of S-100 protein has supported the 
notion of granular cell tumors originating from 
Schwann cells.

The overall incidence of granular cell tumors 
is quite low, accounting for 0.5% of soft tissue 
tumors [105]. They are typically benign soft tis-
sue tumors, though rarely they can be malignant 
(approximately 3% of granular cell tumors) [105, 
106]. Peak incidence occurs between the ages of 
30 and 50 years old for both the benign (range 
17–59 and median 36.5 years old) and malignant 
subtypes, and although reported to occur at any 
age, by far the majority occur in adults (98% 
cases) [107–109]. More specifically, they are 
most commonly seen in dark-skinned, middle- 
aged females [104, 110]. Tumors typically pres-
ent as solitary nodules and arise on the tongue in 
about 40% of patients [111]; however, they can 
also be found on the skin and in the subcutaneous 
and soft tissue, thyroid, mediastinum, respiratory 
tract, gastrointestinal tract, pancreaticobiliary 
system, genitourinary system, and central/periph-
eral nervous systems [104].

In 1998, Fanburg-Smith et al. proposed crite-
ria to classify granular cell tumors as being 
benign, atypical, or malignant [109]. 
Establishing malignancy was based on three or 
more of the following histological criteria being 
present: (1) necrosis, (2) spindling, (3) vesicular 
nuclei with large nuclei, (4) increased mitotic 
activity (>2 mitoses/10 high-power fields at 
200× magnification), (5) high nuclear to cyto-
plasmic ratio (N/C), and (6) pleomorphism 
[109]. The natural history and prognostic fac-
tors will then obviously be affected by factors 
such as grading of these tumors and whether 
they are sporadic versus syndromic in nature 
(e.g., in the context of LEOPARD syndrome, a 
rare autosomal dominant disease caused by 
PTPN11 mutation), among others [110]. Benign 
tumors usually present as solitary, slow-growing 
lesions [112], though they can be multifocal in 
up to 25% of the cases [110]. Treatment of these 
benign tumors then involves surgical excision 
with local recurrence being quite unusual. 
Malignant granular cell tumors, however, 

behave much differently. They will commonly 
metastasize to lymph nodes, lungs, and bone 
[112] and have a reported mortality as high as 
40% [113]. Poor prognostic factors for these 
rarer tumors include elevated Ki-67 values 
(>10%), p53 immunoreactivity, older patient 
age, increased tumor size, as well as local recur-
rence and metastases [109].

1.6  Malignant Peripheral Nerve 
Sheath Tumors

As evident by their name, MPNSTs are a neo-
plastic and malignant sarcoma originating from 
the peripheral nervous system or peripheral nerve 
sheath cells (predominantly Schwann cells and 
perineural fibroblasts) [114–117]. This includes 
tumors previously described as malignant neu-
roma, neurogenic sarcoma, malignant neurilem-
moma, neurofibrosarcoma, and malignant 
schwannoma [116, 118, 119]. These tumors typi-
cally arise in the context of NF-1, although they 
may also arise sporadically, either de novo or 
from malignant transformation of a preexisting 
benign tumor (>80% of MPNSTs originate from 
preexisting plexiform neurofibromas) [120].

In keeping with their first description in 1909 
by Francis Harbitz [121], the majority of 
MPNSTs arise from malignant transformation 
from preexisting benign tumors (predominantly 
neurofibromas and very rarely schwannomas). 
Although rare, malignant transformation from 
cutaneous or dermal type neurofibromas may 
occur (classified as cutaneous conventional or 
spindle cell MPNST (CC-MPNST) and cutane-
ous epithelioid MPNST (CE-MPNST)) [117]. 
CC- and CE-MPNSTs represent 2% and 5% of 
all MPNSTs, respectively, and affect slightly 
more males than females. Unlike other forms of 
MPNSTs, these latter two types occur less fre-
quently in association with NF-1 and are more 
superficial making them more amenable to radi-
cal surgical excision [117, 122–125]. More com-
monly, MPNSTs develop from plexiform 
neurofibromas which represent the highest risk of 
malignant transformation with massive soft tis-
sue neurofibromas also being at high risk for 
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malignancy (though because this last subtype of 
tumor is also the least common, their clinical bur-
den remains low) [49].

The latter two tumor subtypes are almost exclu-
sively seen in the context of NF-1 which repre-
sents a significant risk factor for MPNST 
development and accounts for approximately 50% 
of all MPNSTs [49, 116, 120, 126, 127]. Although 
up to 50% of all NF-1 patients will develop a 
plexiform neurofibroma, only approximately 
8–13% of these will undergo malignant transfor-
mation [49, 116, 120, 128–130]. The other 50% of 
MPNSTs develop sporadically in patients without 
a known genetic predisposition, for example, at 
the site of previous radiation treatment (another 
known risk factor for MPNST development and 
representing 10–13% of MPNSTs) [49, 117, 131–
133]. The occurrence of MPNSTs in the general 
population is thus relatively rare. The reported 
incidence for MPNSTs in the general population is 
approximately 1/100,000/year (compared to the 
much higher incidence of 1/3500/year in NF-1 
patients), and these make up only 2–5% of all soft 
tissue sarcomas [49, 114–116, 134–137].

Although MPNSTs may present in a broad 
age range of patients, the majority of sporadic 
MPNSTs present in middle-aged patients 
between 30 and 50 years old (mean age 41) with 
no clear sex predilection [115, 117, 136]. In 
patients with NF-1, MPNSTs usually develop at a 
substantially younger age (mean age 28), at times 
developing during childhood and adolescence. 
Again, ambiguity exists regarding which sex is 
affected more [115, 117, 136].

Untreated, MPNSTs are an ultimately fatal 
diagnosis. Even with treatment, reported sur-
vival rates are dismal. These may vary some-
what, however, depending on the specific type of 
MPNST, grade of MPNST, and stage, among 
other factors. For example, the relative influence 
of certain MPNST prognostic factors such as the 
association of NF-1 or radiation-induced 
MPNSTs on outcome is controversial [49, 116, 
128, 131, 132, 136–139]. Regardless, most agree 
that the diagnosis of MPNST carries a grim 
prognosis with poor overall survival rates, the 
strongest predictor of which is likely complete 
surgical resection with wide negative margins 

[81, 115, 118, 136, 138, 140–143]. Unfortunately, 
this is not always feasible especially in the set-
ting of high-grade MPNSTs which have a 
reported 5-year overall survival of 20–50% and 
overall mortality of 75% [49, 115, 132, 133, 136, 
138–140, 144–146]. In many cases, these tumors 
will metastasize (30–60%, commonly to the 
lungs) [81, 136, 147–149], and even with opti-
mal treatment, the incidence of recurrence can 
be as high as 65% [136]. However, these figures 
likely do not hold true for low-grade MPNSTs or 
“atypical neurofibromas.” In a study specifically 
examining low-grade MPNSTs and atypical 
neurofibromas, Bernthal et al. found no evidence 
of metastatic disease nor disease-specific death 
in the setting of positive surgical margins post- 
resection in 78% of cases. Furthermore, although 
local recurrence occurred in 16.7% of cases with 
positive surgical margins, none of these patients 
developed metastatic disease, died of their dis-
ease, and were able to undergo re-resection when 
clinically indicated with little morbidity. This 
study suggests that for “atypical neurofibromas” 
and low-grade MPNSTs, radical tumor resection 
with negative oncological margins which can 
harbor increased morbidity may not be neces-
sary [150]. As discussed in the neurofibroma 
section of this chapter, an “atypical neurofi-
broma” has been described as being a precursor 
lesion to MPNSTs from the malignant transfor-
mation of a plexiform neurofibroma. These 
lesions have been reported to be more nodular in 
appearance and may display more aggressive 
behavior compared to more benign neurofibro-
mas [53, 57–59]. These “atypical neurofibro-
mas” can oftentimes be difficult to distinguish 
from low-grade MPNSTs. These different grades 
of tumors may exist as a continuum and not dis-
tinct entities and, as demonstrated by Bernthal 
et al., may carry a different prognosis necessitat-
ing a different surgical approach than their 
higher-grade counterparts [150]. This diagnostic 
dilemma and controversy have led to the forma-
tion of MPNST consortiums and consensus 
statements/guidelines to better classify these 
tumors in the hope of improving diagnostic 
accuracy and guiding MPNST research going 
forward [53].
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Abbreviations

MPNST Malignant peripheral nerve sheath 
tumor

NF1 Neurofibromatosis type 1
NF2 Neurofibromatosis type 2
SCHW Schwannomatosis

2.1  Introduction

Due to their intimate association with neural 
structures, nerve tumors can cause significant 
pain, disfigurement, and neurologic deficit. More 
aggressive lesions can lead to metastasis and 
death. In recent years, there have been significant 
advances made in genetic sequencing techniques, 
animal modeling, and patient registry studies that 
have shed some light on the genes and pathways 
associated with the development of nerve tumors 

[1–3] (Fig. 2.1). Understanding the genetic fac-
tors that contribute to the development and 
growth of these tumors is important. The infor-
mation obtained may assist in making an accu-
rate clinical diagnosis and aid in family planning 
[4]. Ideally, it will also guide the development 
and selection of targeted treatment options for 
individual patients and families [5, 6]. This chap-
ter will review some of the genetic concepts 
related to nerve tumors and the disorders associ-
ated with them.

2.2  Nerve Sheath Tumors

Nerve sheath tumors are typically benign lesions 
that arise from and within cranial, spinal, and 
peripheral nerves. Neurofibroma and schwan-
noma are the most common types and may occur 
sporadically as isolated lesions or in conjunction 
with neurofibromatosis type 1 (NF1) for neurofi-
bromas, or neurofibromatosis type 2 (NF2) and 
schwannomatosis (SCHW) for schwannomas. 
The sarcomatous variant of the peripheral nerve 
sheath tumor is a malignant peripheral nerve 
sheath tumor (MPNST) that may also occur spo-
radically or in association with NF1. An addi-
tional type of nerve sheath tumor not associated 
with these genetic conditions is the perineurioma 
that may occur as an intraneural or soft tissue 
variant. The genetic considerations associated 
with these lesions will be discussed.
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2.3  NF1 and Neurofibromas

NF1 is a condition also known as von 
Recklinghausen’s disease associated with multi-
ple neurofibromas, gliomas, café au lait lesions, 
and bony anomalies. It has a prevalence of 
approximately 1 in 3500 [1, 8]. Nearly half of the 
cases are spontaneous new mutations with no 
known family history, while the others are inher-
ited from an affected parent in an autosomal 
dominant fashion. It arises as a result of muta-
tions/variations in the NF1 gene [9, 10].

2.4  NF1 Gene

The NF1 gene was initially localized to chromo-
some 17 in 1987 and subsequently identified by 
positional cloning at chromosome 17q11.2  in 
1990 [1, 11–13]. The gene is large at 350  kbp 
with 61 exons [12–14]. The NF1 gene product, 
neurofibromin, is a ubiquitous GTPase-activating 
protein that in its normal state inactivates RAS 
signaling and serves as a tumor suppressor [15]. 
Inactivation of neurofibromin leads to increased 
RAS signaling and tumor formation via loss of 
cellular growth control, increased cellular prolif-
eration, and decreased apoptosis [8, 10, 15]. 
More than 2600 mutations of the gene have been 
described, 80% of which are inactivating variants 

[14]. For the most part, there is no clear associa-
tion between the various mutations and a pheno-
typic presentation. Even within families, the 
phenotypic expression can vary significantly sug-
gesting the role of other genetic, epigenetic, or 
environmental factors contributing to the ulti-
mate phenotype expressed. One exception to this 
rule is a known phenotype associated with NF1 
whole gene deletion also referred to as microde-
letion. Patients with this variant typically have, 
among other things, dysmorphic facial features, 
macrocephaly, cognitive delays, increased tumor 
burden, and a higher tendency to develop MPNST 
[6, 8, 9, 16].

Most patients with NF1 can be diagnosed clin-
ically based on standard criteria consisting of two 
or more of the following: six or more café au lait 
macules; two or more neurofibromas or one 
plexiform neurofibroma; inguinal or axillary 
freckling; optic pathway glioma; two or more 
Lisch nodules; a characteristic bony lesion—
sphenoid dysplasia or long bone cortical thin-
ning; and a first-degree relative with NF1 [10]. 
Genetic testing may play a role in some cases. 
Successful identification of the NF1 mutation can 
be made in approximately 95% of classical NF1 
cases [14]. In patients with a de novo mutation, 
this may be helpful.

Segmental (localized) or generalized mosaic 
variants of the NF1 gene may occur in up to 10% 
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of cases [17]. In this situation, the genetic variant 
occurs after the zygote is created so that some of 
the patient’s cells harbor the mutation, while oth-
ers do not (Fig. 2.2). Transmission to offspring in 
that setting can vary from 0 to 50% as opposed to 
the 50% in non-mosaic cases and is dependent on 
the degree to which the gametes are involved with 
the mutation. In purely somatic mosaicism, the 
risk of transmission to offspring is zero. In rare 
cases, in patients with pure gonadal mosaicism, 
the genetic anomaly affects the gametes but not 
the somatic cells so that the parent has no stigmata 
of NF1, and yet there is a 50% chance of transmit-
ting the gene to offspring. The diagnosis in a 
mosaic parent may not become obvious until two 
or more offspring are subsequently found to have 
NF1. Genetic testing of serum blood samples in 
mosaic cases is usually negative [18]. The anoma-
lous gene may be detected in fibroblasts of a café 
au lait macule or tumors in these patients [19].

2.5  Neurofibromas

Anomalies in the NF1 gene are felt to play a role 
in the development of many sporadic and NF1- 
associated neurofibromas. Neurofibromas are 
unencapsulated tumors with Schwann cell- 
derived spindle cells with wavy nuclei in a back-
ground of fibromyxoid stroma containing axons 
as well as fibroblasts, perineurial cells, mast cells, 
and lymphocytes [20, 21]. They may occur spo-
radically or in association with NF1. The tumors 

may be dermal, subcutaneous, or deep in location 
and nodular, diffuse, or plexiform. The latter 
tumor type is characteristically found in patients 
with NF1 [9, 21]. In sporadic cases, neurofibro-
mas are typically nodular with a very benign 
appearance. In NF1, the lesions may be benign or 
may be more variable with increased cellularity, 
atypia, and mitoses. As patients with NF1 have a 
10% lifetime risk of developing a malignant 
peripheral nerve sheath tumor, often within a 
plexiform neurofibroma, the variable features 
seen in these neurofibromas can be concerning 
for early malignant degeneration [10]. Some 
NF1-associated neurofibromas, however, may 
have features concerning for malignancy but 
behave benignly without recurrence or metastasis 
despite simple resection without wide margins 
and avoidance of adjuvant therapy [23].

Recognizing the variable nature of these 
lesions, a consensus meeting was organized, and 
a grading scale was introduced that included a 
new category of atypical neurofibromatous neo-
plasm with uncertain biological potential 
(ANNUBP) [22]. In addition to abnormalities in 
the NF1 gene, these atypical lesions harbor 
anomalies of cyclin-dependent kinase inhibitor 
2A/B (CDKN2A/B) genes located on chromo-
some 9 that code for tumor suppressor cell cycle 
regulator proteins p16 and p14 and p15 [8, 22, 
23]. CDKN2A/B anomalies are also seen in 
MPNST and melanoma [24]. Interestingly, there 
have been reports of patients with multiple benign 
neurofibromas and the CDKN2A anomalies 

a b c

Fig. 2.2 Coronal proton density magnetic resonance 
imaging of a patient with mosaic NF1 localized to the left 
pelvis demonstrating multiple tumors involving the femo-

ral nerve (a, b), superior gluteal nerve in the tensor fascia 
lata (b), and lumbosacral trunk and obturator nerve (c)
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without NF1 anomalies [25, 26]. Alternatively, 
somatic mutations in the NF1 gene may be found 
in tumors not typically associated with neurofi-
bromatosis such as melanoma and lung and blad-
der cancer, but those tumors have genetic 
mutations other than NF1 as well [14]. These 
findings highlight the fact that tumor formation 
and malignant degeneration are dependent on the 
interplay of multiple factors.

2.6  Malignant Peripheral Nerve 
Sheath Tumors

MPNSTs are sarcomatous lesions arising from 
Schwann cell lineage. They account for 4% of 
soft tissue sarcomas [27]. They occur in the set-
ting of NF1 in 40–50%, sporadically in 40–47%, 
or following radiation exposure in 10%. Rarely, 
they may be seen in patients with NF2 or 
SCHW. The lesions tend to be aggressive with a 
disease-free survival rate between 34 and 60% 
[9]. Outcomes of MPNST seem to be worse in 
patients with NF1 than in patients with sporadic 
MPNST [10]. NF1 loss has been uniformly noted 
in NF1-related MPNSTs and in 72% of sporadic 
and radiation-associated MPNSTs [9]. The loss 
of CDKN2A has been reported in approximately 
half of MPNSTs. In addition to NF1 and 
CDKN2A/B mutations, MPNSTs often have 
mutations in TP53 located on chromosome 
17p13.1 whose gene product p53 is involved in 
cell division [24]. These mutations may occur in 
up to 75% of MPNSTs, and commonly the muta-
tion or loss occurs in only one copy [9]. Mutations 
in the BRAF gene have been noted in some spo-
radic and NF1-associated MPNSTs. The gene is 
a proto-oncogene located at chromosome 7q34 
and is normally involved in the regulation of cel-
lular proliferation and differentiation [28].

Loss-of-function mutations in genes that 
encode for protein components of the polycomb 
repressive complex 2 (PRC2) have been reported 
in approximately 85% of MPNSTs [8, 29]. The 
anomalous genes include suppressor of zeste 12 
homolog gene (SUZ12) at chromosome 17q11.2 
and embryonic ectoderm development (EED) 
gene at chromosome 11q14.2 [9, 23, 30]. PRC2 

is a mediator of transcription with histone meth-
yltransferase activity that trimethylates histone 
H3 on lysine 27 (H3K27me3). This histone is 
part of the nucleosome, the basic DNA complex 
unit composed of a strand of DNA wrapped 
around an eight-histone complex with two each 
of four separate histones. When H3K27 is tri-
methylated, the chromatin is in the compact 
state. This epigenetic change leading to 
decreased methylation translates to increased 
transcription. Intact H3K27me3 methylation 
and normal PRC2 status are almost universally 
seen in benign and atypical neurofibromas sug-
gesting that mutations in the PRC2 genes may 
be the drivers in progression to malignancy. 
Proteomic data also suggest that PRC2 loss pro-
motes tumor immune evasion [31].

Decreased H3K27me3 staining may help dif-
ferentiate benign neurofibromas and ANNUBP 
from MPNST in some cases; however, it is not 
specific to MPNST as it can be seen in other 
tumors including synovial sarcoma and mela-
noma. Complete loss is more common in MPNST, 
whereas the other tumors typically demonstrate 
partial loss [29, 32, 33].

Interestingly, SUZ12 is often lost in patients 
with the NF1 microdeletion syndrome discussed 
above in which the entire NF1 gene is deleted. 
Given the SUZ12 gene location near the NF1 
gene, this is not surprising, and its loss may con-
tribute to the increased risk of malignancy seen in 
these patients [8, 16].

In some MPNSTs, the catalytic component of 
PRC2, enhancer of zeste homolog 2 (EZH2), is 
overexpressed [8, 30]. The exact mechanism by 
which the overexpression can drive tumor pro-
gression is not clear but may be independent of 
the methyltransferase activity [8]. PRC2 has been 
shown to silence genes that regulate cell differen-
tiation and adhesion, cell cycle checkpoints, and 
DNA repair [34].

In addition to the genetic mutations noted 
above, MPNST chromosomal analysis via 
karyotyping or array comparative genomic 
hybridization (aCGH) demonstrates highly vari-
able structural and/or numerical anomalies. 
Somatic copy number alterations (SCNAs) have 
been noted in essentially all of the chromosomes 
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in various reports, and gains are typically more 
common than losses [6].

Extensive genome rearrangement is also seen 
with multiple fusion genes [9]. Losses of chro-
mosome 9p21 corresponding to the CDKN2A 
tumor suppressor region are among the most 
common SCNAs reported but are not universal 
[6, 24, 35]. Overall, there is not a characteristic 
pattern of chromosomal abnormalities specific to 
MPNST or one that differentiates sporadic 
MPNST from those in NF1 patients [6, 36].

2.7  NF2 and Schwannomas

Whereas NF1 leads to the development of multi-
ple neurofibromas, NF2 patients are predisposed 
to the development of the other common periph-
eral nerve sheath tumor type, schwannoma. In its 
classic presentation, NF2 patients harbor bilat-
eral vestibular schwannomas, but they may also 
develop schwannomas in spinal, peripheral, and 
other cranial nerves. They may have intradermal 
schwannomas, an entity that seems to be unique 
to the NF2 population. Their presence can help 
lead to the diagnosis of NF2 and distinguish it 
from the other schwannoma predisposing condi-
tions, SCHW [37]. In addition to schwannoma 
formation, patients are predisposed to the devel-
opment of multiple meningiomas, spinal ependy-
momas that typically behave in an indolent 
fashion, and ocular anomalies such as lens opaci-
ties and peripheral neuropathy.

NF2 is caused by a mutation in the NF2 gene. 
It is less common than NF1 by a factor of 10 with 
a birth incidence of approximately 1  in 33,000 
[10, 38, 39]. Like NF1, it is an autosomal domi-
nant condition, but 50–60% of the patients have 
new mutations with no prior family history. In the 
de novo group, mosaicism is common, and based 
on recent evidence, it is estimated to account for 
approximately 60% of the cases, much higher 
than the 25–30% previously estimated rates [40]. 
This is important because, in patients with a fam-
ily history or germline mutation, the subsequent 
transmission is 50%. In patients who are NF2 
mosaics, however, the transmission may be 5% 
or less [37].

2.8  NF2 Gene

The NF2 gene is a tumor suppressor gene com-
prised of 110 kb with 17 exons [37]. It was ini-
tially localized to chromosome 22  in 1987 and 
subsequently identified at chr22q12.2  in 1993 
[10, 41]. The primary gene product of NF2 is 
merlin (moesin, ezrin, radixin-like protein), with 
a structure resembling that of the members of the 
4.1 family of cytoskeletal proteins that link the 
cytoskeleton to membrane-associated proteins. It 
is highly expressed in adults in Schwann and 
meningeal cells, nerves, and lenses [37]. It is 
involved in cell contact inhibition and is involved 
in transcriptional pathways in the cell nucleus 
resulting in growth suppression [10, 37, 38].

Correlation between the mutation type of the 
NF2 gene and phenotypic severity has been seen 
with truncating mutations of exons 2–13 result-
ing in a more severe presentation with earlier 
onset and increased tumor burden [37, 42]. More 
severe NF2 phenotype (earlier onset of symp-
toms, higher tumor burden, earlier death) is also 
seen in patients with nonsense or frameshift 
mutations, while larger deletions have a less 
severe clinical course. It is not clear that these 
correlations are strong enough, however, to pre-
dict an expected course for any individual patient 
[10]. In patients with a mosaic form of NF2 
mutation, the presentation is often later and less 
severe. A delay in the development of vestibular 
schwannomas in mosaic patients may make it 
difficult to differentiate NF2 from SCHW, the 
other condition that predisposes patients to the 
development of multiple schwannomas.

2.9  Schwannomatosis

SCHW is a condition or several related condi-
tions that predispose patients to the development 
of multiple spinal and peripheral nerve schwan-
nomas and less commonly cranial nerve schwan-
nomas. Approximately 15% of cases are familial, 
transmitted in an autosomal dominant fashion but 
with variable penetrance. The remaining 85% of 
cases are sporadic. The true prevalence of the dis-
order has yet to be determined. It was initially felt 
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to be as common as NF2, but subsequent studies 
suggest that its prevalence and birth incidence are 
less than half that of NF2 [10, 43]. Chronic pain 
both generalized and in association with schwan-
nomas also seems to be common in patients with 
SCHW [44].

When initially described, the presence of a 
vestibular schwannoma excluded patients from a 
diagnosis of SCHW [45]. Since then, a number of 
rare cases of unilateral vestibular schwannoma 
have been reported in patients with 
SCHW.  Patients with SCHW may also have 
intracranial meningiomas, which are again less 
common than is seen in patients with NF2. Spinal 
ependymomas and intradermal schwannomas 
appear to be exclusive to NF2 [37, 43].

Assessment for germline NF2 mutations can 
be helpful to identify patients with this disorder, 
but an absence of an NF2 mutation does not 
exclude the possibility of NF2 mosaicism. A sub-
set of patients initially thought to have SCHW 
have subsequently been found to be NF2 mosaics 
[40]. Identical NF2 mutations in separate schwan-
nomas in a patient without a germline NF2 muta-
tion are consistent with NF2 mosaicism.

Unlike the case in NF1 and NF2  in which 
anomalies of a single gene account for all cases, 
two separate gene anomalies have been associ-
ated with the development of SCHW, SMARCB1, 
and LZTR1. Additional patients have been noted 
without these mutations suggesting that other as 
yet unidentified gene anomalies or epigenetic 
factors may also play a role [43, 46].

2.10  SMARCB1

A germline anomaly in the SMARCB1 gene as a 
causal factor in the development of SCHW was 
reported in 2007. Anomalies in this gene account 
for approximately 50% of familial and 10% of 
sporadic SCHW cases [46]. The gene is located 
at chromosome 22q11.23, centromeric to the 
NF2 gene [43, 47, 48], and has 9 exons over 
50  kb [49]. The current nomenclature, 
SMARCB1, is derived from SWI/SNF-related 
matrix-associated, actin-dependent regulator of 
chromatin, subfamily B member 1, but the gene 
has also been referred to as SNF5, INI1, and 

BAF47 [49]. It is expressed in all nucleated cells 
and acts as a tumor suppressor gene influencing 
cell transcription, cell cycle regulation, and cell 
differentiation [47, 48].

In addition to its association with SCHW, 
abnormal SMARCB1 expression has been identi-
fied in numerous tumors. Some, including malig-
nant rhabdoid tumors, and atypical teratoid/
rhabdoid tumors demonstrate a complete loss of 
SMARCB1 expression. In others, such as synovial 
sarcomas, there is reduced expression [47, 48]. In 
familial SCHW patients, there is a germline mis-
sense or splice-site non-truncating mutation usu-
ally at either end of the SMARCB1 gene. As a 
result, these patients are thought to have altered 
but not complete loss of protein activity and retain 
the ability to control cell cycle function [47, 49]. 
Although typically benign, rare cases of MPNST 
have been reported in patients with SMARCB1 
SCHW. Additionally, when meningiomas occur in 
SCHW patients, they typically occur in patients 
with SMARCB1 anomalies [37, 46].

2.11  LZTR1

The association of leucine-zipper-like transcrip-
tional regulator 1 (LZTR1) gene mutations and 
SCHW was initially reported in 2014 [50]. LZTR1 
is located at chromosome 22q11.2, 8.7 Mb pairs 
centromeric to the NF2 gene and 2.8 Mb pairs cen-
tromeric to the SMARCB1 gene [46]. It is ubiqui-
tously expressed in human tissues and localizes to 
the Golgi apparatus [50]. It is a tumor suppressor 
with involvement in chromatin conformation and 
cell cycle regulation [10, 37]. More recent data 
suggests that LZTR1 is also involved in polyubiq-
uitination of proteins involved in the RAS-MAPK 
signaling pathway [51, 52]. Polyubiquitination, 
the process of bonding the ubiquitin molecule to 
the protein to inactivate it and tag it for destruc-
tion, results in decreased downstream signal trans-
duction. As a result, LZTR1 has been labeled as a 
“Ras killer protein” [51].

LZTR1 mutations are noted in approximately 
21–29% of familial and 21–24% of sporadic 
SCHW cases [43, 53]. Phenotypic expression is 
variable. In the original report, the fathers of two 
presumed sporadic patients were found to harbor 
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the familial LZTR1 mutation. Both were asymp-
tomatic, and neither had any known tumors 
although they had not been imaged [50].

Meningiomas have not yet been reported in 
SCHW patients with the LZTR1 mutation; how-
ever, cranial nerve schwannomas are seen in up 
to 20% of LZTR1 SCHW patients with 
 trigeminal schwannoma being the most common 
[43]. Unilateral vestibular schwannomas may be 
present in 7% of these patients. This can make it 
difficult at times to differentiate sporadic SCHW 
from sporadic NF2 especially in mosaic NF2 
patients who might not demonstrate the features 
unique to NF2 such as spinal ependymomas, 
intradermal schwannoma, and ocular anomalies. 
As a result, exclusion of the LZTR1 germline 
mutation is now recommended prior to making 
the NF2 diagnosis in these sporadic patients with 
unilateral vestibular schwannoma and two addi-
tional non-intradermal schwannomas [4]. 
Further complicating this issue is the finding in 
one report of two patients who lacked a germline 
NF2 mutation and had identical NF2 mutations 
in separate tumors which would typically be 
diagnostic for NF2 mosaicism but harbored a 
germline LZTR1 mutation suggesting a LZTR1 
SCHW diagnosis [54].

LZTR1 mutations have been recently reported 
in association with some cases of Noonan syn-
drome where autosomal dominant and nondomi-
nant forms have been reported [52]. Biallelic 
mutations of LZTR1 in some cases of glioblas-
toma multiforme (GBM) have also been identi-
fied and were noted even before the association 
of LZTR1 and SCHW was reported [50]. 
Interestingly, a recent report noted GBM in the 
first-degree relatives, a father and a sister of two 
unrelated SCHW patients. Both SCHW patients 
harbored germline mutations in LZTR1 which 
were also present in the GBM samples of the 
relatives [55].

2.12  Schwannomas

Schwannomas are well-encapsulated lesions with 
spindle cells of Schwann cell origin. In addition 
to hyalinized vessels and degenerative changes, 
they have two distinct cellular patterns, Antoni A 

and Antoni B areas. Antoni A areas contain com-
pact cells with palisading nuclei. Antoni B 
regions are microcystic, hypocellular areas with 
abundant collagen and macrophages. These 
tumors also stain positively for S100 protein [20, 
21]. The majority of these tumors occur sporadi-
cally as solitary lesions. As noted above, they are 
also a hallmark of NF2 and SCHW. Not surpris-
ingly, the genes responsible for these conditions 
play a role in schwannoma development.

The gene most consistently associated with the 
development of schwannomas is the NF2 gene. 
Abnormalities of the NF2 gene are found in the 
majority of schwannomas whether they occur spo-
radically or in association with NF2 or SCHW [41, 
56]. NF2 patients harbor a germline NF2 mutation, 
and in the tumors, the second copy of NF2 is 
silenced either through mutation or loss of hetero-
zygosity. In SCHW patients, there is a germline 
mutation of SMARCB1 or LZTR1. Additional 
mutations must then occur to lead to the inactiva-
tion of both NF2 alleles. This has been described as 
a three-step/four- or five-hit model of tumorigene-
sis. Given the proximity of the SMARCB1 and 
LZTR1 genes to the NF2 gene on chromosome 22, 
when the loss of heterozygosity occurs, the large 
deleted segment often involves not only NF2 but 
SMARCB1 and in some cases LZTR1. So, for 
SCHW tumors, the initial step/hit is the germline 
anomaly. The second step is the LOH of chromo-
some 22 with loss of NF2 and the remaining wild-
type SMARCB1 or LZTR1, resulting in hits 2 and 
3. The third step results in the mutation of the 
remaining NF2 wild-type copy leading to the 
fourth hit. As SMARCB1 is located between NF2 
and LZTR1, loss of heterozygosity events that 
result in the deletion of NF2 and LZTR1 would be 
expected to also result in the loss of SMARCB1 to 
give the fifth hit [46]. In sporadic schwannomas, 
silencing of the NF2 gene is also seen in many of 
the tumors due to mutations and/or LOH [57, 58].

SMARCB1 and LZTR1 play a role in the 
development of schwannomas in patients carry-
ing the SMARCB1 or LZTR1 germline anom-
aly, respectively. SMARCB1 likely plays a role 
in other schwannomas as well. Mosaic tumor 
staining of SMARCB1 has been noted in 93% 
of familial SCHW, 83% of NF2, and 55% of 
sporadic SCHW-associated cases. Interestingly, 
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only 5% of sporadic solitary schwannomas 
have mosaic staining. In the remainder, normal 
diffuse staining is seen. This suggests that the 
pathway to schwannoma formation may be dif-
ferent in  sporadic cases than in syndromic cases 
[59, 60]. The LZTR1 protein staining is normal 
in most tumors but may be decreased or absent 
in LZTR1- associated SCHW tumors depending 
on the type of mutation [61]. This along with 
the fact that there are a number of unaffected 
parents of LZTR1 patients who harbor the 
LZTR1 germline anomaly makes it difficult to 
determine the exact role of this gene in tumor 
formation [50, 54]. As noted previously, many 
tumors harbor a LOH of chr22 with a gene seg-
ment deletion that includes NF2, SMARCB1, 
and in some cases LZTR1. For this reason, 
determining the exact role of the individual 
gene anomalies in schwannoma formation is 
difficult [10].

In a subset of schwannomas occurring spo-
radically or in association with NF2 or SCHW, 
there is either no NF2 anomaly or a mutation or 
LOH of only one NF2 allele [41, 46]. It is not 
clear in those cases whether other unidentified 
genes may be involved in tumor formation or if 
epigenetic factors may be contributing to func-
tional silencing of the NF2 gene either through 
DNA methylation or as a result of microRNA 
deregulation in the tumors [41, 46, 56, 58]. In a 
study that analyzed global gene expression in 
sporadic vestibular schwannomas, the upregula-
tion of pathways related to viral infections was 
noted suggesting a possible viral etiology for the 
development and growth of some schwannomas 
[58, 62].

2.13  Perineuriomas

These tumors are comprised of cells with peri-
neurial differentiation and elongated bipolar 
cytoplasmic processes often arranged in a whorl 
or storiform pattern. They may be intraneural or 
found in the soft tissues typically with no clear 
nerve association. The soft tissue lesions are usu-
ally well-circumscribed and may have a capsule. 
They are often located in the subcutaneous tis-

sues but may be located in deep soft tissues or 
within organs. The intraneural lesions cause focal 
expansion of one or more fascicles of a nerve and 
are restricted to the boundaries of the nerve [62]. 
They have a classic pseudo-onion bulb appear-
ance on cross sections due to perineurial cell pro-
liferation that concentrically surrounds individual 
nerve fibers and endoneurial capillaries [20, 21].

Various chromosomal abnormalities have 
been demonstrated in intraneural and extraneural 
soft tissue perineuriomas including chromosome 
13 deletion, chromosome 22 monosomy, or dele-
tion of the 22q11-13.1 regions, deletions and 
point mutations of the NF2 gene on 22q12, as 
well as chromosome 10 rearrangements and dele-
tions [62]. More recent genomic analyses of 
intraneural and extraneural soft tissue perineurio-
mas with whole-exome sequencing, copy number 
variation analysis, and high-resolution single- 
nucleotide polymorphism (SNP) array have 
found similar anomalies [63, 64].

Analysis of a group of intraneural perineurio-
mas identified chromosome 22q deletions and 
more importantly noted mutations in the TRAF7 
gene in 62.5% and large deletions/duplications in 
12.5%. No abnormalities were found in 25%. 
The TRAF7 gene is located on chromosome 16p, 
and its protein is a tumor necrosis factor receptor 
protein involved in cell signal transduction. 
Mutations in this gene have also been noted in 
meningiomas [63].

In an extraneural soft tissue perineurioma 
series, 13/14 cases had 2 or more chromosomal 
abnormalities (up to 7). Nine of the 14 tumors 
had deletions in either chromosome 22q (and its 
NF2 locus) or chromosome 17q (and the NF1 
locus), and 1 had both. Chromosome 2 deletions 
were noted in five and chromosome 6 deletions in 
four. No mutations involving the TRAF7 gene 
were noted [64].

2.14  Conclusions

Peripheral nerve sheath tumors may develop spo-
radically or in association with a variety of inher-
ited syndromes. Both benign and malignant 
tumors have a widely variable spectrum of growth 
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and associated morbidity and mortality. 
Continued advances in the understanding of the 
genetic and molecular makeup are essential in the 
treatment and development of novel and targeted 
therapies for these devastating disorders.
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Pathological Basis 
for Classification 
(Cytomolecular Aspects)

Gustavo Sevlever

The peripheral nervous system is a complex 
structure that includes neural tissue outside the 
central nervous system. It comprises somatic and 
autonomic nerves, receptors, and supporting 
structures. The axons are gradually coated with 
Schwann cells, originated from the neural crest, a 
highly migratory group of cells that arise from 
and lie lateral to the neural tube below the 
embryo’s ectoderm.

The nerve fascicles are delimited by the epi-
neurum, and each in turn is surrounded by a well- 
defined sheath known as the perineurium, 
arranged by layers of connective tissue, and mul-
tilayered, concentrically arranged flattened cells 
(Fig.  3.1). The perineurium, a histological con-
tinuum with the pia arachnoid of the central ner-
vous system, is the principal component of the 
so-called blood-nerve barrier [1] and represents 
the principal diffusion barrier for the peripheral 
nerve. The perineurial cell is of mesodermal ori-
gin, and its phenotype is somehow similar to the 
cells of the pia arachnoid (S-100 protein nega-
tive, epithelial membrane antigen [EMA], 
GLUT1, and claudin-1 positive).

Tumors originating from the peripheral nerves 
exhibit some peculiar characteristics with some 
specificity within their taxonomic category: soft 

tissue tumors [2]. On the one hand, the extensive 
anatomical “capillary” distribution of the periph-
eral nervous system implies the potential pres-
ence of neoplasms in almost any location. On the 
other hand, concerning its histogenesis, most 
cells originate in the neural crest, while most of 
the soft tissue tumors derive from the mesoderm. 
The neoplastic transformation reflects the con-
stituent cellular components, that is, the Schwann 
and perineurial cells. When these tumors grow 
inside a membrane formed by the perineurium, 
they have a true capsule, unlike most of the soft 
tissue tumors that seem to be encapsulated by the 
compression of adjacent tissues.

Another rather specific issue is the malignant 
transformation that is an eventual possibility in 
benign nerve sheath tumors. Some patients with 
neurofibromatosis 1 may develop sarcomas in a 
molecular defined pathway.

As usual in surgical pathology, peripheral nerve 
proliferative lesions are divided into non- neoplastic 
tumors (such as traumatic neuroma), benign 
tumors (such as schwannomas, neurofibromas, 
and perineuriomas), and malignant tumors, which 
are designated, as a whole, as malignant peripheral 
nerve sheath tumors (MPNSTs). These lesions 
may overlap and coexist with each other; neverthe-
less, their natural history is quite different.

In this chapter, we will discuss the classical 
histological types of the schwannomas and the 
neurofibromas originated in the cell types present 
in the peripheral nerve (Table 3.1).

G. Sevlever (*) 
Departamento de Neuropatología, Fleni,  
Buenos Aires, Argentina
e-mail: gsevlever@fleni.org.ar

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77633-6_3&domain=pdf
https://doi.org/10.1007/978-3-030-77633-6_3#DOI
mailto:gsevlever@fleni.org.ar


30

Outer (epifascicular)
epineurium

Inner (interfascicular)
epineurium

Axons

Fascicle

Vessels

Fascicles

Atrophic fiber

Schwannoma Neurofibroma

Normal nerve

Fig. 3.1 Distribution of cellular elements in normal nerve, schwannoma, and neurofibroma

Table 3.1 Comparison of schwannoma and neurofibroma [3]

Schwannoma Neurofibroma
Age 20–50 year 20–40 year.; younger in NF1
Common locations Head and neck; flexor portion of extremities; 

retroperitoneum and mediastinum
Cutaneous nerves; deep locations in NF1

Encapsulation Usually Usually not
Growth patterns Encapsulated tumor with Antoni A and B 

areas; plexiform type uncommon
Localized, diffuse, and plexiform 
patterns

Associated syndromes Most lesions sporadic; some NF2 and 
schwannomatosis

Most lesions sporadic; some NF1

S-100 and SOX10 
immunostain

Strong and uniform Variable staining of cells

Malignant 
transformation

Exceptionally rare Rare in sporadic cases but occurs in 
2–3% of NF1 patients
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3.1  Schwannomas 
(Neurilemmomas)

Schwannomas, formerly known as neurilemmo-
mas (a term introduced by Stout in 1935), are 
common benign peripheral nerve sheath tumors 
composed of a relatively uniform population of 
cells showing schwannian differentiation [4].

Most of the cases (90%) are sporadic. In com-
parison, 3% are related to type 2 neurofibromatosis 
(caused by a germline mutation in the NF2 gene 
located on 22q12, which encodes merlin, also 
known as schwannomin), 2% in those with schwan-
nomatosis, and 5% in association with multiple 
meningiomas in patients with or without NF2 [5].

Many distinct variants have been described, 
with a wide range of histologic appearances: 
ancient schwannoma [6], plexiform schwannoma 
[7], cellular schwannoma  [8, 9], melanotic 
schwannoma [10], gastric schwannoma [11, 12], 
microcystic/reticular schwannoma [13], and epi-
thelioid schwannoma [14, 15].

One defining characteristic of this oncotype is 
its tangential growth (Fig.  3.1). This feature is 
essential to understand that, until certain point, 
nerve conduction and function may be preserved.

This feature has surgical implications. The 
nerve of origin often can be macroscopically 
observed laterally, in the periphery (Figs. 3.2 and 

3.3), related to the capsule but without penetrat-
ing the tumor. On the cut section, these tumors 
have a pink, white, or yellow appearance 
(Fig. 3.3). Larger tumors are more prone to mani-
fest secondary degenerative changes such as cys-
tification and calcification.

The characteristic histological image is a 
combination of two different patterns, Antoni A 
and B areas (Figs. 3.4, 3.5, and 3.6). The Antoni 
A zones, which may be predominant, are pretty 
cellular and compact, with spindle cells often 
organized in a palisading structure or in an organ-

Fig. 3.2 Macroscopic view of a schwannoma. Note the 
tumor’s capsule

Fig. 3.3 Cut view of the same tumor. Arrow shows the 
peripheral nerve remnant

Fig. 3.4 Schwannoma: Antoni A areas and Verocay bod-
ies. HE 400×
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oid arrangement. The nuclei are ovoid with indis-
tinct cytoplasmic borders. Verocay bodies are 
shaped by compact rows of well-aligned nuclei 
separated by fibrillary cell processes (Fig. 3.5).

In contrast, Antoni B zones are characterized 
by abundant edematous fluid that generates cystic 
spaces in a loosely textured matrix separating the 
tumor cells (Fig. 3.6). Both Antoni A and B tend 
to intermingle to varying degrees.

A unique diagnostic feature is the large ves-
sels, which are characteristic of schwannomas 
and may exhibit luminal thrombosis and thicken 
fibrotic walls. They are more evident in the pauci- 
cellular Antoni B areas.

Ancient schwannoma is the name Ackerman 
and Taylor applied in 1951 [16] to define tumors 
with “an intermingling of  …  the neurofibroma 
and the neurilemoma. We do not feel that such 
intermingling should be unexpected because of 
the common ancestry of both these tumors. For 
want of a better name, they were designated as 
ancient neurilemomas.”

Curiously enough, this original description is 
more appropriate for the entity that we now call 
hybrid benign peripheral nerve sheath tumors. 
Nevertheless, time, habit, and medical literature 
stand out the “atypical,” mostly nuclear changes 
that may be worrisome, raising the differential 
diagnoses with other sarcomatous entities. It is a 
general belief that these changes usually, as ini-
tially described, coexist with other degenerative 
ones as hyalinization, calcification, and hemor-
rhage, with the mentioned severe nuclear atypia.

Fig. 3.5 Verocay bodies in Antoni A area. HE 400×

Fig. 3.6 Schwannoma: Antoni B areas. HE 200×
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The word “ancient” suggested by Ackerman 
and Taylor can be added to the diagnostic schwan-
noma to indicate that the histological findings are 
degenerative in nature and are not worrisome. 
These can be seen focally in “normal” schwanno-
mas, as the result of long-term tumor growth and 
aging. Large numbers of siderophages and histio-
cytes usually infiltrate the tumor itself. These 
lesions behave as ordinary schwannomas; there-
fore, the nuclear atypia might be dismissed as a 
degenerative change. They have been described in 
a variety of organs and locations [17–20].

Figure 3.6 discloses degenerative changes and 
rare isolated cells with bizarre hyperchromatic 
nuclei with no clinical significance. Mitoses are 
rare.

The presence of “bona fide” epithelioid areas 
is a well-known histological component in 
schwannomas, although much less frequent than 
in neurofibroma and MPNST [21]. A predomi-
nance of these areas qualifies the tumor as benign 
epithelioid schwannoma. Curiously enough, 
almost 50% of these lesions showed loss of INI1 
expression [22]. These lesions can rarely evolve 
into epithelioid MPNST, a pathway usually her-
alded by some striking cytologic atypia. Some 
schwannomas have been described that may even 
contain a glandular component [23] (benign 
glandular schwannomas).

Occasionally, some tumors disclose high cel-
lularity, mitotic activity, and the presence of bone 
destruction. This histologic picture has been 
described as “cellular schwannoma” [24, 25]. 
Cellular schwannoma shares a similar age group 
as classic schwannoma but tends to develop in 
deep structures. Microscopically, Antoni A areas 
dominate the histologic picture, but small amounts 
of Antoni B may be present, usually not exceed-
ing 10% of the lesion [3]. Mitotic activity may be 
observed but usually is low (<4 mitoses/10 high-
power field) [9]. Focal areas of necrosis are seen 
in up to 10% of cases. Some discussion related to 
its true biological behavior is enriched by several 
extensive studies with adequate follow-up con-
firming their benignancy [9, 26]. More than 100 
cases have been reported, fewer than 5% of 
patients had developed recurrences, and none had 
developed metastatic disease (Fig. 3.7).

3.2  Ancillary Techniques 
and Immunohistochemistry

A reticulin stain is most useful in diagnosis 
(Fig.  3.8). In a schwannoma, each cell is sur-
rounded by basement membrane material, result-
ing in a dense array of reticulin fibers commonly 
presenting in parallel, slightly wavy bundles. 
When applied to this tumor, the silver impregna-
tion method will outline the characteristic reticu-
lin pattern for a quick diagnosis even, as described 
long ago, on frozen sections [27, 28].

The classical immunostain for schwannomas 
is S-100 protein, strongly expressed by most 
cells in a schwannoma (Fig. 3.9). It is problem-
atic to support this diagnosis in the context of a 
negative stain for S-100. Neurofibroma cells, on 
the contrary, have variable staining. Sox10, a 

Fig. 3.7 Gastrointestinal schwannoma. HE 200×

Fig. 3.8 Schwannoma: dense reticulin stain. HE 200×

3 Pathological Basis for Classification (Cytomolecular Aspects)
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member of the sex-determining region Y-related 
HMG box family, is a neural crest stem cell 
marker. Nuclear staining for SOX10 has proved 
to be another excellent marker for schwannomas 
and is also expressed in the Schwann cell com-
ponent of neurofibromas. In soft tissue neo-
plasms, Sox10 is significantly more specific than 
S-100 for peripheral nerve sheath tumors and 
should be used in place of or with S-100 for 
diagnostic purposes [29].

CD57 and glial fibrillary acidic protein 
(GFAP) are also present in these tumors, although 
their role is less relevant.

3.3  Neurofibroma

Neurofibromas are peripheral nerve sheath 
tumors with several clinicopathologic and ana-
tomic variants, namely, localized cutaneous neu-
rofibroma, diffuse cutaneous neurofibroma, 
localized intraneural neurofibroma, soft tissue 
neurofibroma, visceral neurofibroma, and plexi-
form neurofibromas (PN). PN involves multiple 
nerve fascicles, has complex shapes, grows more 
rapidly in young children, and can cause substan-
tial morbidity, including pain and functional 
impairment [30].

Neurofibromas may assume one of the three 
growth patterns: localized, diffuse, and plexi-
form. The localized form is seen most often as a 

superficial, solitary tumor in healthy individuals. 
Diffuse and plexiform neurofibromas have a 
close association with neurofibromatosis 1 
(NF1), the latter almost pathognomonic of the 
disease [20].

PN can transform to malignant peripheral 
nerve sheath tumors (MPNSTs), aggressive sar-
comas associated with poor prognosis. The gross, 
microscopic, and immunophenotype features of 
neurofibroma, and its natural history, are distinct 
from those of schwannoma (Tables 3.1 and 3.2). 
In some instances, the differential diagnosis may 
be challenging, or in isolated cases, features of 
both lesions may coexist. The gross appearance 
of neurofibroma varies a great deal from lesion to 
lesion. As a rule, the tumors are not encapsulated 
and have a softer consistency than schwannoma. 
The more superficial tumors appear as small, 
soft, pedunculated nodules.

The histology of neurofibromas comprises a 
varied and combined proliferation of the ele-
ments usually present in a peripheral nerve: 
axons, Schwann cells, usually the predominant 
cellular element, fibroblasts, and sometimes peri-
neurial cells, customarily in the plexiform type. 
Nuclei are very characteristic: significantly elon-
gated, with a wavy, serpentine configuration and 
pointed ends [32] (Figs. 3.10, 3.11 and 3.12).

The stroma concentrates a definite network of 
collagen fibers combining the major types [33].

Other striking histological features are the 
prominent mucinous changes in the stroma that 
may result in a mistaken diagnosis of myxoma 
or even myxoid liposarcoma [34] and mast 
cells.

The typical histological attributes of schwan-
nomas (capsule, Verocay bodies, fibrotic vessels, 
and Antoni A areas) are classically absent in 
neurofibromas.

As expected, the Schwann cells’ component is 
immunoreactive for SOX10 and S-100 protein 
and surrounded by basement membrane 
components.

A small proportion (between 5% and 20%) of 
patients with type 1 neurofibromatosis develop 
MPNST.

Fig. 3.9 Schwannoma: immunostaining for S-100. 200×
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Fig. 3.10 Neurofibroma,interlacing bundles of elongated 
cells with wavy nuclei. The cells are intimately associated 
with wire-like strands of collagen

Fig. 3.11 Neurofibroma. Mucinous changes in the 
tumoral stroma. HE 200×

Neurofibroma Schwannoma MPNST
Cytology
Nuclear size + ++ +++
Nuclear hyperchromasia + ++ +++
Wavy nuclei +++ + ++
Histology
“Shredded carrot”-type collagen +++ − −/+
Capsule − +++ −
Hyalinized vessels −/+ +++ −
Fascicular growth pattern −/+ ++ +++
Mitotic activity −/+ −/+ +++
Necrosis − −/+ +++
IHC marker
S-100 ++/+++ +++ +/++
Collagen IV ++/+++ +++ +/++
EMA + - (capsular) - (except 

MPNST 
with 
perineurial 
diff)

CD34 +++ +++ ++
Neurofilament protein ++ + (rare 

intratumoral 
axons)

Podoplanin + ++ +
Calretinin + +++ NA
SOX10 +++ +++ +/++

+, ++, +++ Mean intensity of immunohistochemical reaction

Table 3.2 Pathologic 
and immunophenotypic 
features useful in the 
differential diagnosis of 
Schwann cell neo-
plasms [31]
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3.4  Hybrid Peripheral Nerve 
Sheath Tumors

Hybrid peripheral nerve sheath tumors (PNSTs) 
are benign peripheral nerve sheath tumors, which 
show combined features of more than one type of 
benign PNSTs, i.e., neurofibroma, schwannoma, 
and perineurioma. It was described initially by 
Feany [35] as tumors with predominant features 
of neurofibroma with distinct, often nodular 
regions of classical schwannomatous differentia-
tion (Fig. 3.13). This concept was later expanded, 
describing further combinations; the most com-
mon types are schwannoma/perineurioma, which 
usually occurs sporadically, and neurofibroma/
schwannoma, which is typically associated with 

neurofibromatosis (NF) type 1 or 2 or with 
schwannomatosis [36, 37].

These tumors have been recognized for some 
time but were only recently included officially in 
the fourth edition of the World Health Organization 
(WHO) Classification of Tumors of Soft tissue 
and Bone and the revised fourth edition of the 
WHO Classification of Tumors of the Central 
Nervous System (Table  3.3) published in 2013 
and 2016, respectively [31, 38]. They are gener-
ally recognized as a benign entity. Nevertheless, 
those associated with NF1 carry a risk of malig-
nant transformation to MPNSTs [39].

In a methylation-based classification study of 
a large cohort (171 cases) of benign and malig-
nant peripheral nerve sheath tumors that included 
7 hybrid neurofibroma/schwannoma, they clus-
tered mostly as schwannomas, but some cases 
clustered as atypical neurofibromas. Moreover, 
four cases exhibit 22q loss, while three showed 
retained 22q [40].

3.5  Perineurioma

Perineurioma is a soft tissue tumor composed of 
cells resembling normal perineurium [39]. It was 
initially described by Lazarus and Trombetta [41] 
in 1978 based on ultrastructural findings. 
Histological diagnosis is complex, due to the 
inability to diagnose the lesion by light micros-
copy alone. More recently, the incorporation of 

Fig. 3.13 Hybrid peripheral nerve sheath tumors. HE 
200×

Table 3.3 WHO classification on CNS tumors [31]

WHO Code
Schwannomas 9560/0
   Cellular schwannoma 9560/0
   Plexiform schwannoma 9560/0
   Melanotic schwannoma 9560/1
Neurofibroma 9540/0
   Atypical neurofibroma 9540/0
   Plexiform neurofibroma 9550/0
Perineurioma 9571/0
Hybrid nerve sheath tumors
Malignant peripheral nerve sheath tumor 9540/3
   Epithelioid MPNST 9540/3
   MPNST with perineurial 

differentiation
9540/3Fig. 3.12 Intraneural neurofibroma in a NF1 patient. HE 

200×
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immunohistochemical markers related to perineu-
rial differentiation has resulted in a more restricted 
and consistent diagnosis. They are still much less 
common than neurofibromas and schwannomas. 
On cross section of the intraneural type, the entire 
nerve is expanded by forming tiny “onion bulbs” 
consisting of concentric layers of perineurial cells 
ensheathing a central axon and Schwann cell 
(Fig. 3.14). Because of these lesions’ highly orga-
nized nature, the general impression is that of a 
reactive or reparative process. There are princi-
pally three forms of perineurioma: intraneural, 
extraneural (soft tissue), and sclerosing. By defi-
nition, all benign perineuriomas are EMA positive 
and S-100 protein/SOX10 negative, an immuno-
phenotype that mirrors the normal perineurial 
cell. Besides, the majority of perineuriomas also 
express claudin-1 (tight junction-associated pro-
tein) and GLUT1 (human erythrocyte glucose 
transporter), barrier function proteins present in 
normal perineurial cells [4].

With immunostains for EMA and S-100 pro-
tein, the striking preponderance of perineurial 
cells becomes readily apparent. EMA highlights 

the ensheathing perineurial cells, leaving the cen-
tral portion of the onion bulb devoid of staining 
(Fig. 3.14). With S-100 protein and neurofilament 
protein immunostains, highlighting Schwann 
cells and axons, a reverse staining pattern is noted.

Perineurioma is a benign tumor. Most peri-
neuriomas possess little or no atypia and no 
mitotic activity. However, some (<20%) may 
show atypical features, even some mitotic activ-
ity (up to 13 figures/30 high-power field), scat-
tered pleomorphic cells, and/or hypercellular 
foci. Perineuriomas with these atypical features 
do not differ from typical cases [42].

3.6  Malignant Changes

As previously described, the malignant change is 
a relatively well-known phenomenon related to 
NF1.

Nevertheless, there are some transitional enti-
ties that deserve a short paragraph.

Atypical neurofibroma (ANF) is a recently 
described entity, reported as a precursor lesion 

Fig. 3.14 Perineurioma: the entire nerve is expanded by the formation of tiny “onion bulbs” consisting of concentric 
layers of perineurial cells ensheathing a central axon and Schwann cell. HE (14a) and immunostaining for EMA (14b)
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for MPNST [43]. It consists of morphologically 
defined lesions with increased cellularity, cyto-
logical atypia, and pronounced fascicular growth 
patterns without the widespread atypia and fas-
cicular growth, mitotic activity, and necrosis seen 
in MPNST [44, 45]. A deletion at 9p21.3, which 
includes gene CDKN2A/2B, was identified in 
15/16 (94%) ANF and in 16/23 (70%) high-grade 
MPNST but not in PN [32]. This makes early 
detection and management of ANF a possible 
strategy to prevent MPNST.

Nevertheless, the problem of defining the histo-
pathological spectrum of the transition from a 
benign plexiform neurofibroma to an MPNST is 
most relevant in patients with NF1. Especially 
complex is the distinction between neurofibroma 
with atypia (reactive or degenerative) and early 
transformation into MPNST.  The spectrum of 
changes from plexiform neurofibroma to high- 
grade MPNST includes challenging lesions. The 
recent consensus about the “atypical neurofibro-
matous neoplasms” is a contribution to refining the 
diagnosis of these ambiguous neoplasms. As the 
authors stated, “We have therefore recommended 
a new category designated as ‘atypical neurofibro-
matous neoplasm of uncertain biologic potential’ 
for the tumors that show some worrisome features 
of malignant transformation, but histologically fall 
short of MPNST.” The proposed histological defi-
nition is neurofibromatous tumors with nuclear 
atypia, hypercellularity, variable loss of neurofi-
broma architecture (e.g., herringbone or storiform- 
fascicular growth and/or loss of CD34-positive 
network), and/or mitotic activity beyond isolated 
mitotic figures (>1/50 high-power fields [HPFs] 
and <3/10 HPFs) should be designated as having 
uncertain malignant potential when at least two of 
these features are present [46].

3.7  Malignant Peripheral Nerve 
Sheath Tumor

The lifetime incidence of developing MPNST in 
patients with NF1 is 8%–15.8% compared with 
an incidence of 0.001% in the general population 
[47–49]. Each NF1 patient has an estimated 
8–13% cumulative risk of developing a MPNST. 

This risk is even two or three times higher in 
patients with an NF1 microdeletion than patients 
with an intragenic NF1 mutation [50].

In NF1, MPNSTs occur at a younger age, and 
the majority arise in preexisting PN [51, 52]. They 
can present with enlarging mass, pain, and neuro-
logical deficit, but these symptoms often overlap 
and are difficult to distinguish from benign 
PN.  The prognosis for MPNST in individuals 
with NF1 is poor, with a 5-year overall survival of 
35%–50%. To date, complete surgical resection 
with wide negative margins is the only curative 
treatment, making early detection important.

This name, MPNST, is the currently preferred 
term for the neoplasm, after several controver-
sies, also known over the years as malignant 
schwannoma, neurogenic sarcoma, and neurofi-
brosarcoma. Approximately half of these tumors 
arise de novo and the other half from neurofibro-
mas as part of type 1 neurofibromatosis. Some 
arise in areas of previous irradiation typically 
after a latent period of at least 10 years [53].

MPNST histological diagnosis is a difficult 
task, with eventual errors diagnosing MPNST as 
some other type of soft tissue sarcoma. The clini-
copathological correlation may be helpful in this 
context. Two features may bring this diagnosis as 
a primary option: (a) spindle cell tumor in a 
patient with NF1 and (b) a clearly defined ana-
tomical relationship with a major nerve or conti-
nuity with a neurofibroma.

Most MPNSTs resemble adult-type fibrosar-
comas in their overall organization, with certain 
modifications. Unlike the symmetrically spindle 
cells of adult-type fibrosarcoma, they have irreg-
ular contours (Fig. 3.15). In profile, the nuclei are 
wavy, buckled, or comma-shaped, whereas when 
viewed en face, they are asymmetrically oval. 
The cytoplasm is lightly stained and usually 
indistinct. The cells can range from spindle in 
shape to fusiform or even rounded [4].

Histological features are not entirely specific. 
They comprise fascicles of alternating cellularity, 
whorls, palisades or rosette-like arrangements, 
perineural/intraneural spread when associated 
with nerve, subendothelial accentuation of tumor 
cells, and large areas of geographic-like necrosis 
[54, 55].
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MPNST may disclose divergent differentia-
tion [56] in the form of bone, cartilage, or skele-
tal muscle [57], a combination that has been 
referred to as malignant Triton tumor [58], smooth 
muscle [59], angiosarcoma [60], perineurial dif-
ferentiation, and even glands [61]. The finding of 
heterologous elements in a monomorphic spindle 
cell sarcoma should suggest the diagnosis of 
MPNST [3].

Immunostaining of MPNST lacks a diagnostic 
immunophenotype. The majority of these tumors 
stain for S-100 protein, in a focal pattern [62]. 
SOX10, the other schwannian marker, is positive 
even in those S-100 negative [63]. CD34 and 
EMA, when present, may represent the immuno-
marker of perineurial differentiation.

Recently, the loss of histone H3K27 trimeth-
ylation by immunostaining has been described as 
a highly specific, not particularly sensitive marker 
of MPNST [64].

The protein product of the NF1 gene, neurofi-
bromin, discloses the loss of expression in 88% 
of NF1-associated and 43% of sporadic MPNST 
[65] and in malignant triton tumors [66] but not 
in a large number of other tested sarcomas, except 
for rare myxofibrosarcomas, pleomorphic lipo-
sarcomas, leiomyosarcomas, and undifferenti-
ated pleomorphic sarcomas [54]. This lack of 
expression helps in the differential diagnosis of 
MPNST from cellular schwannoma, which 
shows retained expression [67], but is not useful 
in the differential diagnoses of MPNST from 

spindle cell/desmoplastic melanoma, which fre-
quently harbors NF1 mutations and is neurofibro-
min negative in up to 70% of cases [68].

MPNST grading is a hard task. Standardized 
evaluation is lacking at present. It becomes a 
common practice to divide these tumors into low 
grade (15% approximately) and high grade (85% 
approximately). The high-grade definition 
includes cytologic atypia, mitotic activity (>5 per 
10 high-power fields), and hypercellularity with 
or without necrosis.

Furthermore, standard recognized grading 
schemes may be utilized as the French FNCLCC 
grading system [69].

3.8  Next Roads to be Traveled

Several molecular approaches are emerging, ana-
lyzing the neoplastic biology of nerve sheath 
tumors and defining biomarkers and treatment 
targets.

MicroRNAs (miRNAs) are a class of small 
non-protein-coding RNAs of approximately 
19–26 nucleotides in length that function in post- 
transcriptional gene regulation. Azadeh Amirnasr 
et al. investigated the role of these molecules as 
biomarkers and molecular and found that plexi-
form neurofibromas can be distinguished from 
MPNST by their microRNA expression profile 
[70]. Other areas of research are related to the 
molecular identification of therapy targets [71].

Integrating of all the different data from 
diverse sources is one of the main challenges of 
the translational understanding of neoplasia. The 
recent creation of The Genomics of Malignant 
Peripheral Nerve Sheath Tumor (GeM) 
Consortium [72] as an international collaboration 
focusing on the multi-omics analysis of malig-
nant peripheral nerve sheath is a welcome contri-
bution to this task. Greater availability of 
molecular techniques also provides an opportu-
nity to refine morphologic diagnoses and is likely 
to play an increasingly important role in the 
immediate future.

Hopefully, our knowledge will improve our 
actual classification systems, including and defin-
ing biomarkers and treatment targets.

Fig. 3.15 Malignant nerve sheath tumor. Immunostaining 
for S-100. 400×
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Clinical Assessment

Thomas Kretschmer, Christian Heinen, 
and Jakob Kraschl

Clinical assessment aims at:

 1. Taking the specific history, evaluating clinical 
sensorimotor nerve status, and scrutinizing the 
presence and characteristics of associated pain

 2. Discerning nerve tumor from other masses
 3. Raising suspicion for or excluding potential 

malignancy
 4. Systematically accumulating, interpreting, 

and analyzing findings in order to trigger next 
steps

Basically this is either surgery or follow-up.
There are only a few but important points in 

the clinical assessment of peripheral nerve 
tumors. In essence, taking the patient’s history is 
focused on first subjective detection of mass, 
changes ever since, and observed speed of 
growth, as well as neurological deficits and pres-
ence of pain (Table 4.1).

Clinical assessment is mainly directed toward 
the identification that a growing mass possibly 
originates from neural elements in order to pre-
vent treatment led by principles of sarcoma 

surgery, which would imply excision with tumor-
free margins at the cost of function. Clinical pre-
sentation will also guide clinical decision, as it 
may be indicative of malignancy or not.

Most peripheral nerve tumors (PNT) are 
benign and can be extirpated with maintained 
function. So it is pivotal to have knowledge of the 
few clinical clues that point toward potential 
malignancy, which is relatively rare. To date, 
resting pain is still the clinical sign of highest sig-
nificance when it comes to suspicion of malig-
nancy in nerve tumors [1, 2]. Although the size of 
the lesion may not always be accurately mea-
sured during clinical assessment, a nerve tumor 
larger than 5  cm per se is suspicious of malig-
nancy until proven otherwise [3].
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Table 4.1 Different aspects important for taking history 
in nerve tumor patients

Family 
history

Known NF1, genetic disorder?

Specific 
history of 
disease

Onset, mass discovered when, observed 
growth rate, neurological deficit noticed?

Medical 
history

Previous surgery elsewhere (reports), 
previous imaging, multiple surgeries in NF?

Pain 
history

Painful, progressive pain, spontaneous/
resting pain vs discomfort/tenderness 
during touch/activity, pain suggestive of 
MPNST, inflammation or lymphomatosis 
of nerve? If the pain is radiating, the 
location of radiation may provide 
information on the likely nerve of origin
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Regarding the importance and detailed tech-
nique of examination of single nerves or the 
plexus, we refer to the abundant text material 
available elsewhere [4], as it also applies to the 
examination of the parent nerve harboring the 
growth in question. It is necessary to rule out or 
document hypesthesia or motor loss attributable 
to the parent nerve. Apart from being locally ten-
der, circumscribed hypesthesia and a motor defi-
cit would be more unusual for a moderate-sized 
(e.g., 1–2  cm) benign peripheral nerve sheath 
tumor (PNST) of a peripheral nerve (not in the 
plexus). Tenderness to touch and electrifying 
dysesthesia, however, are also frequent signs of 
benign nerve tumor. These signs are more promi-
nent when the growth lies within a tight 
 compartment, close to joints, or is in a location 
where clothing directly compresses the nerve 
mass (e.g., ankle region, tibial nerve close to tar-
sal tunnel and rim of shoes, or popliteal fossa and 
tight pants, axilla and weight training, buttocks/
sciatic nerve and rowing, etc.). Other important 
clinical aspects are directly related to imaging, 
and are not really discernible from clinical assess-
ment, as they go hand in hand. This is why we 
will also give a more general outline on them. For 
elaboration on further imaging details, we refer 
to the distinct and in-depth chapters following.

4.1  Physical Examination 
and Case Presentation

On examination, benign PNSTs are typically 
mobile. A positive Tinel sign, elicited while tap-
ping on the mass with electrifying paresthesias 
along the course of the parent nerve, is common. 
A fixed mass indicates a more aggressive growth 
pattern. The general terms of any clinical exam 
with regard to nerve apply: inspection, palpa-
tion, evaluation of passive joint mobility, and 
motor, sensory, and reflex exam are necessary 
parts of the clinical assessment. These are 
adjusted to the location. Considering topograph-
ical anatomy enables us to focus the exam. A 
systematic approach using the classic tests as in 
any other nerve lesion is of importance. It is rec-
ommended to always compare with the non-
affected side.

The typical presentation of a benign PNST is 
either an asymptomatic palpable mass or a mass 
causing discomfort from paresthesias to pain on 
contact. If located along the extremities, which is 
frequent, a globular firm mass can be palpated and 
can usually be moved transversely but not longitu-
dinally. Sometimes a Hoffman-Tinel sign can be 
elicited. If located close to flexor creases, patients 
notice discomfort when the lesion has grown (e.g., 
a tibial nerve PNST in the popliteal fossa). Not 
infrequently, the lesions can be seen bulging under 
the skin on bare inspection. Upper extremity 
nerves and brachial plexus are more frequently 
affected than lower extremity nerves [5]. Patients 
often know about a small palpable mass and have 
noted a slow growth over some years. Most of the 
cases are benign and do not present with senso-
rimotor deficits. A true and worsening motor defi-
cit in conjunction with a nerve mass is a red flag 
and should heighten the awareness for a malig-
nancy, a perineurioma, an inflammatory process, 
or rarely a desmoid tumor. Lymphoma in nerve 
can be excruciatingly painful and grows within 
days. Physicians not accustomed to the PNST 
entity sometimes diagnose lipoma, if imaging has 
yet not been performed. Lipoma, however, is usu-
ally softer and more amorphous and does not nec-
essarily present in the course of larger nerves. A 
rare differential diagnosis is “cat-scratch disease” 
which can present as an extremely painful small 
mass with high homogeneous signal intensity on 
MRI (bacterial infection by Bartonella henselae 
that can result in a painful nodule). Coincidentally, 
it can be located close to nerves (e.g., ulnar or 
median in the proximity of the elbow flexor 
crease). Another is glomus tumor (also extremely 

Key Points
The typical presentation of a benign PNST 
is a slowly growing mass causing pain or 
paresthesia on contact. Spontaneous pain is 
the exception and should raise concern 
about malignancy. A neurological deficit as 
a first symptom is rare (2–5%); if it is pres-
ent in conjunction with tumor size >5 cm or 
rapid growth, malignant transformation 
should be suspected [3].
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painful to touch, although in the millimeter range, 
with a blueish appearance). Intraneural ganglion, 
another differential diagnosis, is frequently located 
in the peroneal nerve at the fibular head or on the 
ulnar nerve in proximity to the loge de Guyon 
(Guyon’s canal). Intraneural ganglia in contrast 
can lead to rather acute and severe motor loss.

4.2  Atypical Case Presentation 
and Red Flags

Pain at rest and a quickly growing mass with new 
onset of neurological deficit related to the nerve 
affected are absolute red flags that suggest malig-
nant transformation. If malignancy needs to be 
ruled out, a more extensive workup is necessary. 
Apart from the basic MRI with and without con-
trast, FDG-PET is recommended to detect or rule 
out potential hot spots within the lesion. 
Metastasis or spread to the thorax and abdomen 
needs to be ruled out as well. As progression and 
growth in such cases can be fast, it is important to 
schedule imaging and potential surgery in a 
timely fashion. Usually such patients undergo 
biopsy first, but only if a malignancy is suspected. 
Overall strategy, surgical approach, and preoper-
ative counseling in such cases are different. All 
possible scenarios need to be discussed with the 
patient beforehand [6].

4.3  Assessment and Further 
Imaging

A peripheral nerve sheath tumor (PNST) is sus-
pected when the clinical presentation of a palpa-
ble firm moveable globular mass in the course of 
a peripheral nerve depicts a fusiform shape on 

imaging. If fusiform in shape, and along a periph-
eral nerve, the primary differential diagnosis 
includes schwannoma and neurofibroma. These 
are the most frequently encountered types of 
PNST, which all account for approximately 10% 
of soft tissue tumors [5].

If a patient presents with a mass suspicious of 
a nerve tumor, imaging is the next and mandatory 
step. If not located in deep planes (e.g., sciatic 
nerve in gluteal region), ultrasound imaging is an 
excellent and fast screening tool (see Chap. 6). 
MRI should confirm the diagnosis and is the 
imaging modality of choice. An infiltrative 
growth or process needs to be ruled out. Surgery 
for suspected nerve tumors should not be planned 
without prior MR imaging (see Chap. 7). 
Sporadic PNST needs to be differentiated from 
sarcoma or PNST associated with a genetic dis-
order such as neurofibromatosis (NF) 1 or 2 or 
schwannomatosis. The incidence of a sporadic 
PNST is 2 in 100,000, whereas it reaches 100% 
in patients with NF 1 or 2 or schwannomatosis 
(also called NF 3). It is crucial to monitor NF 
patients on a regular basis for new lesions and 
growth, as PNST has a higher preponderance for 
malignant transformation in NF 1 patients, with a 
10% lifetime risk to develop a malignant PNST 
[9]. This is in contrast to malignancy occurring in 
sporadic PNST, with an incidence of only 
0.001%.

4.4  Imaging: MRI, High- 
Frequency Nerve Ultrasound 
(HFNUS), and FDG-PET

4.4.1  MRI

Contrast-enhanced MRI is the gold standard for 
imaging evaluation. PNSTs have distinct borders 
and are isointense to slightly hypointense relative 
to the skeletal muscle. They depict strong and 
homogeneous contrast uptake. On T2, the lesion 
is hyperintense. Several radiological signs are 
described; however, these are not always present. 
One is the target sign (T2: central T2 hypointen-
sity encircled by T2 hyperintensity), and another 
is the split fat sign (T1: thin rim of fat signal 
around lesion).

Key Points
If red flags for malignancy are present, 
more extensive MR imaging is mandatory. 
FDG-PET should be considered prior to 
surgical planning. “Hot spots” within the 
lesion have a high sensitivity for malignant 
change within a nerve mass [7, 8].
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4.4.2  HFNUS

This enables highly efficient (cheap and fast) 
continuous imaging of the nerves of the extremi-
ties, as well as on the trunk, neck, and axilla. This 
makes it a perfect screening tool. As tumors to be 
evaluated are usually in the centimeter range, 
older machines with scanheads of medium emit-
ting frequency around 7.5 MHz can also be used 
for a preliminary exam. The current generation of 
HFNUS uses scanheads of up to 22  MHz, 
enabling a tissue resolution in the sub-mm range 
for the price of limited depth penetration. A scan-
ner from 8 to 12 MHz is a good compromise for 
screening purposes. With such US scanners, 
imaging nerves in variable tissue depths reaching 
up to >10 cm is possible. Neurosonographically 
nerve tumors appear as very well-defined ovoid 
(fusiform) to round masses localized to a periph-
eral nerve with an echo-rich rim. To differentiate 
from an extraneural lesion (e.g., lymph node), the 
hallmark of the nerve tumor is its origin within a 
nerve trunk.

4.4.2.1  Schwannomas
In relation to the nerve trunk, schwannomas are 
thought to be located more eccentrically to the 
longitudinal axis. They are “echo-poor” and 
show homogeneous echotexture and a distinct 
“echo-rich” border. However, heterogeneous 
echotexture with cystic parts (e.g., cellular 
schwannoma, compared to vestibular schwan-
noma), necrosis and calcifications (e.g., “ancient 
schwannoma”), and hypervascularity on color- 
duplex mode are possible and are not necessarily 
a sign of malignancy [10].

4.4.2.2  Neurofibromas
They are thought to be more prone to central 
positioning with regard to the long axis of the 
parent nerve. Echogenicity is higher as compared 
to schwannoma, and they are relatively more 
inhomogeneous, with no or minor vasculariza-
tion [11]. The target sign is described more 
frequently.

4.5  Decision-Making 
and Differential Diagnosis

In the end, the clinical evaluation can only be 
seen in conjunction with imaging. The synopsis 
of both should lead to decision-making with 
regard to surgery vs follow-up. Indications for 
surgery are controversially discussed, if benign 
tumors are small and non-tender.

To distinguish nerve tumor from other forms 
of “nerve growth” is a domain of imaging, as 
described above (inflammation, metastasis, 
hypertrophic nerve changes, peripheral neuropa-
thy, perineurioma, lymphomatosis, glomus 
tumor, intraneural cyst). The exception might be 
the plexiform neurofibroma involving a major 
nerve, which is palpable like a “bag of worms,” 
or cutaneous plexiform neurofibromas which are 
completely distinct, involve the whole skin, and 
cover a broad area not related to a major parent 
nerve (they unfortunately just bear a very similar 
name but are completely distinct lesions) and 
also metastasis, whenever history gives clues.

Plexiform neurofibromas which typically 
appear in NF 1 (von Recklinghausen disease) 
spread along one or more parent nerves and cre-
ate a more dysmorphous mass of heterogeneous 
echogenicity with unclear margins and abolished 
inner nerve architecture. From the ultrasound 
aspect, these sometimes need to be differentiated 
from hypertrophic nerve changes (e.g., as in 
Charcot-Marie-Tooth disease type 1) and some 
autoimmune neuropathies (chronic inflammatory 
demyelinating polyneuropathy, multifocal motor 
neuropathy, and the like). Other nerve masses 
that need to be differentiated are perineuriomas 
and hamartomas (neural fibrolipomatosis) and 
intraneural angiomas. Intraneural ganglia are 
easy to diagnose on ultrasound and MRI.

Questions and Pearls

• Clinical history, family history, and a thor-
ough physical examination, including whole- 
body skin inspection, are crucial.

T. Kretschmer et al.
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• NF1, NF2, and schwannomatosis have to be 
ruled out or confirmed.

• The main clinical feature of a PNST is a pal-
pable mass or a deeper lying mass visualized 
on imaging within the course of a nerve.

• If a PNST is suspected, MR imaging is man-
datory, but high-resolution ultrasound can 
help in screening and surgical planning.

• Spontaneous pain, rapid growth, size >5 cm, 
and a fixed mass should raise concern about 
malignancy.
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Preoperative Neurophysiological 
Evaluation

Ricardo de Amoreira Gepp and Ênio Comerlato

5.1  Introduction

Peripheral nerve tumors have a variety of histo-
logical types and have a varied clinical picture. 
Despite this diversity, preoperative evaluation is 
based on the clinical complaint presented by the 
patient, physical examination, and complementary 
exams. The tumor shape and histology, especially 
whether it is benign or malignant, in addition to 
the affected nerve, is an important factor to define 
the patient’s symptomatology. In the evaluation 
through examinations, radiology is of most impor-
tance to determine the diagnostic hypothesis, the 
shape of the lesion, the tissue invasion adjacent to 
the tumor, and the characteristics suggestive of the 
presence or absence of tumor malignancy. The 
evolution of complementary exams has allowed a 
better definition of the biological nature of nerve 
injury before surgical excision. Despite all this 
information possible with radiology, imaging 
studies still do not provide any evaluation regard-
ing the neurological function of the affected nerve 
and the interference that the tumor causes. 
Preoperative neurophysiological evaluation is one 

of the ways we can assess the integrity and func-
tionality of the nerve and its fascicles [1].

Peripheral nerve diseases present heteroge-
neous presentations and may involve more motor 
fibers and in other cases sensory fibers, but in the 
cases of tumors, the involvement is general and 
nonspecific. Another important function of the 
neurophysiological study is to analyze diseases of 
the nerve itself that may also be affecting the 
patient [1]. An example would be the patient with a 
nerve neoplasm and the presence of diabetic poly-
neuropathy. A not so rare situation is the associa-
tion between spinal disease and peripheral nerve 
damage such as tumors. Shenai and colleagues 
reported a case of a patient with a median nerve 
schwannoma and the presence of C7 radiculopathy 
[2]. In these cases, careful examination may show 
clues that lead to the correct diagnosis [2].

In patients with malignant tumors undergoing 
radiotherapy or chemotherapy, neurophysiologi-
cal examination may determine alteration of 
nerve function by polyneuropathy following che-
motherapy or axonal injury. This data may be 
very important in differentiating between the pro-
gression of cancer disease and the neuropathy 
that may occur due to the use of chemotherapy, as 
some more neurotoxic agents such as vincristine 
cause more changes in neurophysiological exam-
ination [1, 3].

Another situation where neurophysiological 
study may be relevant occurs when tumors coex-
ist with a differential diagnosis of compressive 
syndromes. Patients with clinical signs 
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 suggestive of carpal tunnel and tarsal tunnel syn-
drome but who actually have a tumor can be 
diagnosed when a similar symptom occurs but 
the electrophysiological findings do not confirm. 
In these cases, the radiological examination con-
firms and locates the tumor. Moussa and col-
leagues described a case of tarsal tunnel 
syndrome that was caused by peripheral nerve 
lymphoma [4]. Tladi and colleagues described 
two cases of patients with schwannoma and neu-
rofibroma who had a clinical presentation sug-
gestive of tarsal tunnel syndrome [5]. 
Radiological examination was fundamental for 
the diagnosis, but the neurophysiological study 
showed atypical alterations in relation to the 
compressive syndrome, and thus the diagnosis of 
the tumors was made.

In this chapter, we will review the neurophysi-
ological study and its implications for the treat-
ment of peripheral nerve tumors and adjacent 
tumors with peripheral nerve involvement.

5.2  Principles of Peripheral 
Neurophysiological 
Examination

Perioperative evaluation of patients with periph-
eral nerve tumor consists of the study of sensory 
conduction, evaluation of motor conduction, and 
electromyography. In sensory conduction stud-
ies, the sensory nerve (SNAP) and compound 
motor action potentials (CMAP) are evaluated. 
Potential latencies, amplitudes, and duration are 
evaluated. Electromyography analyzes the poten-
tials of motor units (MUPs) that are captured dur-
ing voluntary muscle contraction.

In the perioperative evaluation, we can observe 
the following situations when facing a tumor 
lesion:

 (a) Absence of electrophysiological abnormality 
in the presence of a tumor (case 2 below).

 (b) Focal change in conduction velocity: Tumors 
in their early stage may affect only the myelin 
sheath due to local compression, thus trans-

lating an important element in cases with 
early diagnosis.

 (c) Focal conduction block: This occurs due to 
increased demyelination area caused by tumor 
growth. Block is characterized by the dra-
matic loss of amplitude of the compound 
motor action potential (CMAP) or compound 
nerve action potential (CNAP) by the tumor 
area. Demyelinating changes can be more eas-
ily identified in the distal portions of the 
nerves. In case 2, with a proximal sciatic nerve 
tumor, it was not possible to identify the focal 
nerve lesion in the vicinity of the tumor due to 
the difficulty in performing proximal and dis-
tal nerve conduction analysis of the lesion 
(Sensory? and Motor? Table—case 2).

 (d) Amplitude reduction: Axonal degeneration is 
a natural consequence of chronic focal com-
pression. (See example case 1—study of sen-
sory and motor table.) Thus, in the early 
stages of the lesions, we have the SNAP 
amplitude reduction (Fig. 5.1 case). It is esti-
mated that in order to reduce SNAP ampli-
tude, a loss of at least one third of the myelin 
fibers should occur. Thus, the reduction of 
SNAP is the characteristic finding of periph-
eral nerve injuries. The reduction in the 

Fig. 5.1 Clinical examination at admission. The child 
complained of pain and worsening gait performance. It is 
observed that there was significant atrophy of the anterior 
tibial muscle (arrow)
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amplitude of the CMAP can already be 
observed when there is a large axonal loss 
due to the muscle fiber reinnervation process, 
through the budding of unaffected motor 
units, observed during electromyography, 
due to the increase of MUAP (Fig. 5.3—case 
1: peroneus longus muscle).

 (e) Absence of CMAP and SNAP: It occurs 
when there has been a complete Wallerian 
degeneration of all fibers in the tumor- 
affected nerve (Fig.  5.1—case 1), an 
advanced lesion, with little chance of rein-
nervation. In this situation, we observed in 
the electromyography the presence of spon-
taneous muscle activity, characterized by the 
presence of fibrillations and positive sharp 
waves (Fig.  5.1—case 1). In complete 
lesions, it is not possible to study the distal 
nerve conduction to the lesion.

5.3  Specific Tumors 
and Neurophysiology

Peripheral nerve tumors are divided into malig-
nant and benign. Malignant lesions derive in 50% 
of patients with neurofibromatosis, which may 
lead to nonspecific changes in neurophysiologi-
cal response due to various lesions present, 
including within the spinal canal. In these cases, 
the neurophysiological study ends up being non-
specific and not useful for patient follow-up.

Benign tumors are much more frequent, and 
among them are schwannomas and neurofibro-
mas. Despite this higher frequency, neurophysio-
logical changes are not often described in these 
tumors; case reports or series are rare. The neuro-
physiological study ends up being little used, and 
when it is effective, it is because in the initial 
evaluation of the case, the diagnosis of the tumor 
had not yet been established. One exception is 
perineurioma. It is a rare tumor of the peripheral 
nervous system composed of layers of perineurial 
cells that surround the axons and Schwann cells 
and may have intraneural and extraneural changes 
[6]. Neurophysiological tests show alterations in 

sensory conduction and less frequently alterations 
in motor conduction [6]. These studies are impor-
tant to differentiate from other nerve changes 
mainly because in the initial cases, perineurioma 
may be confused with other neuropathies. In these 
patients with perineurioma, sensory conduction 
velocity tends to have a greater drop, motor con-
duction velocity is less affected in the initial cases, 
and there is no repercussion on needle electromy-
ography. The association with the radiological 
study is important for the diagnosis and localiza-
tion of the tumor, remembering that sometimes 
the perineurioma can be extensive.

Another interesting situation occurs in neurofi-
bromatosis. It is an autosomal dominant disease 
with tumor formation throughout the body [7]. 
There is diffuse pain in these patients, and the cause 
is not always due to the presence of tumors. 
Specifically, in type 2 neurofibromatosis (NF2), 
there may be a neuropathy that causes pain and 
neurological deficit and is unrelated to tumors. It is 
important in the face of a diagnosis of pain and sen-
sory changes in NF2 to think about the possibility 
of this neuropathy. In NF1, this situation is rarer, 
but it can occur as well [8]. Especially in these 
cases, the neurophysiological study may be useful 
to differentiate tumor-related symptoms from NF 
neuropathy. Electroneuromyography should be 
performed on the other limbs not affected by symp-
toms to diagnose neuropathy [8, 9].

5.4  Case 1: Nerve Tumor—
Primary Synovial Cell 
Sarcoma

Female patient, 12  years and 6  months, com-
plaining of shock pain in the knee and radiation 
to the toes. She had progressive loss of right leg 
muscle strength for 1.5 years. On physical exami-
nation, she had decreased sensitivity in the space 
between the first and second toes. Tinel sign was 
positive in the popliteal fossa and fibular head 
region. There was also evidence of anterior tibi-
alis muscle atrophy (Fig.  5.1) and zero-degree 
muscle strength for dorsiflexion of the foot.

5 Preoperative Neurophysiological Evaluation
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The complementary exams performed were the 
neurophysiological evaluation and the imaging 
study. Magnetic resonance imaging at 1.5  Tesla 
demonstrated the presence of a spindle- like expan-
sive lesion, measuring the largest cranio- caudal 
diameter 50 mm and the largest transverse diame-
ter 25 mm. The lesion originated from the com-

mon fibular (peroneal) nerve from its emergence 
(Fig.  5.2). Electromyography showed signs of 
right anterior tibialis muscle denervation and pero-
neus longus muscle reinnervation (Fig.  5.3). 
Recruitment failure of motor unit action potentials 
(MUAP) in the anterior tibialis muscle (Table 5.1). 
The patient was referred to surgery.

a c db

Fig. 5.2 (a) MR image demonstrating in the coronal 
plane the presence of an expansive lesion with contrast 
uptake in the fibular nerve territory. (b) Sagittal image 

showing the same lesion and its posterior positioning. (c 
and d) In the axial section, we see the tumor posterior 
from de knee

a b

Fig. 5.3 Electromyography. (a) EMG showing signs of right anterior tibialis muscle denervation and peroneus longus 
muscle reinnervation. (b) Lack of recruitment of MUAP in the anterior tibial muscle
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5.4.1  Electrophysiological 
Evaluation

Motor nerve conduction studies (MNCS): 
Unexcitable right deep fibular (peroneal) nerve

Sensory nerve conduction studies (SNCS)
Peroneus profundus nerve Unexcitable.
Peroneus superficialis nerve with low amplitude 

of SNAP (Table 5.2).

5.5  Case 2: Desmoid Tumor

A 14-year-old female patient complained of 
numbness in the left lower limb for 1 year with-
out limitation of physical activities. Pain was not 
so frequent. Clinical examination showed 
decreased sensitivity in the common fibular 
(peroneal) nerve territory. There was no atrophy, 
and muscle strength and gait were normal.

Table 5.1 MNCS

Nerve
Lat Amp CV F-M lat
ms Ref. Dev mV Ref. Dev m/s Ref. Dev ms Ref. Dev

Peroneus motor left
Ankle—EDB 3.00 −2.1 3.0 −1.25 38.0

Below knee—Ankle 10.4 3.3 45.9
Fibular head—Below knee 11.6 3.7 50.0
Peroneus motor right
Ankle—EDB – – – –
Fibular head—Tibial anterior – – –
Tibialis motor left
Ankle—Abd hal 3.63 12.0 34.5
Tibialis motor right
Ankle—Abd hal 3.00 10.5 35.5

Table 5.2 Sensory nerve conduction study (SNCS)

Nerve
Lat Amp CV
ms Ref. Dev uV Ref. Dev m/s Ref. Dev

Peroneus profundus sensory left
Stim 1—Rec 1 1.79 8.3 55.9
Peroneus profundus sensory right
Stim 1—Rec 1 – –
Peroneus superfic sensory left
Calf—Med., dor., cutan. 1.20 23.7 83.3
Peroneus superfic sensory right
Calf—Med., dor., cutan. 1.49 11.4 73.8
Saphenous sensory left
Tibia—Malleolus medial 1.85 6.2 54.1
Saphenous sensory right
Tibia—Malleolus medial 1.56 8.9 70.5
Sural sensory left
Leg—Lat. Malleolus 2.35 13.6 46.8
Sural sensory right
Leg—Lat. Malleolus 1.58 20.3 67.7
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Imaging was performed with 3  Tesla mag-
netic resonance imaging. The study demon-
strated a heterogeneous expansive lesion in the 
deep soft tissues of the gluteus and posterior 
region of the left proximal thigh, inseparable 
from and displacing the left sciatic nerve after 
the emergence of this nerve through the sciatic 
foramen. The lesion was located between the 
quadratus femoral muscle and gluteus maximus 

muscle and in apparent contact in the proximal 
portion with the piriformis muscle fibers, where 
the limits are less defined. The tumor measures 
about 14.0 × 5.6 × 4.4 cm (in longitudinal, trans-
verse, and anteroposterior diameters). After 
administration of intravenous contrast, intense 
and irregular heterogeneous enhancement is 
observed (Fig.  5.4). The EMG was performed 
and showed:

a b

c d

Fig. 5.4 (a) Coronal aspect of MRI in T2 sequence. The 
lesion has heterogeneous signal and was predominantly 
hyperintense at T2, with areas of marked hyposignal 
mainly in the proximal and peripheral portion. (b) Axial 

image showing the lesion close to sciatic nerve. (c) After 
contrast administration, intense lesion enhancement is 
observed. (d) Axial image showing the proximity of sci-
atic nerve (arrow) to tumor

R. de Amoreira Gepp and Ê. Comerlato



55

Anterior tibialis muscle EMG and gastrocne-
mius EMG with:

• Physiological insertion activity.
• Electric silence at rest.
• Voluntary contraction and motor unit poten-

tials with normal morphology and recruitment 
in the sampled muscles.

The EMG was very important to demonstrate 
that despite the tumor location close to the nerve, 
there was no impairment of sciatic nerve neuro-

logical function. This fact influenced the opera-
tive strategy. The tumor was operated and surgical 
resection was performed. The diagnosis was a 
desmoid tumor. Postoperatively, the patient 
maintained normal neurological function.

5.5.1  Electrophysiological Study

Sensory Conduction Study
Saphenous nerves, suralis nerves, and deep and 

superficial fibular (peroneal) nerves were normal.

Sensory nerve conduction studies

SNCS
Nerve Lat Amp CV

Ms Ref. dev uV Ref. dev m/s Ref. dev
Peroneus profundus sensory left
Stim 1—Rec 1 2.13 6.7 65.7
Peroneus profundus sensory right
Stim 1—Rec 1 2.13 5.5 65.7
Peroneus superfic sensory left
Calf—Med., dor., cutan. 1.44 13.1 69.4
Peroneus superfic sensory right
Calf—Med., dor., cutan. 1.54 16.0 61.7
Saphenous sensory left
Tibia—Med. Malleolus 1.96 4.9 56.1
Saphenous sensory right
Tibia—Med. Malleolus 1.74 7.4 63.2
Suralis sensory left
Mid. Lower leg—Lat. Malleolus 1.88 42.2 58.5
Suralis sensory right
Mid. Lower leg—Lat. Malleolus 1.44 47.8 62.5

Motor Nerve Conduction Studies
Tibial and peroneal nerves were normal.
Motor nerve conduction studies

MNCS
Nerve Lat Amp CV F-M Lat

Ms Ref. dev mV Ref. dev m/s Ref. dev Ms Ref. dev
Peroneus motor left
Ankle—EDB 3.02 −2.1 2.8 −1.33 38.1

Bl. Knee–ankle 8.60 2.7 57.3
Peroneus motor right
Ankle—EDB 2.35 −3.0 5.3 −0.32 38.1

Bl. Knee–ankle 8.42 4.7 54.4
Tibialis motor left
Ankle—Abd hal 3.64 18.7 35.5
Tibialis motor right
Ankle—Abd hal 3.50 23.3 35.0
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5.6  Case 3

A 15-year-old girl complained of decreased sen-
sation and loss of strength in the left hand. There 
was minor numbness in the left hand. Pain was 
infrequent. She reported that some activities, 
such as playing guitar and piano, could not be 
performed. The fifth and fourth fingers were 
weaker too. There was no Tinel sign at the wrist.

Physical Examination.
No deformity in the left hand. Severe atrophy 

of the first interdigital space and interosseous 
muscles of the left hand.

Muscle Strength: Palmar interosseous grade 3 
and only the last interosseous had grade 1. 
Handgrip strength was assessed with a dyna-
mometer, and left hand weakness was identified. 
Graduated at 123 kilogram force (Kgf) and 22.3 
(Kgf) in the right hand.

The EMG was performed, and the result 
showed impairment of ulnar nerve function, 
but was unable to show the specific etiology. 
The MRI was performed and showed a peri-
neurioma below the elbow (Fig. 5.5). The EMG 
was important to show us the severity of the 
lesion and the necessity to investigate further 
with MRI.

5.7  Conclusion

Preoperative neurophysiological study has limited 
utility for the specific diagnosis of peripheral nerve 
tumor. References are few in the databases and 
reported experiences only in a few isolated cases. 
The neurophysiological test may be useful in the 
prior indication of an imaging examination, may 
assist in the relative measurement of nerve damage 
by the tumor, may assist in differential diagnosis, 
and may determine peripheral nerve involvement 
in adjacent non-primary nerve tumors. The pres-
ence of abnormalities in EMGs should also raise a 
red flag for the possibility of MPNST.
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6.1  Introduction

At present, the diagnostic work-up of PNT and 
tumor-like lesions remains challenging [1–3]: 
Magnetic resonance imaging (MRI) is the most 
frequently applied imaging modality, and mag-
netic resonance neurography (MRN) is consid-
ered as a “gold standard” for PNT [4]. But 
significant restrictions remain, e.g., secure tissue 
differentiation between PNT and inflammatory 
nerve pathologies and even more significant 
between benign and malignant entities is still not 
possible [2, 5]. Therefore, complementary diag-
nostic imaging modalities including ultrasound 
[6] and 18F-FDG PET or PET/MRI [7] are valu-
able adjuncts in the diagnostic process of patients 
with PNT.

Ultrasound is distinguished by its high avail-
ability and flexibility in the preoperative work-up 
and its unique attainability inside the OR, e.g., 
for approach planning. The ongoing development 
of transducer technology and digital image pro-
cessing allows for a constantly improving tissue 
differentiation and offers higher image definition. 
Primary high-frequency linear array transducers 

of 15–20  MHz are used for peripheral nerve 
ultrasound. Due to the limited tissue penetration 
of high-frequency ultrasound, particularly super-
ficially located soft tissue tumors of the extremi-
ties and neck are suitable for ultrasound 
examination. In some instances, intraoperative 
use after nerve dissection with direct application 
of the transducer to the affected nerve segment 
may be helpful [8]. Ultrasound classifications for 
PNT based on morphological B-scan sonography 
and contrast-enhanced ultrasound (CEUS) exist 
[6] (Table 6.1).

6.2  Frequent Benign PNT 
(Schwannoma 
and Neurofibroma)

Schwannomas are benign peripheral nerve 
tumors arising from one fascicle, displacing the 
remaining fascicles. In HRNS, schwannomas 
appear hypoechoic, spindle-shaped in length, and 
homogeneous. Tumor margins are well defined 
[9]. The mass itself reveals no visible fascicular 
structure and lies usually eccentrically displacing 
the rest of the non-affected nerve fascicles. 
Especially in ancient schwannomas, cystic 
hypoechoic formations or calcifications can 
occur (Fig. 6.1) [10]. As a rule, vascularization is 
moderate in CCDS and SMI, and CEUS shows 
no enhancement uptake during the different 
dynamic phases (Fig. 6.2a, b) [11].
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Table 6.1 Overview of HRNS characteristics of PNT

Tumor Echotexture Architecture of PNT Vascularization
Schwannoma Hypoechoic Tumor mass reveals no fascicular structure None or low
Neurofibroma Hypo- to isoechoic, “target sign” Tumor mass reveals no fascicular structure None or low
Plexiform 
neurofibroma

Hypo- to isoechoic Tumor masses merging into each other and 
revealing no fascicular structure

Low or 
moderate

Perineurioma Hypoechoic enlarged fascicles Fascicular structure preserved in tumor None or low
MPNST Heterogeneous irregular, cystic, 

satellite formation
Tumor mass reveals no fascicular structure Moderate or 

high
Lymphoma Hypo- to hyperechoic giant 

fascicles
Fascicular structure preserved in tumor Low or 

moderate

Fig. 6.1 Longitudinal HRNS scan of a schwannoma of 
the right median nerve. The hypoechoic tumor mass dis-
places non-affected fascicles aside (white arrow)

a b

Fig. 6.2 (a, b) Two schwannomas arising out of the cuta-
neous femoris posterior nerve of the right thigh; on the left 
side, (a) SMI shows a moderate vascularization of the 

upper tumor, and on the right side, (b) CEUS reveals no 
perfusion pattern during the different dynamic phases
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Neurofibromas as well belong to the group of 
benign peripheral nerve tumors but arise out of 
two or more fascicles. Compared to  schwannomas, 
they can reveal a rather heterogeneous echotex-
ture (target sign) with a hypoechoic outer and 
hyperechoic central zone in HRNS.  The target 
sign was first described as a distinctive feature of 
neurofibromas in MRI with a hyperintense periph-
eral and hypointense core zone in T2-weighted 
images [12, 13]. Suh et al. described its imaging-
histologic correlation with a dense fibro-collage-
nous core and abundant myxoid material with 
high fluid content in the outer tumor zone [12]. 
Comparable to schwannomas, vascularization of 
neurofibromas is normally low [14]. The tumor 
mass usually lies centrically enclosing all fasci-
cles. Nonetheless, a secure ultrasound differentia-
tion between both entities is often challenging.

Plexiform neurofibromas on the other hand 
consist of multiple tumor formations. Their 
echotexture is hypo- to isoechoic, and their vas-
cularization is moderate (Fig. 6.3). The multiple 
round tumor masses are oval and merge into each 
other. They occur in patients with neurofibroma-
tosis type 1 (NF1) [15], and by the time a malig-
nant transformation is highly probable, this entity 

should be regularly controlled via ultrasound or 
other imaging modalities, such as MRN and 18F- 
FDG PET.

6.3  Rare Benign PNT 
(Perineurioma)

Intraneural perineuriomas are slow-growing 
benign neoplasms of peripheral nerves leading to 
painless motor deficits. These formations can 
spread along the affected nerve and reveal a lon-
gitudinal hypoechoic fascicular enlargement 
(Fig.  6.4a) [6]. Fascicular architecture is pre-
served and definable but abnormally thickened 
[16]. Vascularization is absent or low. As a dif-
ferential diagnosis with similar ultrasound char-
acteristics, amyloidoma or demyelinating 
diseases, like Lewis-Sumner syndrome (LSS) 
(Fig.  6.4b), have to be considered [6, 17]. 
Especially in LSS, the clinical presentation of 
multifocal appearance and mixed motor and sen-
sory symptoms may help for accurate diagnosis.

6.4  Malignant PNT (MPNST 
and Lymphoma)

In general, MPNST are rare malignant nerve 
tumors with a prevalence of 0.001%. In NF1 
patients, MPNST have a significantly higher 
occurrence (up to 0.1%). Lifetime risk of NF1 
patients to develop a malignant tumor is esti-
mated to be as high as 8–13% [18]. MPNST usu-
ally arise out of plexiform neurofibromas. They 
can grow rapidly and may lead to immense neu-
rological deterioration and severe pain. In HRNS, 
the tumor mass is inhomogeneous hypo- to 
isoechoic. Cystic components can occur. Round 
hypoechoic satellites can be detected lying on the 
main tumor mass, and its margins are usually 
unclear (Fig.  6.5). Vascularization is usually 
higher compared to benign PNT, and CEUS can 
reveal a rapid time to peak perfusion pattern [6].

Fig. 6.3 Longitudinal HRNS scan of the right tibial 
nerve showing a plexiform neurofibroma. The tumor is 
hypoechoic and reveals minor vascularization in CCDS
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Lymphomas of peripheral nerves are 
extremely rare. In our small sample group of 
only two patients, HRNS depicted extremely 
thickened and hypo- to hyperechoic fascicles, 
but their fascicular structure was preserved. Not 
all fascicles had the same size; some neighbor-
ing fascicles had a normal cross-sectional area 
(Fig. 6.6) [6]

6.5  Ultrasound-Guided Tumor 
Biopsy

According to the fourth edition of the 2013 WHO 
Classification of Tumors of Soft Tissue and Bone 
[23], PNT were reallocated to that group. The 
European Society for Medical Oncology (ESMO) 
guidelines recommend histological diagnosis 

Fig. 6.5 Axial HRNS scan of the left sciatic nerve of a 
NF1 patient. The tumor mass is inhomogeneous cystic 
and necrotic. Fascicles are not definable. Tumor margins 
are irregular. Typical image of a MPNST

Fig. 6.6 Axial HRNS scan of the left tibial nerve show-
ing large hypoechoic fascicles (white arrow) lying next to 
smaller fascicle groups (red arrow). Biopsy revealed 
B-cell lymphoma

a b

Fig. 6.4 (a, b) On the left side, intraoperative axial 
HRNS scan of the left sciatic nerve in a child showing 
thickened swollen hypoechoic fascicles (a). 
Histopathological examination resulted in perineurioma. 
On the right side, intraoperative axial HRNS scan of the 

left sciatic nerve depicting small hypoechoic fascicles 
(white arrow) next to thickened large hypoechoic fascicles 
(white crosses) (b). Nerve biopsy resulted in Lewis- 
Sumner syndrome
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from biopsy specimen (preferably core needle, 
excisional, and open biopsies are considered as 
an option in selected cases) as a standard approach 
[19] in suspected soft tissue sarcomas. Biopsy 
should be considered especially in the presence 
of certain “red flag criteria” for malignancy, such 
as pain, size (over 5  cm in diameter), rapid 
growth, or deep location. But there are certain 
risk factors for diagnostic failure [20]. The diag-
nostic work-up or treatment of benign PNT is 
responsible for up to 10% of iatrogenic nerve 
injuries in larger series [21, 22]. Therefore, 
according to our opinion, in suspected benign 
PNT, image-guided core needle biopsies should 
not be performed. In the rare cases of suspected 
malignancy, e.g., patients with raised red flags or 
NF1 patients, ultrasound-guided biopsy under 
nerve stimulation for preservation of motor func-
tion should be preferred. In case of deep lesions, 
which are not visualized by ultrasound, CT- or 
MRI-guided biopsy or even incisional biopsy can 
be performed. According to our experience, diag-
nostic accuracy of incisional biopsies can be even 
further enhanced with use of fluorescence-based 
microscopic visualization [24].
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Magnetic Resonance Neurography
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Key Points

Schwannomas and neurofibromas share common 
MRN imaging findings.

Differentiating benign from malignant neoplasms 
of peripheral nerves is problematic; usually, 
they cannot be distinguished with confidence.

Several non-neoplastic nerve lesions can be spe-
cifically diagnosed by MR imaging.

7.1  Introduction

The classification and nomenclature of peripheral 
nerve tumors have been difficult and confusing; 
however, advances in MRN imaging have 
improved the diagnostic work-up, expanding dif-
ferential diagnostic possibilities and determining 
whether lesions are intra- or extra-neural. These 
advances have implications for safe and complete 

resection of common and uncommon neurogenic 
and non-neurogenic tumors and for targeted fas-
cicular biopsy.

The clinical appearance of a neurogenic tumor 
is usually that of a soft tissue mass or nerve 
enlargement that might be associated with symp-
toms related to the nerve involved. Peripheral 
nerve enlargement is a distinctive radiological fea-
ture and has multiple differential diagnoses, 
including peripheral nerve sheath tumors, post-
traumatic neuroma, and inflammatory neuropathy, 
among many other pseudotumoral conditions.

MRN imaging evaluates nerve anatomy, sig-
nal intensity, internal pattern, and course, as well 
as the surrounding tissues and innervated mus-
cles. Normal peripheral nerves appear isointense 
to the muscle on T1-weighted (T1-w) images and 
iso- to slightly hyperintense on T2-weighted (T2- 
w) images—depending on the amount of endo-
neurial fluid. They also have a fascicular pattern 
and fail to enhance after gadolinium administra-
tion, due to the nerve-blood barrier (Fig. 7.1). On 
DTI, normal nerves show fractional anisotropy 
(FA) values of >0.4–0.5 [1].

MRN examination protocols should always 
include gadolinium administration, since patterns 
of contrast enhancement can distinguish different 
types of pathology with similar non-contrast 
appearances.
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7.2  Intraneural Benign Tumors 
of Neural Sheath Origin

The most common benign peripheral nerve 
tumors are schwannomas and neurofibromas. It is 
usually difficult, if not impossible, to reliably dif-
ferentiate these two lesions on the basis of MRN 
imaging features, despite their different patho-
logical characteristics. The typical MRN imaging 
appearance (Fig.  7.2) of a benign peripheral 
nerve sheath tumor is of a well-defined oval 
lesion, usually in continuity with the origin nerve, 
that is less than 5 cm in diameter, and is isoin-
tense to the muscle on T1-w, is hyperintense on 
T2-w, and has prominent enhancement after con-
trast administration. Often, there is an area of low 
signal on T2-w imaging, which usually does not 
show enhancement, representing the classic “tar-
get sign” of a benign neurogenic tumor, due to 

peripheral myxoid material and central fibrous 
tissue. On diffusion tensor imaging (DTI), these 
lesions are associated with high apparent 
 diffusion coefficient (ADC) values (>1.1–1.2 
10−3 mm/s2) [2, 3]. Also, diffusion tensor tractog-
raphy (DTT) can be used to visualize the 3D 
course of nerve fibers and bundles, which are dis-
placed in the presence of a schwannoma and 
infiltrated in a neurofibroma (Figs. 7.3 and 7.4). 
DTT is also able to determine a “safe zone,” in 
which dissection can be performed, avoiding 
damage to normal fascicles. Masses displaying 
classic imaging features need not be biopsied, 
unless unusual clinical features appear. 
Malignancy must be suspected in patients who 
have tumors that rapidly increase in size, become 
progressively painful, or produce a new neuro-
logic deficit, especially in those patients who 
have neurofibromatosis.

a b

Fig. 7.1 Normal anatomy of the tibial nerve at the level 
of the ankle. On axial T1-weighted imaging (a), it is isoin-
tense to the muscle (flexor hallucis longus, asterisk); on 

STIR (short tau inversion recovery) (b), it exhibits mildly 
high signal intensity (arrows) and a fascicular appearance
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Fig. 7.2 Ulnar nerve benign peripheral nerve sheath 
tumor. Sagittal T2-weighted imaging (a) shows an oval- 
shaped, well-defined tumor in continuity with the nerve, 

hyperintense on (b – coronal) STIR (c – axial) and isoin-
tense to the muscle (white asterisk) on T1-w (d). Note the 
typical “target sign” (arrow point) on the axial STIR (c)

a b

c d
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7.3  Intraneural Perineurioma

Intraneural perineurioma is a benign peripheral 
nerve neoplasm that typically affects teenagers 
and young adults, with an equal predilection for 

males and females and upper and lower extremi-
ties; it also tends to result in a motor-predominant 
neuropathy. This tumor is composed of perineu-
rial cells arranged in concentric layers, thereby 
forming “pseudo-onion bulbs” surrounding 
axons and their Schwann cells, and is immuno-

a b

c

d

Fig. 7.3 Schwannoma. (a) Coronal T2-w imaging shows 
a well-defined, oval tumor centrally arising from the tibial 
nerve (arrows), heterogeneously hyperintense (asterisk) 

on axial PD SPIR (b). DTT, overlaid on an MR image (c), 
demonstrates displacement of the normal nerve fascicles. 
(d) Operative appearance
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histochemically EMA (epithelial membrane anti-
gen) positive and S-100 negative (Schwann cell 
marker). This tumor has likely been underdiag-
nosed, due to a lack of familiarity among both 
clinicians and radiologists.

MRN most often shows (Fig. 7.5) nerve enlarge-
ment, generally of considerable length—with pres-
ervation of the normal fascicular neural structure 

(honeycomb appearance). These lesions also are 
isointense on T1-w images, are hyperintense on 
T2-w images, and exhibit homogeneous, moderate 
to marked contrast enhancement after intravenous 
gadolinium injection. Denervation changes in the 
affected nerve territory are another common find-
ing on MRI. Clinico-radiological diagnosis may be 
sufficient to obviate a tissue diagnosis [4, 5].

a b

c

Fig. 7.4 Neurofibroma. Axial PD SPIR (a) and PD (b) show eccentric enlargement of the median nerve at the elbow, 
with heterogeneous signal intensity. (c) DTT-MR imaging reveals the absence of nerve tract displacement
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a

b c

d

Fig. 7.5 Perineurioma. (a) Axial T2-w image shows 
mark enlargement of the left femoral nerve in the pelvis. 
(b) Axial PD SPAIR demonstrates increased signal inten-
sity (arrows). (c) Sagittal T1 SPIR after contrast adminis-

tration shows prominent enhancement (arrows). (d) Axial 
STIR demonstrates muscle atrophy related to subacute 
denervation of the anterior compartment of the thigh
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The differential diagnosis of an intraneural 
perineurioma is broad and includes other benign 
nerve tumors, such as neurofibroma, schwan-
noma, and inherited hypertrophic neuropathy 
(Charcot-Marie-Tooth and Dejerine-Sottas), as 
well as acquired processes like focal inflamma-
tory demyelination (Fig. 7.6), traumatic neuroma, 
sarcoidosis, leukemia, and lymphoma.

7.4  Malignant Peripheral Nerve 
Sheath Tumors (MPNSTs)

MPNSTs are soft tissue neoplasms that usually 
arise from peripheral nerves and show variable dif-
ferentiation toward one of the cellular components 
of the nerve sheath (Schwann cells, fibroblasts, 
and perineurial cells). They can occur sporadically 

a b

c d

Fig. 7.6 Atypical chronic inflammatory demyelinating 
polyradiculoneuropathy (CIDP) variant. Axial PD (a) and 
PD SPIR (b) show femoral nerve fascicular enlargement 
and increased signal intensity (arrows), with fascicular 

enhancement (arrow) after gadolinium injection (axial T1 
SPIR, figure c). (d) Coronal T2-weighted imaging demon-
strates muscle denervation changes of the anterior com-
partment of the left thigh
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or in patients with neurofibromatosis type 1 (NF1); 
and they arise either de novo (Fig. 7.7) or from a 
preexisting neurofibroma or, rarely, schwannoma. 
They form a heterogeneous group of neoplasms 
with a range of morphological characteristics and 
are often aggressive, with a tendency to recur 
(recurrence rate up to 40%) and metastasize, not 
only to distant organs but also with perineural 
spread along the affected nerve [6].

Unfortunately, MRN differentiation of benign 
versus malignant peripheral nerve sheath tumors 
remains challenging. It has been suggested that a 

combination of two or more MRI features—
which include ill-defined or invasive margins, 
peri-tumoral edema, largest diameter greater than 
5 cm, and heterogeneous signal intensity on T1- 
and T2-weighted images—can serve as indica-
tors of malignancy [7]. Low diffusivity values 
(ADC  <  1.0–1.2  10−3) indicate malignancy on 
DTI and, on DTT, partial or complete disruption 
of tracts [2, 3]. Nonetheless, malignancy must be 
suspected in patients who have tumors that rap-
idly increase in size, become progressively pain-
ful, or produce a new neurologic deficit.

a b

c d

Fig. 7.7 Malignant peripheral nerve sheath tumor 
(MPNST). Coronal (a) and axial (c) STIR show a hetero-
geneous multilobular mass related to the brachial plexus, 
isointense on T1-w (b—sagittal) with heterogeneous gad-

olinium enhancement (d—axial T1 SPIR) due to necrosis 
(dotted arrow). Courtesy of Sonia Alvarez, MD, Hospital 
Italiano de Buenos Aires
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7.5  Intraneural Benign Tumors 
of Non-Neural Sheath Origin

7.5.1  Intraneural Ganglion Cyst

Intraneural ganglion cysts are relatively rare cysts 
located within the epineurium of peripheral nerves. 
They most commonly involve the articular branch 
of the peroneal nerve at the superior tibiofibular 
joint but can be seen at any joint (Fig. 7.8). Despite 
a long and controversial history regarding their 
formation, evidence has substantiated an articular 
(synovial) origin. On MRN imaging, a nerve 
sheath ganglion appears as a cyst: hyperintense on 
T2-w and hypointense on T1-w imaging, unilocu-
lar or (most of the time) multilocular, arising from 
defects in the joint capsule related to the articular 
branch, and extending via an intraepineurial dis-
section following the path of least resistance [4]. 

The fluid dynamics that underlie the formation of 
the cyst have implications for imaging, since an 
“isolated” remnant cyst, located away from the 
articular branch, has been described [8]

.Most of the time, intravenous contrast injec-
tion is not required to establish a diagnosis; but 
when performed, enhancement may be seen 
about the cyst wall and within thin septation, if 
present.

7.5.2  Neural Lipomatosis

Adipose lesions involving peripheral nerves rep-
resent a constellation of pathologies that, 
although uncommon, are becoming increasingly 
recognized as a direct result of the use of high- 
resolution imaging in patients with neuropathy. 
Currently, classification and nomenclature for 

a b

c

Fig. 7.8 Intraneural ganglion cyst. (a) Coronal reformat-
ted STIR image shows the full extent of the cyst from its 
joint origin extending proximally from the hip joint to the 
intrapelvic sciatic nerve and lumbosacral plexus (arrows). 

(b) Axial T2-w shows cystic extension into the articular 
branch. (c) Axial T2-w shows intrapelvic extension 
(asterisk)
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these types of lesion are incomplete and confus-
ing. Adipose cells are a normal constituent of 
peripheral nerves, wherein they reside in the epi-
neurium between fascicles, and could give rise to 
both lipomatosis and intraneural lipomas.

This discussion will be limited to intraneural 
lipomas without mesenchymal (soft tissue/osse-
ous) overgrowth.

Intraneural lipomas are adipose lesions within 
the epineurium that might be encapsulated or 
may grow and interdigitate between individual 
fascicles, causing neuropathy secondary to a 
mass effect. The former can be resected safely 
and easily using modern microsurgical tech-
niques with good results; the latter are not easily 
resected and/or separated from the nerve fasci-
cles; as such, the relative pros and cons of surgi-
cal treatment should be considered, prior to 
undertaking surgery. These lesions typically 

involve the median nerve within the carpal tun-
nel, although involvement of the ulnar, radial, 
posterior interosseous, common peroneal, super-
ficial peroneal, brachial plexus, sciatic, and tibial 
nerves has been reported. [7] MRN imaging is 
virtually pathognomonic (Fig.  7.9), since an 
intraneural lipoma shows the same signal inten-
sity as fat, hyperintense on T1- and T2-weighted 
imaging, with uniform fat suppression on fat- 
suppressed sequences. Classic findings make 
routine biopsy of these lesions unnecessary.

7.5.3  Posttraumatic Neuroma

The term traumatic neuroma summarizes differ-
ent forms of non-neoplastic peripheral nerve 
lesion. Spindle neuromas occur as sequels of a 
fibroinflammatory response to chronic friction or 

a

b c d

Fig. 7.9 Intraneural lipoma. (a) Axial T1-w image shows 
marked enlargement of the left sciatic nerve at the level of 
the ischial tuberosity. (b) Axial PD demonstrates the pres-
ence of fat content tissue within the epineurium. (c) Axial 

PD SPIR shows complete suppression of the tumor 
(arrow), confirming its adipose nature. (d) Operative view 
(arrow)
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irritation of a non-disrupted nerve trunk 
(Fig. 7.10), while neuroma-in-continuity and ter-
minal neuromas are the result of severe trauma 
with either partial disruption (Fig. 7.11) or total 
transection (Fig. 7.12) of a nerve, in which disor-
ganized proliferation of nerve tissue represents 

an abortive attempt of the proximal nerve ending 
to re-establish continuity [9]. The disorganization 
of the neurogenic tissue seen in posttraumatic 
neuroma might be the key finding to rule out 
other pathologies [2]. Traumatic neuromas pres-
ent loss of normal fascicular architecture; and 

a b

c

Fig. 7.10 Spindle cell neuroma. (a) Coronal T2-w shows 
an elongated C7 transverse process (asterisk) and C8 nerve 
root enlargement (arrow). (b) Sagittal STIR demonstrates 

increased signal intensity of the C8 nerve root (arrow). (c) 
Sagittal T2-w demonstrates a thin fibrous band (arrow) 
causing compression of the C8 nerve root (dotted arrow)
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most are homogenously isointense on T1-w 
images and heterogeneously hyperintense on 
fluid-sensitive sequences with variable contrast 
enhancement.

7.5.4  Morton’s Neuroma

Morton’s neuromas are the result of perineural 
fibrosis and degeneration of the plantar digital 
nerve at the level of the metatarsal head, with the 
second or third intermetatarsal spaces as the most 
common locations. Morton’s neuromas are cen-
trally located within the interspace, typically 
extending plantar to the level of the deep trans-

verse intermetatarsal ligament, and show inter-
mediate intensity on T1-w images and 
intermediate to low signal intensity on T2-w 
images, due to their high collagen content 
(Fig. 7.13) [2]. The intravenous administration of 
gadolinium contrast material has limited use, due 
to variable enhancement of the lesion. Fluid may 
be present in the intermetatarsal bursa secondary 
to associated inflammation [2, 9].

There are imaging mimickers, like intermeta-
tarsal bursitis and fibrotic changes related to 
metatarsophalangeal plantar plate injury (called a 
pseudo-Morton’s lesion) [10, 11]. The former is a 
fluid collection centered in the intermetatarsal 
space—above the level of the deep transverse 

a b

c

Fig. 7.11 Neuroma-in-continuity. (a) Sagittal T2-w 
shows enlargement of the ulnar nerve (arrows) in the dis-
tal arm, due to portal iatrogenic entrance (asterisk). Note 
the small ulnar nerve neuroma-in-continuity (dotted 

arrow). (b) Axial PD and (c) axial PD SPIR show fascicu-
lar enlargement consistent with a neuroma-in-continuity 
(arrows), which shows mild hyperintensity
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a b

c

Fig. 7.12 Terminal neuroma. (a) Sagittal T1 SPIR 
contrast- enhanced image shows bulbous enlargement of 
the distal ending of the sciatic nerve (arrows) in an ampu-
tated patient. (b) Axial STIR demonstrates loss of fascicu-

lar appearance and increased signal intensity (arrows). (c) 
Axial T1 SPIR contrast-enhanced image shows mild het-
erogeneous enhancement (arrows)

a b

Fig. 7.13 Morton’s neuroma. (a) Axial T1-w at the level 
of the metatarsal heads shows isointense fusiform enlarge-
ment of the plantar digital nerve (arrows) in the third 

intermetatarsal space. (b) Coronal T2-w demonstrates low 
signal intensity of the neuroma (asterisk), associated with 
intermetatarsal bursal fluid (arrow)
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ligament—which thus shows high signal inten-
sity on T2-w images; the latter is pericapsular 
fibrosis eccentrically located within the inter-
metatarsal space that broadly abuts the plantar 
lateral and lateral aspects of the metatarsophalan-
geal joint and exhibits intermediate signal on T1- 
and T2-weighted images (Fig.  7.14). A correct 
diagnosis has clinical consequences, as metatar-
salgia is commonly treated with a steroid injec-
tion that may result in soft tissue atrophy, 
precipitating a tear in the capsule and/or plantar 
plate and causing joint instability [10].

7.5.5  Hereditary Neuropathy

Charcot-Marie-Tooth (CMT) syndrome is a rare 
hereditary motor and sensory neuropathy pre-

sented in this chapter, given that its MRN 
appearance might suggest the presence of a 
peripheral nerve tumor. This, therefore, renders 
this lesion a differential diagnosis to consider. 
The classification remains confusing in many 
aspects, since it requires constant change due to 
the identification of new genetic forms. [12] 
Different genetic forms also have different 
imaging appearances: the demyelinated/dysmy-
elinated type (CMT1A) presents with symmetri-
cal and bilateral nerve enlargement (Fig. 7.15) 
with minimal gadolinium enhancement, whereas 
the axonal forms (CMT2) show normal size to 
minimal nerve enlargement, but abnormal 
hyperintensity on fluid-sensitive sequences [3, 
13]. The most “typical” phenotype is character-
ized by distal weakness, sensory loss, foot 
deformities (pes cavus and hammertoes), and 

a

b c

Fig. 7.14 Metatarsophalangeal (MTP) joint plantar plate 
rupture and pseudo-Morton’s lesion. Coronal T2-w (a) 
and T1-w (c) show obliteration of the second intermetatar-

sal space, due to eccentric reactive pericapsular soft tissue 
thickening (dotted circle and asterisk) related to MTP 
plantar plate rupture (arrow, b—sagittal PD)
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absent reflexes. The diffuse nature of the clini-
cal and imaging findings is distinctive and 
should help distinguish CMT from a peripheral 
nerve tumor.

7.5.6  Inflammatory Neuropathy

The spectrum of immune-mediated polyneuropa-
thies is wide, with various subtypes continuing to 
be identified. Chronic inflammatory demyelinat-
ing polyradiculoneuropathy (CIDP) is relevant as 
a differential diagnosis of a PN tumor.

CIDP is a rare and heterogeneous but treat-
able immune-mediated neuropathy; conse-
quently, avoiding diagnostic delay is important 
to prevent irreversible axonal loss, although 
misdiagnosis is common. The hallmark of typi-
cal CIDP is a chronic progressive, monophasic, 
or recurrent demyelinating polyradiculoneu-
ropathy with a progressive phase of weakness 
that exceeds 2 months, often with sensory dys-
function and absent or reduced tendon reflexes 
[14]. However, there are a variety of clinical 
phenotypes that can be a diagnostic challenge, 
for which MRN is particularly useful. The 

affected nerve is T1 isointense and T2 hyperin-
tense (Fig.  7.6), and variable fascicular dam-
age can be seen and, subsequently, variable 
degree of enhancement, though the absence of 
contrast enhancement has been reported more 
often. CIDP is a differential diagnosis for peri-
neurioma, posttraumatic neuroma, amyloido-
sis, CMT disease, Dejerine-Sottas disease, etc. 
Occasionally, targeted fascicular biopsy may 
be indicated and helpful in those patients who 
do not respond to first-line treatment.

7.5.7  Infectious Neuropathy

The peripheral nervous system can be affected by 
infection, but this is rare and does not usually 
produce mass-like enlargement of the affected 
nerve. Leprosy is an exception. In most cases, the 
neural lesion remains a granuloma (Fig.  7.16); 
however, in tuberculoid leprosy, abscess forma-
tion—with the ulnar nerve most commonly 
affected—can be identified as a nerve tumor with 
loss of fascicular architecture, along with thick-
ened hypointense epineurium, hypointense on 
T1- and hyperintense on T2-weighted images, 

a b

Fig. 7.15 Charcot-Marie-Tooth 1A. (a) Sagittal T2-w shows enlargement of the distal sciatic nerve (arrows). (b) Axial 
PD SPIR demonstrates enlargements of individual fascicles in both the tibial and peroneal nerves (arrows)
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with peripheral rim enhancement due to central 
necrosis [15]. Some of these abscesses may cal-
cify and, therefore, might be seen on X-ray 
exams. It is important to keep in mind that a 
nerve abscess as the first manifestation of leprosy 
is uncommon; therefore, a high index of suspi-
cion is required to make the correct diagnosis.

7.5.8  Endometriosis

Endometriosis is a common gynecological condi-
tion, defined as the occurrence of endometriotic tis-
sue (endometrial glands, stroma, or both) outside 
the uterus in a female of reproductive age. Although 
an infrequent cause of peripheral neuropathy, it 

a b

c

Fig. 7.16 Hansen’s disease. (a) Sagittal T2-w demon-
strates thickening of the ulnar nerve within the cubital tun-
nel. (b) Axial PD and (c) axial PD SPIR show swollen 

fascicules surrounded by the thickened hypointense peri-
neurium (dotted arrow) and epineurium (arrowhead)
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should be considered in those patients with cyclic 
pain linked to their menstrual period [16]. The typi-
cal deposits of endometriosis are hyperintense on 
T1-w images—particularly on T1 fat-suppressed 
sequences—due to methemoglobin and other 
blood products, while on T2-w images, the signal 
can be mixed, based on the age of any associated 
blood products and the proportions of stromal and 
endometrial cells and fibrosis (Fig.  7.17). Post-
gadolinium enhancement is variable. Denervation 
signs are also a frequent finding [17, 18].

7.5.9  Malignant Infiltration

Perineural spread is the process of neoplastic 
invasion of nerves. It also is a marker of poor 
outcome and, therefore, decreased survival, 
which can be observed in the absence of lym-
phatic or vascular invasion [19]. MRN images 
can be challenging, particularly if the patient 
has been irradiated. In radiation-induced neu-
ropathy, the area may show (Fig.  7.18) mild 
nerve enlargement (relative to perineural 
spread) with T2 hyperintense signal alterations 
and fascicular and/or homogeneous enhance-
ment after gadolinium administration. Soft tis-

sue edema in the irradiated area is another 
common finding [20].

With perineural spread, nerves exhibit irregu-
lar/infiltrating and nodular contours on T1- and 
T2-weighted imaging, as well as irregular/het-
erogeneous perifascicular gadolinium enhance-
ment (Fig. 7.19). Lesions tend to be multiple, and 
there might also be evidence of other metastases 
in ganglions, bone, or muscle [20].

7.6  Summary

Advances in MRN imaging have improved the 
diagnostic work-up of neural and non-neural 
tumors, expanding differential diagnostic pos-
sibilities and facilitating operative interven-
tions—including targeted fascicular biopsies—
rendering surgical exploration faster and more 
straightforward.

The MR imaging characteristics of many 
peripheral nerve lesions are unique; neverthe-
less, they should be carefully considered in the 
context of the neurological examination and lab-
oratory evaluation to enhance outcomes. A mul-
tidisciplinary approach to patient care is highly 
advised.

a b c

Fig. 7.17 Endometriosis. (a) Coronal T1 SPIR identifies 
a spontaneous hyperintense multilobulated mass at the 
sciatic notch (arrows). (b) Axial PD SPAIR. The sciatic 
nerve is markedly thickened (arrows) and exhibits fascic-
ular enlargement with increased signal intensity, due to 

intraneural methemoglobin deposition. Note the denerva-
tion changes in the internal obturator muscle (asterisk). 
(c) Axial T2-w shows epineurium thickening and loss of 
the fat plane around the nerve, due to retractive fibrous 
tissue (dotted arrows)
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a

b c

Fig. 7.18 Radiation-induced neuropathy. (a) Axial STIR 
shows marked enlargement of the left sciatic nerve (arrow) 
and subcutaneous edema (asterisk) related to radiother-

apy. (b) Axial PD SPAIR. Nerve fascicles show increased 
signal intensity (dotted circle). (c) Axial T1 SPIR exhibits 
fascicular enhancement after gadolinium injection (arrow)

a b

Fig. 7.19 Metastatic endometrial cancer. (a) Coronal T1 
gadolinium-enhanced image shows the left sciatic nerve 
enlarged and enhanced. Note inferior hypogastric plexus 
spread (asterisk). (b) Axial T2-w identifies enlargement of 

S1 (dotted arrow) and S3 (arrows) on the left due to peri-
neural spread. Denervation changes of the gluteus maxi-
mus are also seen (asterisk)
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8.1  Introduction

Nerve tumors encompass a broad array of diag-
noses, including schwannoma, neurofibroma, 
malignant peripheral nerve sheath tumor 
(MPNST), intraneural perineurioma, fibrolipo-
matous hamartoma, and metastatic disease.

Diagnostic imaging is critical in evaluating 
and treating peripheral nerve masses. The two 
mainstays of imaging in the evaluation of periph-
eral nerve masses are ultrasound and MRI. Prior 
chapters in this book have demonstrated the clini-
cal utility of ultrasound (Chap. 6) and MRI 
(Chap. 7) in the identification and treatment of 
peripheral nerve tumors. In this chapter, we will 
focus on additional imaging techniques that may, 
in certain circumstances, be useful in evaluating 
peripheral nerve tumors, including X-ray, com-
puted tomography (CT), and positron emission 
tomography (PET) imaging.

8.2  X-Ray

X-rays typically have a limited role in the evalu-
ation of peripheral nerve tumors and are not typi-
cally recommended in the standard evaluation of 
these tumors. However, it is important to recog-
nize direct and indirect signs, when present, on 
X-rays ordered for other reasons or ordered early 
in the evaluation of a patient before the presence 
of a nerve tumor is known.

Nerve tumors can occasionally be visualized 
on plain X-rays as a hyperdense shadow 
(Fig. 8.1). These may be recognized on chest or 
abdominal X-rays ordered for evaluation of chest 
or abdominal pain, respectively. X-rays do not 
have the resolution required to appropriately 
evaluate these tumors. Thus, when identified, 
X-rays should be followed with a more advanced 
imaging modality, such as MRI or ultrasound.

When the tumor occurs near the bone, some 
information can be gleaned. Benign nerve tumors 
tend to erode the bone in a smooth fashion, and 
the eroded bone will often have sclerotic margins 
typical of slow-growing tumors. Malignant nerve 
tumors often invade nearby bone causing ragged 
bone erosion, without sclerotic margins. One 
example is the rib notching that may be  associated 
with intercostal benign nerve sheath tumors [1].
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In cases of neurofibromatosis type 1 (NF1), 
patients will often have neurofibromas at multi-
ple spinal levels. These slow-growing nerve 
tumors will often erode the bone in the neural 
foramina, causing enlargement of the foramina 
and scalloping of the vertebral body (Fig.  8.2). 
When these changes are visualized at multiple 
spine levels, this may be indirect evidence for a 
diagnosis of neurofibromatosis. In these cases, it 
is often difficult to visualize the tumor directly 
with plain X-rays.

Fibrolipomatous hamartomas are masses of 
peripheral nerves that consist of fatty infiltration 
and proliferation between fascicles of a nerve. 
This typically results in significant enlargement 
of the involved nerve [2]. The most common 
nerve affected is the median nerve, accounting 
for nearly 60% of the reported cases in the lit-
erature [3]. Overgrowth of the soft tissue and 
bone in the territory of the involved nerve is 
common, occurring in at least 60% of cases and 
possibly much higher [3, 4]. As part of this over-

a b

c d

Fig. 8.1 (a) AP and (b) lateral chest X-ray showing a 
hyperdense shadow along the rib, ultimately found to be a 
schwannoma arising from the intercostal nerve. (c) Axial 
and (d) sagittal CT of the chest showing the same lesion 
along the rib, external to the lung parenchyma. The mass 

is isodense to the nearby muscle, well-circumscribed, and 
fusiform in shape. This was ultimately diagnosed as a 
schwannoma arising from the intercostal nerve upon 
resection
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growth, macrodactyly occurs in approximately 
one-third of cases [5, 6]. There are pathogno-
monic features of this lesion on MRI. On axial 
imaging, the involved nerve resembles a coaxial 
cable, while on coronal imaging, the nerve 
resembles strands of spaghetti. Nerve fascicles 
are hypointense on both T1- and T2-weighted 
images. The fat distribution varies from lesion 
to lesion but takes on one of two patterns: either 
distributed between nerve fascicles or distrib-
uted peripherally surrounding the nerve fasci-
cles [7–9]. While the tumor cannot be directly 
visualized on plain X-rays, the soft tissue and 
bone overgrowth can be imaged and evaluated 
using plain X-rays (Fig. 8.3).

8.3  CT

While still not as useful as ultrasound and MRI, 
CT can be useful in the evaluation of peripheral 
nerve tumors. CT does not provide the same soft 
tissue resolution as MRI but does provide useful 
information. Many times, a peripheral nerve 

tumor may be initially recognized on a CT scan 
before the presence of a peripheral nerve tumor is 
known. Furthermore, CT can be useful in evalu-
ating metastatic disease in cases where a malig-
nant nerve tumor is suspected, in showing the 
relationship of vasculature to the tumor for pre-
operative planning, in showing bone changes and 
bone anatomy that may be useful in both diagno-
sis and preoperative planning, and in cases where 
there are contraindications to MRI and 
ultrasound.

On CT, the most common benign peripheral 
nerve sheath tumors, which are neurofibromas 
and schwannomas, typically appear as well- 
circumscribed and solid masses. The shape of 
the mass is typically either spherical or fusiform 
and typically occurs in the expected location of 
a peripheral nerve, though visualization of the 
entering and exiting peripheral nerves is diffi-
cult on CT. The mass is usually hypodense rela-
tive to the muscle and classically is described to 
show moderate to marked contrast enhancement 
on post-contrast images, though we have also 
commonly observed faint or no contrast 

a b c d

Fig. 8.2 (a) Lateral X-ray showing the widening of the 
neural foramen (arrow) and the scalloping of the vertebral 
body (arrowhead) that can be seen in association with 
benign peripheral nerve tumors. (b) Left parasagittal, (c) 

mid-sagittal, and (d) right parasagittal T2-weighted MRI 
image showing the associated benign peripheral nerve 
tumors arising from the neural foramina in this patient 
with neurofibromatosis type 1
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enhancement (Fig. 8.4). The contrast enhance-
ment may be homogeneous or heterogeneous. 
Particularly with schwannomas, there can be a 
cystic component to the tumor, though intratu-
moral cystic changes should raise the possibility 
of a malignancy [10].

Comparatively, malignant peripheral nerve 
sheath tumors (MPNSTs) are usually larger. They 
also are typically hypodense relative to the muscle 
but may show areas of central necrosis. Contrast 
enhancement is variable but often is heteroge-
neous. The borders of the tumor are typically 
irregular and may invade surrounding structures. 
Similar to MRI, CT cannot reliably differentiate 
between benign nerve tumors and MPNSTs.

Malignant peripheral nerve sheath tumors 
commonly metastasize to the lung, liver, brain, 
lymph nodes, and retroperitoneum [11, 12]. Due 
to the frequency of metastases to the lung and 

liver, metastatic workup should include a CT 
scan of the chest, abdomen, and pelvis. In this 
way, CT is also indirectly valuable in the evalua-
tion of nerve tumors.

8.4  Fluorodeoxyglucose 
(FDG)-PET

FDG-PET works by the principle that metaboli-
cally active cells take up glucose at a higher rate 
than metabolically quiet cells. By radiolabeling 
glucose, we are capable of imaging metabolically 
active cells. Since tumor cells are rapidly divid-
ing and metabolically active, they are well visual-
ized by FDG-PET.  FDG-PET can be useful in 
trying to distinguish between benign and malig-
nant peripheral nerve tumors and can also be use-
ful in evaluating for metastatic disease in cases of 

a b

c d e

Fig. 8.3 (a) Coronal and (b) axial T1-weighted MRI 
showing a fibrolipomatous hamartoma of the right sciatic 
nerve (arrow). Comparatively, the normal left sciatic 
nerve is shown on the axial image (arrowhead). On coro-
nal imaging, the nerve resembles strands of spaghetti, 
while on the axial imaging, the nerve has a coaxial cable- 
like appearance. (c, d) Photographs of the right foot of this 

patient with a fibrolipomatous hamartoma showing the 
soft tissue overgrowth and bony abnormalities that can be 
associated. (e) Plain X-rays of the feet of this patient 
showing the soft tissue overgrowth in the right foot, as 
well as the bone abnormalities in the phalanges, associ-
ated with a fibrolipomatous hamartoma
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malignant peripheral nerve tumors. However, 
while useful in some circumstances, FDG-PET is 
fraught with problems and cannot reliably distin-
guish benign from malignant nerve tumors.

Glucose utilization is typically measured 
using a value known as the standardized uptake 
value (SUVmax), where a lower SUVmax sug-
gests lower glucose utilization and a benign 
tumor, whereas a higher SUVmax suggests 
higher glucose utilization and a potential malig-
nancy (Fig.  8.5). Threshold values have been 
established. Another value reported on FDG-PET 
is the tumor-to-liver ratio, which some suggest 

may be a better predictor of malignancy. In one 
study, using an SUVmax threshold of 6.1, the 
sensitivity was 94%, and the specificity was 91% 
for MPNST [13]. However, the main problem is 
that there is considerable overlap in SUVmax 
between MPNSTs and benign neurofibromas, 
and this problem is magnified by an even greater 
overlap between schwannomas, which often have 
a higher SUVmax than neurofibromas, and 
MPNSTs. A recent study by Ahlawat and col-
leagues found that the SUVmax for benign 
tumors included in the study was 3.2, with a stan-
dard deviation of 1.8. This means to account for 

a b

c d

Fig. 8.4 (a) Axial and (b) coronal CT sequence showing 
a well- circumscribed mass (arrow) associated with the 
femoral nerve that has a rim that is isodense to the muscle 
and a central core that is hypodense. The tumor shows 
faint to no contrast enhancement. This was found to be a 
schwannoma on resection. (c) Axial and (d) coronal CT of 
the neck showing a well-circumscribed mass (arrow) 

associated with the upper trunk of the brachial plexus. The 
tumor has a rim that is isodense to the muscle and a central 
core that is hypodense. This tumor shows no contrast 
enhancement. This was found to be a hybrid tumor con-
sisting of both schwannoma and neurofibroma at the time 
of resection
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95% of benign tumors (±2 standard deviations) 
would include a range of 0–6.8. In the same 
study, the average SUVmax for MPNSTs was 
8.0, with a standard deviation of 3.9. This means 
that 68% of the MPNSTs (±1 standard deviation) 
fall within the range of 4.1–11.9 [14]. These 
ranges demonstrate the problem of considerable 
overlap between benign and malignant. Some 

authors have suggested that a better and more 
predictive value is the tumor-to-liver ratio. The 
consensus threshold seems to be 1.5, with a 
higher tumor-to-liver threshold being more sug-
gestive of a malignancy [15]. Increased glucose 
utilization can be patchy within malignant tumors 
(Fig. 8.6). FDG-PET can also be used to identify 
potential areas for biopsy.

a b

c

Fig. 8.5 (a) Whole-body FDG-PET image showing a 
hypermetabolic tumor (arrow) in the left calf and numer-
ous other tumors that show varying levels of metabolic 
activity. (b) CT and (c) FDG-PET image showing the 
tumor in the left calf associated with the tibial nerve. The 

CT shows a mass that is isodense to the surrounding mus-
cle. The FDG-PET image shows that the mass is hyper-
metabolic, with an SUVmax of 21.3. This suggests a 
diagnosis of malignant peripheral nerve sheath tumor, 
which was confirmed at the time of resection
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In fact, some have argued that the SUVmax is 
a better measure of prognosis and predictor of 
overall survival than tumor histology itself in 
malignant peripheral nerve tumors [16]. Brenner 
et al. found that patients with tumors demonstrat-
ing SUV levels less than 3 survived over the 
entire follow-up course, whereas other patients 
with the same tumor grade but SUV >3 died 
within 4–33 months.

Additional information from FDG-PET that 
may be useful in detecting malignant tumors 
includes the mean SUV and tracer uptake hetero-
geneity, which reflects the increased glucose 
metabolism and cellular activity in malignant 
tumors [17]. It was found that there was a statisti-
cally significant negative correlation between 
mean SUV and mean ADC on PET imaging, 
parameters that may provide additional informa-
tion for defining malignant precursor lesions in 
the future [18].

FDG-PET also proves useful for asymptom-
atic patients [19]. In a group of 41 high-risk 
patients, children and adolescents with plexiform 

neurofibromas, most did not present with overt 
symptoms. However, approximately 20% of the 
patients were diagnosed on PET imaging with 
malignant peripheral nerve tumors, which were 
also confirmed histologically [19].

FDG-PET therefore proves to be an extremely 
useful preoperative imaging modality for patients 
who are suspected to be at risk for malignant 
transformation of their peripheral nerve tumors. 
The novel combination of MRI and PET offers 
several advantages in diagnosing malignant nerve 
tumors. MRI provides the detailed resolution and 
contrast necessary to visualize the tumors’ size, 
appearance, and growth, while 18F-FDG-PET 
adds a powerful level of monitoring for malig-
nant transformation. Together, this new imaging 
modality offers patients with peripheral nerve 
tumors a wealth of information within one setting 
and without the cumulative risk of radiation over 
time from CT scans. PET/MRI is as sensitive as 
PET/CT for depicting peripheral nerve tumors. 
FDG-avid lesions found on PET/CT were all vis-
ible on PET/MRI [20]. Given that patients with 

a b

c

Fig. 8.6 (a) CT and (b, c) FDG-PET images showing a 
large, irregular mass associated with the right sciatic 
nerve. The mass shows heterogeneous PET avidity, sug-
gesting some areas of the tumor are more hypermetabolic 

than others. The SUVmax of this tumor was 12.1. The 
mass was found to be a malignant peripheral nerve sheath 
tumor

8 X-Ray, Computed Tomography (CT), Positron Emission Tomography (PET) Imaging, and Intraoperative…



92

NF1 and other syndromes involving multiple 
peripheral nerve tumors require serial monitor-
ing, it would be beneficial for them to undergo 
PET/MRI rather than the cumulative radiation of 
CT over time. Furthermore, the MRI sequences 
offer detailed anatomical resolution of the tumors 
as well [21]. ADC values obtained from MRI 
have also proven useful, with lower values cor-
relating with increased cellularity and malig-
nancy compared to benign tumors [22].

The validity of metabolic and radiological 
information provided by PET/MRI was further 
tested in studies with NF1 patients [23]. One 
group followed 28 patients with 83 peripheral 
nerve lesions who were deemed to be at high risk 
for malignant transformation. This study found a 
standardized uptake value (SUV) maximum 
threshold of 2.78 or greater reliably differentiated 
between benign and malignant tumors [23]. In 
addition, the tumor growth rate, a factor that 
could be measured from serial MRI studies, was 
significantly correlated with the mean SUV, 
which may allow physicians to critically monitor 
suspicious lesions over time and allow interven-
tion either before or sooner after malignant 
transformation.

8.5  Intraoperative Imaging 
Modalities

Adjunct fluorophores are under investigation as 
aids during surgical resection of peripheral nerve 
tumors. Central nervous system tumor resection 
commonly involves 5-aminolevulinic acid 
(5-ALA), indocyanine green (ICG), and fluores-
cein as part of intraoperative imaging. 
Fluorescein, which acts as a vascular fluorophore, 
illuminates nerve tumors as yellow green. In one 
study including 20 patients afflicted with 25 dif-
ferent types of nerve tumors, the addition of fluo-
rescein successfully delineated the boundary 
between tumor tissue and surrounding nerve in 
all neurofibromas and 13/14 schwannomas [24]. 
Other studies have corroborated the safe and 
effective use of fluorescein in peripheral nerve 
tumor resection as well [25, 26].

8.6  Conclusion

A great deal of progress has been made in using 
imaging to distinguish benign from malignant 
nerve tumors, particularly in the setting of NF1. 
This distinction is critical in formulating a treat-
ment plan. It is the hope that current and new 
emerging imaging modalities, combined with 
longitudinal studies, will provide important 
information about the natural history of these 
masses with greater reliability and improve our 
ability to intervene in a timely manner and to the 
benefit of the patient.
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9.1  Introduction

Soft tissue tumors arising from peripheral nerves 
may be benign, such as schwannomas, neurofibro-
mas, and perineuriomas, or malignant, such as the 
malignant peripheral nerve sheath tumors 
(MPNST). In general, oncological surgeons choose 
to perform preoperative biopsies in soft tissue 
tumors for diagnostic and staging purposes, despite 
the fact that most peripheral nerve tumors (PNT) are 
benign. These procedures may cause devastating 
iatrogenic sequelae; therefore, it is crucial to differ-
entiate between benign and malignant lesions. To 
date, the vast majority of MPNST remain incurable, 
mainly because of their high rate of recurrence and 
metastatic potential, although it is important to 
emphasize that, in recent years, MPNST have been 
subdivided into two distinct groups with different 
clinical behavior and prognosis [1].

The so-called low-grade MPNST correspond 
to around 15%, while the high grade comprehend 
around 85% of all MPNST [1]. Recent data dem-
onstrate the possibility of clinical control for 
extended time in low-grade lesions, without the 

need for wide resections and negative margins 
[2]. However, to date, it is not possible to estab-
lish preoperatively with certainty if a MPNST is 
low or high grade through clinical examination 
nor through imaging exams. Therefore, only his-
topathological analysis is adequate for establish-
ing if a MPNST is low or high grade. It is also 
important to bring attention to other entities, such 
as atypical neurofibromas, hybrid tumors, or the 
cellular neurofibromas and cellular schwanno-
mas, which may resemble MPNST [3–5].

The World Health Organization (WHO) classi-
fies MPNST as a soft tissue sarcoma in its latest 
editions of the series “WHO Classification of 
Tumours.” Thus, the general approach is still 
guided by oncological surgery protocols, which, 
as stated, propose preoperative biopsies [1]. In 
practice, it is possible to observe situations in 
which biopsies were performed in benign tumors, 
which in turn produced iatrogenic lesions to fas-
cicles or worsening of pain or in many circum-
stances resulted in an inconclusive diagnosis. The 
same is true for malignant tumors, because given 
their geographical heterogeneity, biopsies per-
formed in atypical or low-grade regions of the 
tumor may not reach other areas with clearly high-
grade characteristics [6]. For that reason, depend-
ing on the area targeted by the biopsy, the given 
diagnosis may be inaccurate. In advanced referral 
centers, it is possible to perform image- guided 
biopsies, using CT, MRI, or PET-CT.  However, 
such techniques are not universally available.
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This chapter discusses indications and limita-
tions of peripheral nerve tumor biopsies, bringing 
attention to the critical need for clinical correla-
tion and imaging exams, so that unnecessary 
biopsies are not performed in benign tumors, 
which in turn are more prevalent in the general 
population [7]. There are different techniques in 
which to perform biopsy of a tumoral lesion in a 
peripheral nerve, and their benefits and complica-
tions will be discussed below.

9.2  Why Perform Biopsy 
in Presumed Peripheral 
Nerve Sheath Tumors?

The possibility of a tumor intrinsic to a nerve 
must be considered whenever a mass is situated 
in the anatomic site of a major peripheral nerve or 
plexus. A positive Tinel sign, thus, may indicate 
that the nerve is affected, although it does not 
provide certainty about the tumor’s origin, requir-
ing the use of MR imaging to answer this ques-
tion. If the mass, then, is likely to be a PNST, 
special considerations must be made when decid-
ing to biopsy it or not, as these masses are usually 
studied in the context of soft tissue tumors, 
although they possess some peculiarities.

Given the lack of a consensus for an approach 
concerning such tumors, we thus suggest that 
biopsy should only be performed when clinical and 
imaging evidence supports the hypothesis of malig-
nancy. This is because clinical and imaging param-
eters, when considered together, are able to quite 
effectively predict malignancy, therefore ruling out 
the need for biopsies in evidently benign lesions. 
These procedures are also not innocuous and may 
produce worsening of symptoms [8, 9] and 
increased risk of neurological deficits, in case sur-
gery is later required [10]. Such understanding that 
only presumed malignant PNT should be biopsied 
is shared by recent guidelines for the management 
of soft tissue sarcomas [11]. Nonetheless, clinical 
and imaging parameters must be followed, espe-
cially in the setting of NF1, for previously benign 
lesions may undergo malignant transformation.

When a presumed PNST, after a thorough clini-
cal and imaging examination, is likely to be a 
BPNST, the risks of a biopsy may outweigh its 
benefits, due to the several complications it har-

bors, such as new-onset or worsening of pain, neu-
rological deficit, fibrosis, and hemorrhage along 
the biopsy needle track, which can later hinder the 
tumor’s resection. Moreover, in cases of BPNST in 
which surgery is already indicated, as when there is 
associated neurological deficit, biopsies provide 
little to no benefit. However, when clinical and 
imaging parameters indicate malignancy, preoper-
ative biopsy can be performed so as to guide surgi-
cal decision-making and the operative approach. 
For example, when a lesion is proved to be a 
MPNST on biopsy, tumor spill should be avoided, 
and in toto resection should then be performed with 
sacrifice of the neural element of origin. Sometimes, 
however, such goal is impossible to be achieved 
due to the location of the lesion (e.g., brachial or 
lumbosacral plexus). In addition, the requirement 
of neoadjuvant therapy may also be guided by the 
biopsy’s result [12]. Some authors, however, prefer 
to perform upfront resection of presumed MPNST, 
given the fact that biopsies may be less accurate in 
large and heterogenous tumors [13].

Another role of performing a biopsy in a pre-
sumed MPNST is to identify its grade, because 
surgical approach may be guided by this informa-
tion [14–16]. One important aspect concerns the 
differentiation among high- and low-grade 
MPNST and pre-malignant lesions termed “atypi-
cal neurofibromatous neoplasm with unknown 
biologic potential” (ANNUBP). ANNUBP may be 
defined as a Schwann cell neoplasm with at least 
two of the following features: loss of neurofibroma 
architecture, cytological atypia, hypercellularity, 
and a mitotic index between 1/50 and 3/10 high-
power fields (HPFs) [17]. Low-grade MPNST in 
turn display the same features as ANNUBP, but 
with a higher mitotic index between 3/10 and 9/10 
HPF [17]. MPNST presenting with necrosis or 
with a mitotic index over 10/10 HPF are consid-
ered high-grade MPNST [17].

Bernthal et  al. demonstrated no prognostic 
value for surgical margin status in the context of 
low-grade MPNST [2]. This group reported a dis-
ease-specific survival (DSS) of 100% in low- grade 
MPNST, with a median follow-up of 47 months 
after surgery, independently of margin status. In 
addition, Watson et al. reported a DSS of 100% in 
12 patients with low-grade MPNST, after a follow-
up of 5 years, and 4 of these patients presented R1 
(microscopically positive) and/or R2 (macroscopi-
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cally positive) surgical margins [18]. It is not pos-
sible, however, to determine whether these lesions 
were low-grade MPNST or ANNUBP according 
to more recent classifications. Nelson et al. also 
presented a series of 16 surgically treated atypical 
neurofibromas, ANNUBP, and low-grade MPNST 
in which a safe marginal resection technique was 
conducted with overall little morbidity and no 
recurrence after a median follow-up of 2.45 years 
[19]. These results indicate that perhaps it is not 
imperative to obtain negative margins in less 
agressive lesions, allowing for preservation of 
adjacent structures and functionality of the 
inflicted peripheral nerve.

9.3  Biopsy Techniques and Their 
Complications

There is a range of techniques used to perform 
biopsies in masses thought to be PNST, such as 
fine-needle aspiration cytology (FNAC), core- 
needle biopsy (CNB), incisional biopsy, and 
excisional biopsy (Table 9.1).

Both fine-needle aspiration cytology (FNAC) 
and core-needle biopsy (CNB) have been shown to 
be of useful predictive value for detection of malig-
nancies and correct diagnosis of soft tissue tumors 
and more specifically of PNST.  CNB has been 
shown to be consistently superior and should be the 
method of choice for presumed MPNST, if there is 
the possibility to perform it in an image-guided 
fashion [20–30]. FNAC, in fact, has been shown not 
to be reliable in the specific context of head and 

neck schwannomas, concerning its diagnostic yield 
and diagnostic accuracy [31–33]. Therefore, some 
authors suggest that CNB, and not FNAC, should 
be performed prior to open biopsy in soft tissue 
tumors [34–36], which is in line with the fact that 
percutaneous biopsy tends to result in fewer com-
plications than open biopsy in soft tissue masses 
[35, 37–39]. Nonetheless, when considering PNST 
(especially those located in deeper planes), it is not 
clear whether the benefits of percutaneous biopsy 
outweigh its risks, as these tumors can often present 
as a diagnostic challenge [40] and are located inside 
peripheral nerves, which may result in direct dam-
age to fascicles or compression by hematoma 
caused by the needle (Fig. 9.1). This may in turn 
result in impaired function, persistent pain, and a 
higher risk of neurological deficits if surgery is later 
performed [8–10, 41, 42]. Other complications may 
follow, such as seroma and infection [27, 35, 37–
39]. Moreover, Ogose et al. describe that the track 
of the needle is often contaminated by tumor cells; 
therefore, the needle track ought to be excised along 
with the lesion during definitive resection [25].

Open biopsies, in turn, are also useful in the 
context of presumed MPNST. The risk of damag-
ing functional nerve fibers is reduced, as the sur-
geon is usually able to more accurately identify 
the tumor’s location and to aim the biopsy at its 
nonfunctional electrically silent regions, as 
assessed through electrical stimulation. This 
technique, however, also harbors risks such as 
spillage of tumor cells in the surrounding tissue, 
which may make total resection difficult or 
impossible in the future. Therefore, tumor manip-

Table 9.1 Different techniques for biopsy of PNT [57]

Excisional biopsy Incisional biopsy Core-needle biopsy
Fine-needle aspiration 
cytology

The lesion is removed as a 
whole, for both diagnostic 
and therapeutic purposes. It is 
usually reserved for small 
(<5 cm in diameter) and 
superficial lesions, and it is 
important to include a margin 
of normal tissue to the 
excision

Consists in surgically 
removing a wedge of 
the lesion, after 
surgical opening of 
the skin and 
subcutaneous tissues

Several specimens of the lesion 
are obtained by a needle inserted 
through a small incision of the 
skin. The larger the needle, the 
more optimal the specimens are, 
although this technique tends to 
underestimate the tumor’s grade, 
better assessed by the excised 
specimen

It is performed by 
insertion of a fine needle 
directly to the lesion, in 
order to obtain cells 
through aspiration. 
Although considered a 
minor and very safe 
surgical procedure, it is 
unable to inform about 
the tumor’s architecture 
and mitotic index, 
limiting its use in 
determining histologic 
subtype and grade
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ulation should be thoroughly avoided in order to 
minimize the risk of seeding of neoplastic cells.

Concerning the proper diagnosis of the tumor’s 
grade, there have been reports of excisional biop-
sies that identified different regions with different 
grades in each of them [6, 43]. A biopsy by needle, 
in such instances of progression into malignancy, 
might then fail to correctly assess the tumor’s 
grade, as it might be confined to a region in which 
the tumor is benign or low grade. In addition, biop-

sying the tumor in different quadrants further 
improves the accuracy of the technique, as a more 
representative sample of the tumor is obtained.

Novel techniques, introducing the use of CT, 
MRI, ultrasonography (USG), and PET-CT, to 
assist percutaneous biopsies have been reported. 
For instance, Rimondi et  al. reported the use of 
percutaneous CT-guided biopsy in a series of 
2027 cases of musculoskeletal lesions, with an 
accuracy rate of 77.3% in first attempts and of 
94% when another biopsy was performed in pre-
viously undiagnosed lesions. This study reported 
only 22 complications, 18 of which were transient 
paresis, although the proportion of PNT among 
all lesions is not specified [44]. The efficacy of 
this technique was further demonstrated in PNST 
by Pianta et al. [45]. Also, two separate studies, 
consisting of 45 and 24 MRI-guided needle biop-
sies of musculoskeletal lesions, found good 
results, with only 1 complication in the former: 
exacerbation of neuropathic pain in a PNST [9, 
46]. USG is also useful to guide biopsy for super-
ficial lesions [47] (Fig.  9.2). Moreover, Brahmi 
et al. described a technique utilizing PET/CT to 
guide core-needle biopsy in 26 NF1 patients with 
clinical suspicion of MPNST, with no complica-
tions observed [43]. There are also other tech-
niques with high accuracy which rely on the usage 
of high-resolution MRI to guide the biopsy of fas-
cicles and branches of main peripheral nerves 
[48–51]. The accuracy and complications of per-
cutaneous biopsies in different settings are sum-
marized in Table 9.2. Image- guided biopsies are, 

Fig. 9.1 Surgical photograph during exposition of a 
tumor of the ulnar nerve in the right arm during its defini-
tive surgical resection. White arrows indicate the different 
aspect of the previously biopsied area. This patient was 
submitted to a core-needle biopsy under local anesthesia 
elsewhere, which was not conclusive. During the preop-
erative biopsy, the patient complained of acute electric 
pain irradiating to the hand, which did not decrease for the 
following weeks, when definitive surgical resection of the 
tumor was conducted at our institution. The final histo-
pathological diagnosis was of a schwannoma

Fig. 9.2 Left: STIR-weighted MRI of a patient with a tumor over the course of the left sciatic nerve at the level of the 
gluteal region. Right: USG-guided biopsy of the lesion. T Tumor, bn Biopsy needle

F. Guedes et al.
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perhaps, the most efficient techniques reported to 
date to perform preoperative biopsies in presumed 
MPNST (Fig.  9.3), considering their ability to 
assess the tumor’s malignancy status and histo-
pathological type and the small risks they pose to 
patients. Nonetheless, the possibility of using 
such expensive equipment in this preoperative 
biopsy setting is not feasible for many services in 
the world. We therefore recommend these tech-
niques in case they are available; if not, open 
biopsy should be conducted with wide exposure 
of the tumor, and tissue should be obtained from 
different quadrants in order to guarantee a more 
representative sample of the lesion.

9.4  Final Considerations

When a MPNST is suspected upon clinical and 
imaging criteria (on MRI, USG, and PET-CT, if 
available), the patient should be transferred to a 
multidisciplinary referral center for soft tissue 
sarcomas with an additional unit for peripheral 
nerve surgery. A screening of these patients is 
critical and should include thorax and abdomen 
CT to evaluate systemic disease. After the deci-

sion for biopsy has been made, MRI and PET-CT 
are helpful in order to guide it at specific areas of 
the tumor which present characteristics associ-
ated with malignancy (necrotic, hemorrhagic, 
and hypermetabolic regions). In general, for 
lesions suspected to be malignant, the approach 
should be based on the acquisition of a pathologi-
cal specimen for diagnosis and staging.

It is important to stress that PNST are rare and 
heterogeneous and, therefore, the great majority 
of pathologists do not possess enough experience 
to evaluate these lesions, sometimes with small 
fragments of tissue. Nonetheless, nowadays, a 
series of immunohistochemical markers, such as 
SOX10, TLE1, HMGA2, and others, have been 
useful to distinguish these different tumors and to 
confirm the diagnosis [52]. Loss of H3K27 meth-
ylation has also been shown to be very specific 
for MPNST [53–55], although this feature may 
not be suitable to distinguish them from melano-
mas [56].

According to our experience, FNAC should 
not be used in the context of PNT, as it is often 
inconclusive and may result in neurological defi-
cit and neuropathic pain; on the other hand, 
image-guided (MRI, USG, or PET-CT) CNB is 

Fig. 9.3 CT-guided core-needle biopsy performed for a lesion later diagnosed as a sarcoma of the thigh compressing 
the sciatic nerve. T Tumor

F. Guedes et al.



101

considered a safe and accurate procedure. Yet, 
from our experience, the amount of obtained 
material is not always sufficient for the correct 
diagnosis, and many patients do develop intense 
neuropathic pain after the procedure.

In our institution, when confronted with a pre-
sumed MPNST, the case is discussed along with 
the surgical oncology group. If, on MRI, the 
lesion appears not to be neurogenic, the case will 
be conducted by surgical oncology, and a CNB 
will probably be performed. However, if the 
lesion appears to arise from a peripheral nerve, 
the case will be conducted by the neurosurgery 
team. In these instances, if the lesion is likely 
malignant by clinical and imaging criteria, our 

policy is to perform incisional biopsies in quad-
rants, thoroughly avoiding tumor manipulation 
and thereby minimizing the risk of seeding of 
neoplastic cells to its surroundings. If intraopera-
tive frozen section anatomopathological exami-
nation of the material shows a MPNST, we then 
stop the procedure, close the wound, and wait for 
the definitive histopathological diagnosis. Such 
incisional biopsies must be performed in areas of 
tumor found to be electrically silent, as evaluated 
by electrical stimulation during the surgical 
procedure.

An algorithm summarizing our policy when 
confronting patients harboring potential PNT is 
presented in Fig. 9.4.

Fig. 9.4 An algorithm to help in the decision-making process concerning possible PNT

9 Indications and Techniques for Preoperative Biopsy in Peripheral Nerve Tumors



102

References

 1. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, 
editors. Weltgesundheitsorganisation. WHO clas-
sification of tumours of the central nervous system. 
Revised 4th edition. Lyon: International Agency for 
Research on Cancer; 2016.

 2. Bernthal NM, Putnam A, Jones KB, Viskochil D, 
Randall RL.  The effect of surgical margins on out-
comes for low grade MPNSTs and atypical neu-
rofibroma: outcomes of intermediate nerve sheath 
tumors. J Surg Oncol. 2014;110:813–6.

 3. Woodruff JM, Godwin TA, Erlandson RA, Susin 
M, Martini N.  Cellular schwannoma: A variety 
of schwannoma sometimes mistaken for a malig-
nant tumor. Am J Surg Pathol [Internet]. 1981;5. 
Available from: https://journals.lww.com/ajsp/
Fulltext/1981/12000/Cellular_schwannoma__A_
variety_of_schwannoma.1.aspx

 4. Chimelli LMC, Guedes-Correa JF, Siquara-de-Sousa 
AC.  Hybrid peripheral nerve sheath tumor—case 
report. Brain Pathol (ICN 2014 Suppl).

 5. Lang SS, Zager EL, Coyne TM, Nangunoori R, 
Kneeland B, Nathanson KL. Hybrid peripheral nerve 
sheath tumor: case report and review of the literature. 
J Neurosurg. 2012;117(5):890–6.

 6. Tajima S, Koda K. A neurogenic tumor containing a low-
grade malignant peripheral nerve sheath tumor (MPNST) 
component with loss of p16 expression and homozygous 
deletion of CDKN2A/p16: a case report showing pro-
gression. Int J Clin Exp Pathol. 2015;8(5):5113–20.

 7. Hajdu SI. Benign soft tissue tumors: classification and 
natural history. CA Cancer J Clin. 1987;37(2):66–76.

 8. Kim DH, Murovic JA, Tiel RL, Kline DG.  Operative 
outcomes of 546 Louisiana State University Health 
Sciences Center peripheral nerve tumors. Neurosurg 
Clin North Am. 2004;15:177–92.

 9. Carrino J, Khurana B, Ready J, Silverman S, Winalski 
C. Magnetic resonance imaging-guided percutaneous 
biopsy of musculoskeletal lesions. J Bone Jt Surg Am. 
2007;89:2179–87.

 10. Levi AD, Ross AL, Cuartas E, Qadir R, Temple HT. The 
surgical management of symptomatic peripheral nerve 
sheath tumors. Neurosurgery. 2010;66:833–40.

 11. Dangoor A, Seddon B, Gerrand C, Grimer R, Whelan 
J, Judson I. UK guidelines for the management of soft 
tissue sarcomas. Clin Sarcoma Res. 2016;6:20.

 12. Bishop AJ, Zagars GK, Torres KE, Bird JE, Feig BW, 
Guadagnolo BA.  Malignant peripheral nerve sheath 
tumors: a single institution’s experience using com-
bined surgery and radiation therapy. Am J Clin Oncol. 
2018;41:465–70.

 13. Bethany C Prudner, Tyler Ball, Richa Rathore, Angela 
C Hirbe. Diagnosis and management of malignant 
peripheral nerve sheath tumors: Current practice 
and future perspectives. Neuro-Oncology Advances 
2020;2:(Supplement_1):i40–i49.

 14. Ducatman BS, Scheithauer BW, Piepgras DG, 
Reiman HM, Ilstrup DM. Malignant peripheral nerve 

sheath tumors. A clinicopathologic study of 120 
cases. Cancer. 1986;57:2006–21.

 15. Wong WW, Hirose T, Scheithauer BW, Schild SE, 
Gunderson LL.  Malignant peripheral nerve sheath 
tumor: analysis of treatment outcome. Int J Radiat 
Oncol Biol Phys. 1998;42:351–60.

 16. Anghileri M, Miceli R, Fiore M, Mariani L, Ferrari A, 
Mussi C, et al. Malignant peripheral nerve sheath tumors: 
Prognostic factors and survival in a series of patients 
treated at a single institution. Cancer. 2006;107:1065–74.

 17. Miettinen MM, Antonescu CR, Fletcher CDM, Kim 
A, Lazar AJ, Quezado MM, et al. Histopathologic 
evaluation of atypical neurofibromatous tumors 
and their transformation into malignant peripheral 
nerve sheath tumor in patients with neurofibro-
matosis 1—a consensus overview. Hum Pathol. 
2017;67:1–10.

 18. Watson KL, Al Sannaa GA, Kivlin CM, Ingram DR, 
Landers SM, Roland CL, et  al. Patterns of recur-
rence and survival in sporadic, neurofibromatosis 
Type 1-associated, and radiation-associated malig-
nant peripheral nerve sheath tumors. J Neurosurg. 
2017;126:319–29.

 19. Charlie N. Nelson, Eva Dombi, Jared S. Rosenblum, 
Markku M. Miettinen, Tanya J. Lehky, Patricia O. 
Whitcomb, Christina Hayes, Gretchen Scott, Sarah 
Benzo, Brigitte C. Widemann, Prashant Chittiboina, 
Safe marginal resection of atypical neurofibromas in 
neurofibromatosis type 1. Journal of Neurosurgery 
133(5):1516–26.

 20. Miralles T, Gosalbez F, Menéndez P, Astudillo A, 
Torre C, Buesa J. Fine needle aspiration of soft-tissue 
lesions. Acta Cytol. 1986;30:671–8.

 21. Logan PM, Connell DG, O’Connell JX, Munk PL, 
Janzen DL.  Image-guided percutaneous biopsy of 
musculoskeletal tumors: an algorithm for selection 
of specific biopsy techniques. Am J Roentgenol. 
1996;166:137–41.

 22. Resnick JM, Fanning CV, Caraway NP, Varma DGK, 
Johnson M.  Percutaneous needle biopsy diagnosis 
of benign neurogenic neoplasms. Diagn Cytopathol. 
1997;16(1):17–25.

 23. Kilpatrick SE, Geisinger KR.  Soft tissue sarcomas: 
the usefulness and limitations of fine-needle aspira-
tion biopsy. Am J Clin Pathol. 1998;110:50–68.

 24. Wakely PE Jr, Kneisl JS. Soft tissue aspiration cytopa-
thology. Cancer Cytopathol. 2000;90:292–8.

 25. Ogose A, Hotta T, Morita T, Higuchi T, Umezu H, 
Imaizumi S, et  al. Diagnosis of peripheral nerve 
sheath tumors around the pelvis. Jpn J Clin Oncol. 
2004;34:405–13.

 26. Strauss DC, Qureshi YA, Hayes AJ, Thway K, Fisher 
C, Thomas JM. The role of core needle biopsy in the 
diagnosis of suspected soft tissue tumours. J Surg 
Oncol. 2010;102:523–9.

 27. Adams SC, Potter BK, Pitcher DJ, Temple HT. Office- 
based core needle biopsy of bone and soft tissue 
malignancies: an accurate alternative to open biopsy 
with infrequent complications. Clin Orthop Relat Res. 
2010;468:2774–80.

F. Guedes et al.

https://journals.lww.com/ajsp/Fulltext/1981/12000/Cellular_schwannoma__A_variety_of_schwannoma.1.aspx
https://journals.lww.com/ajsp/Fulltext/1981/12000/Cellular_schwannoma__A_variety_of_schwannoma.1.aspx
https://journals.lww.com/ajsp/Fulltext/1981/12000/Cellular_schwannoma__A_variety_of_schwannoma.1.aspx


103

 28. Wakely PE, Ali SZ, Bishop JA. The cytopathology of 
malignant peripheral nerve sheath tumor: a report of 
55 fine-needle aspiration cases. Cancer Cytopathol. 
2012;120:334–41.

 29. Layfield LJ, Schmidt RL, Sangle N, Crim 
JR. Diagnostic accuracy and clinical utility of biopsy 
in musculoskeletal lesions: a comparison of fine- 
needle aspiration, core, and open biopsy techniques: 
diagnostic accuracy and clinical utility of biopsy. 
Diagn Cytopathol. 2014;42:476–86.

 30. Kaur I, Handa U, Kundu R, Garg S, Mohan H. Role 
of fine-needle aspiration cytology and core needle 
biopsy in diagnosing musculoskeletal neoplasms. J 
Cytol. 2016;33:7.

 31. Liu H-L, Yu S-Y, Li GK-H, Wei WI. Extracranial head 
and neck schwannomas: a study of the nerve of origin. 
Eur Arch Otorhinolaryngol. 2011;268:1343–7.

 32. Yasumatsu R, Nakashima T, Miyazaki R, Segawa 
Y, Komune S.  Diagnosis and management of extra-
cranial head and neck schwannomas: a review of 27 
cases. Int J Otolaryngol. 2013;2013:1–5.

 33. Ahn D, Lee GJ, Sohn JH, Jeong JY.  Fine-needle 
aspiration cytology versus core-needle biopsy for the 
diagnosis of extracranial head and neck schwannoma. 
Head Neck. 2018;40:2695–700.

 34. Yao L, Nelson SD, Seeger LL, Eckardt JJ, Eilber 
FR. Primary musculoskeletal neoplasms: effectiveness 
of core-needle biopsy. Radiology. 1999;212:682–6.

 35. Welker JA, Henshaw RM, Jelinek J, Shmookler BM, 
Malawer MM. The percutaneous needle biopsy is safe 
and recommended in the diagnosis of musculoskeletal 
masses. Cancer. 2000;89(12):2677–86.

 36. Torriani M, Etchebehere M, Amstalden 
EMI.  Sonographically guided core needle biopsy 
of bone and soft tissue tumors. J Ultrasound Med. 
2002;21:275–81.

 37. Moore TM, Meyers MH, Patzakis MJ, Terry R, Harvey 
JPJ. Closed biopsy of musculoskeletal lesions. JBJS 
[Internet]. 1979;61:375–80. Available from: https://
journals.lww.com/jbjsjournal/Fulltext/1979/61030/
Closed_biopsy_of_musculoskeletal_lesions_.10.aspx

 38. Ball ABS, Fisher C, Pittam M, Watkins RM, Westbury 
G.  Diagnosis of soft tissue tumours by Tru-Cut® 
biopsy. Br J Surg. 1990;77:756–8.

 39. For the members of the Musculoskeletal Tumor 
Society. The hazards of the biopsy, revisited. J 
Pediatr Orthop [Internet]. 1996;16. Available 
from: https://journals.lww.com/pedorthopaedics/
Fulltext/1996/11000/THE_HAZARDS_OF_THE_
BIOPSY,_REVISITED__FOR_THE.60.aspx

 40. Rodriguez FJ, Folpe AL, Giannini C, Perry 
A. Pathology of peripheral nerve sheath tumors: diag-
nostic overview and update on selected diagnostic 
problems. Acta Neuropathol. 2012;123:295–319.

 41. de Sousa ACS, Guedes-Correa JF, Costa JP, Amorim 
RMP, Santos LL, Pereira MRC.  Preoperative biop-
sies in peripheral nerve tumor: clinical consequences. 
Brain Pathol. 2014;24(Suppl. 1):39–103.

 42. Guedes-Corrêa JF, Amorim RP, Pereira MR da 
C, Cardoso RSV, Costa FD, Bianchi B de S, et  al. 

Multimodal treatment of an extremely rare desmo-
plastic small round cell tumor primary to the brachial 
plexus—a case report and review of literature. Surg 
Neurol Int. 2019;10:140.

 43. Brahmi M, Thiesse P, Ranchere D, Mognetti 
T, Pinson S, Renard C, et  al. Diagnostic accu-
racy of PET/CT-guided percutaneous biopsies 
for malignant peripheral nerve sheath tumors in 
neurofibromatosis type 1 patients. PLoS One. 
2015;10:e0138386.

 44. Rimondi E, Rossi G, Bartalena T, Ciminari R, 
Alberghini M, Ruggieri P, et  al. Percutaneous 
CT-guided biopsy of the musculoskeletal system: 
results of 2027 cases. Eur J Radiol. 2011;77:34–42.

 45. Pianta M, Chock E, Schlicht S, McCombe 
D.  Accuracy and complications of CT-guided core 
needle biopsy of peripheral nerve sheath tumours. 
Skeletal Radiol. 2015;44:1341–9.

 46. Wu H-TH, Chang C-Y, Chang H, Yen C-C, Cheng H, 
Chen PC-S, et al. Magnetic resonance imaging guided 
biopsy of musculoskeletal lesions. J Chin Med Assoc. 
2012;75:160–6.

 47. Tøttrup M, Eriksen JD, Hellfritzsch MB, Sørensen FB, 
Baad-Hansen T.  Diagnostic accuracy of ultrasound- 
guided core biopsy of peripheral nerve sheath tumors. 
J Clin Ultrasound. 2020;48:134–8.

 48. Capek S, Amrami KK, James P, Dyck B, Spinner 
RJ. Targeted fascicular biopsy of the sciatic nerve and 
its major branches: rationale and operative technique. 
Neurosurg Focus FOC. 2015;39:E12.

 49. Laumonerie P, Capek S, Amrami KK, James P, Dyck 
B, Spinner RJ.  Targeted fascicular biopsy of the 
brachial plexus: rationale and operative technique. 
Neurosurg Focus FOC. 2017;42:E9.

 50. Marek T, Howe BM, Amrami KK, Spinner RJ. From 
targeted fascicular biopsy of major nerve to tar-
geted cutaneous nerve biopsy: implementing clinical 
anatomy can catalyze a paradigm shift. Clin Anat. 
2018;31:616–21.

 51. Marek T, Stone JJ, Amrami KK, Spinner RJ. Targeted 
nerve biopsy: a technique in evolution. Clin Anat. 
2018;31:1200–4.

 52. Guedes-Corrêa J, Cardoso R.  Immunohistochemical 
markers for schwannomas, neurofibromas and 
malignant peripheral nerve sheath tumors—what 
can the recent literature tell us? Arq Bras Neurocir. 
2018;37:105–12.

 53. Makise N, Sekimizu M, Kubo T, Wakai S, Hiraoka 
N, Komiyama M, et  al. Clarifying the distinction 
between malignant peripheral nerve sheath tumor and 
dedifferentiated liposarcoma: a critical reappraisal of 
the diagnostic utility of MDM2 and H3K27me3 sta-
tus. Am J Surg Pathol. 2018;42:656.

 54. Mito JK, Qian X, Doyle LA, Hornick JL, Jo VY. Role 
of histone H3K27 trimethylation loss as a marker 
for malignant peripheral nerve sheath tumor in fine- 
needle aspiration and small biopsy specimens. Am J 
Clin Pathol. 2017;148:179–89.

 55. Schaefer I-M, Fletcher CD, Hornick JL.  Loss of 
H3K27 trimethylation distinguishes malignant 

9 Indications and Techniques for Preoperative Biopsy in Peripheral Nerve Tumors

https://journals.lww.com/jbjsjournal/Fulltext/1979/61030/Closed_biopsy_of_musculoskeletal_lesions_.10.aspx
https://journals.lww.com/jbjsjournal/Fulltext/1979/61030/Closed_biopsy_of_musculoskeletal_lesions_.10.aspx
https://journals.lww.com/jbjsjournal/Fulltext/1979/61030/Closed_biopsy_of_musculoskeletal_lesions_.10.aspx
https://journals.lww.com/pedorthopaedics/Fulltext/1996/11000/THE_HAZARDS_OF_THE_BIOPSY,_REVISITED__FOR_THE.60.aspx
https://journals.lww.com/pedorthopaedics/Fulltext/1996/11000/THE_HAZARDS_OF_THE_BIOPSY,_REVISITED__FOR_THE.60.aspx
https://journals.lww.com/pedorthopaedics/Fulltext/1996/11000/THE_HAZARDS_OF_THE_BIOPSY,_REVISITED__FOR_THE.60.aspx


104

peripheral nerve sheath tumors from histologic mim-
ics. Mod Pathol. 2016;29:4–13.

 56. Le Guellec S, Macagno N, Velasco V, Lamant L, Lae 
M, Filleron T, et  al. Loss of H3K27 trimethylation 
is not suitable for distinguishing malignant periph-
eral nerve sheath tumor from melanoma: a study of 

387 cases including mimicking lesions. Mod Pathol. 
2017;30:1677–87.

 57. Fisher C, Montgomery EA, Thway K. Biopsy inter-
pretation of soft tissue tumors. In:  Wolters Kluwer 
(UK) Ltd. Philadelphia, PA; 2012.

F. Guedes et al.



105© Springer Nature Switzerland AG 2021 
F. Guedes et al. (eds.), Diagnostic Assessment and Treatment of Peripheral Nerve Tumors, 
https://doi.org/10.1007/978-3-030-77633-6_10

Fundamental Aspects of the Surgical 
Techniques for the Resection 
of Peripheral Nerve Tumors

Harley Brito da Silva,  
Francisco Flávio Leitão de Carvalho Filho,  
and Rajiv Midha

10.1  Introduction

Most of the difficulties in any type of surgical 
procedure arise with the unfamiliarity of the sur-
geons on how to manage a specific problem. 
Because of their relative rarity, that is one of the 
problems most surgeons face with the manage-
ment of peripheral nerve tumors. Peripheral 
nerve tumors account for 8–12% of the benign 
soft tissue neoplasms [1, 2], and malignant 
peripheral nerve tumors account for less than 5% 
of the malignant soft tissue neoplasms [3]. Thus, 
these types of neoplasms are infrequently surgi-
cally managed, unless a strong referral center for 

neurofibromatosis patients is present at the hospi-
tal [4]. Thus, this chapter will address some of the 
key points that surgeons must be aware when fac-
ing peripheral nerve tumors.

Furthermore, one possible challenging diffi-
culty for most surgeons is the unfamiliarity with 
the detailed anatomy required to operate on these 
neoplasms. Knowledge of peripheral nerve, sur-
rounding vessel, and muscle anatomy is required 
for a successful resection of both superficial and 
deep-seated tumors. This is of utmost importance 
in particular for the benign tumors, since the goal 
is not only the resection of the neoplasm but also 
the preservation of the neurological function [5]. 
Therefore, before approaching these tumors, the 
surgeon involved in the management should thor-
oughly review all the anatomy of the involved 
peripheral nerve or nerves and of the surrounding 
structures, and ideally cadaveric dissection prior 
to the surgery should be performed by the less 
experienced.

The first step should be, as always, history tak-
ing and a complete neurological examination. 
Most peripheral nerve tumors will be slow- 
growing masses that can be palpated by the sur-
geon, and these masses are usually soft and 
mobile. Pain is the most common complaint 
along with radiating dysesthesia or paresthesia. 
Sensory deficits or mild motor deficits may be 
documented. However, an adherent and fast- 
growing mass, associated with evolving motor 
deficit, is a warning sign of the possibility of a 

H. Brito da Silva 
Department of Neurological Surgery, Harborview 
Medical Center, University of Washington,  
Seattle, USA 

Neurosurgical Service Hospital Instituto José Frota, 
Fortaleza, Brazil 

F. F. Leitão de Carvalho Filho 
Neurosurgical Service Hospital Instituto José Frota, 
Fortaleza, Brazil 

Neurosurgical Service Hospital Geral de Fortaleza, 
Fortaleza, Brazil 

R. Midha (*) 
Department of Clinical Neurosciences, Division of 
Neurosurgery, Hotchkiss Brain Institute, University 
of Calgary, Calgary, AB, Canada
e-mail: rajmidha@ucalgary.ca

10

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77633-6_10&domain=pdf
https://doi.org/10.1007/978-3-030-77633-6_10#DOI
mailto:rajmidha@ucalgary.ca


106

malignant lesion. This concern is heightened 
with a previous history of radiation therapy and 
in the setting of NF1, where there may be a 
malignant transformation of a benign tumor into 
a malignant one [6, 7].

The advancements in imaging and neurophysi-
ology offer the possibility of a safe resection of 
peripheral nerve system (PNS) tumors and preser-
vation of function [5]. MRI can give the surgeon 
the necessary information regarding precise loca-
tion, size, and relation to adjacent anatomical and 
bypassing fascicular structures [8]. Furthermore, 
MRI scans along with PET scans can occasionally 
be useful to differentiate schwannomas from neu-
rofibromas and benign from malignant tumors. 
Ultrasound [9] is also another very useful diag-
nostic tool, as it can identify tumor and vessels, 
and can be useful as an adjunct in the operating 
room. Electrodiagnostic methods such as electro-
myography and nerve conduction studies may 
both help to objectively assess the degree of neu-
rological deficit preoperatively but are not indi-
cated if the neurological exam is normal. More 
important, however, is the use of intraoperative 
monitoring of the specific muscle groups that 
could be affected during the PNS tumor resection 
[10]. More detailed information regarding pathol-
ogy, imaging, and electrophysiology is presented 
in other chapters of this book.

It is worth noting that most frequently the sur-
geon will encounter a benign subtype of schwan-
nomas (Figs.  10.1 and 10.2) or neurofibromas 
(Figs. 10.3 and 10.4) at surgery. However, a sur-
geon can encounter other intrinsic peripheral 
nerve sheath tumors such as perineuromas [11], 
dermal nerve sheath myxomas, and hybrid nerve 
sheath tumors. Additionally, peripheral non- nerve 
sheath tumors can be found, for example, menin-
giomas, lipomas, ganglioneuromas, epidermoid 
cysts, angiomas, solitary fibrous tumors/heman-
giopericytomas, glomus tumors, and other rarer 
entities [12]. Finally, some inflammatory and 

infective pathologies such as sarcoid granulomas 
and leprosy can present itself along the PNS 
mimicking nerve neoplasia.

Particular aspects related to the clinical indi-
cation and to the surgical technique required for 
the resection of benign PN tumors will be dis-
cussed below. However, a detailed explanation of 
the surgery of specific tumor types will be dis-
cussed elsewhere in this book.

10.2  Clinical Indications 
for Surgery

The key to a successful surgical intervention 
starts with the appropriate clinical indication. 
Considering that as mentioned above benign 
schwannomas and neurofibromas are the most 
frequently encountered types of peripheral nerve 
tumors, then it is of paramount importance that 
the surgeons know when and how to operate on 
these cases. The surgeon must be able to remove 
these benign lesions in the vast majority of cases 
without incurring a permanent neurological defi-
cit. Therefore, caution is warranted when decid-
ing for a surgical procedure, with an appropriate 
informed decision between the surgeon and the 
patient.

Thus, one should start with the case for the 
conservative treatment. A patient with a single 
small non-growing or slow-growing tumor with 
no neurological symptoms or signs should not be 
operated on, and this patient should be followed 
up serially. If the patient has a family history of 
NF1 or NF2, then one can proceed with a thor-
ough physical examination to find syndromic 
signs and to exclude other tumors. A referral to a 
genetic specialized clinic to establish if that 
patient carries gene mutations may be warranted. 
In the case that the patient arrives at the surgical 
clinic already with a pre-established diagnosis of 
NF1/NF2 and still has one or a couple of small 
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tumors and again with no neurological symp-
toms or signs, then conservative management 
still is the best option. One important distinction 
should be made here. In the presence of multiple 
tumors [13], the physician should order a cranial 
MRI, because of the higher probability of intra-
cranial tumors; if otherwise, a yearly follow-up 
is recommended. For these patients, a chart iden-
tifying the exact location of the tumor(s) and the 
size of it is extremely helpful for future follow-
ups [2].

The next group are those patients with larger 
tumors and/or minimal neurological deficit. 
These are the patients that present themselves 
with paresthesia and dysesthesias, but with no 
pain complaint and no muscle weaknesses 
caused by the tumor. These patients can be also 
treated conservatively, in particular if the tumor 
is relatively small. In cases of larger lesions and 
ones that are demonstrating progressive growth, 
elective surgical resection is appropriate. 
Normally, these patients will already have some 
degree of pain, and it is important to remind the 
patient of all the surgical risks involved in the 
resection of the tumor, including augmentation 
of paresthesia and dysesthesia, as well the small 
risk of new postoperative neurological deficits. 
For these larger masses where it is elected not to 
do surgery and where the imaging is concerning, 
the option of doing an image-guided core needle 
biopsy to establish the diagnosis should be dis-
cussed with the patient. Otherwise, as in the 
above group, half-yearly or yearly follow-up is 
recommended.

A third group of patients consist of patients 
that have one or multiple tumors of any size with 
uncontrolled pain but no muscle weakness. These 
patients constitute a group that requires appropri-
ate surgical treatment. The goal of surgery is to 
remove the tumor causing the painful syndrome 
and yet preserve function. Sometimes this entails 
removing the dominant symptom provoking 

tumor in a multinodular schwannoma or multi- 
fascicular neurofibroma, but leaving behind 
smaller non-symptomatic lesions (Fig.  10.3). 
Patients with peripheral nerve tumors that present 
with pain and minor sensory and/or motor should 
be operated. That is the classical indication for 
surgery of peripheral nerve tumors. Moreover, if 
multiple symptomatic tumors are present and if 
the anatomical location permits, then it is possi-
ble to approach it in the same day, as we do for 
cases of schwannomatosis [1] in one limb or 
regional area. Otherwise, staged procedures can 
be scheduled.

There is a special group of patients that need 
to be considered, and these are patients with 
deep-seated tumors. While peripheral nerve 
tumors along the limbs are easy to diagnose and 
detect, deep-seated tumors in the thoracic and 
abdominal regions and also in the brachial plexus 
and lumbosacral plexus regions are usually diag-
nosed when presenting as large masses. Clinically 
one of the following or all of them are associated 
with these cases: pain, paresthesia, dysesthesia, 
and muscle weakness. These tumors often com-
press vascular structures and can be difficult to 
approach. Although these are challenging tumors 
for the surgeon, there is no doubt about the surgi-
cal indication, when they are large, growing, and/
or symptomatic [14]. Conversely, small and non- 
growing (even large) asymptomatic lesions 
should simply be followed. A biopsy prior to sur-
gical resection could be performed to differenti-
ate between a benign and a malignant lesion. 
Surgical resection in both cases should be per-
formed, and in particular, for malignant tumors, 
the goal is to perform a radical resection (with 
margins) [6].

The advantages and disadvantages of the sur-
gical procedure should be always presented to the 
patient. Among the listed advantages are the 
establishment of a pathological diagnosis, pain 
reduced or abolished, possible improvement of 
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paresthesia and dysesthesia, avoidance of pro-
gression of a benign tumor to a malignant tumor 
[7], resection before tumor growth size that 
causes muscle weakness, and, in case of muscle 
weakness already present, improvement of mus-
cle weakness or even complete restoration of the 
motor function. The other side of this is the risk 
of furthering sensory and motor deficits and, 
worse, even creating new deficits after the tumor 
resection.

10.3  Fundamental Aspects 
of the Surgical Technique

For the safe resection of peripheral nerve 
tumors, there are some very important points to 
be observed. First, the surgical exposure should 
allow the surgeon to identify tumor-free mar-
gins of the nerve, with sufficient proximal and 
distal length exposed (Fig.  10.1). That is rela-
tively easy and straightforward for tumors local-
ized along the limbs. The incision should be 
large enough then to allow this exposure. 
Magnification can be used already at the moment 
of the skin incision either through loupes or the 
surgical microscope; however, once the nerve is 
found and tumor dissection initiated, the sur-
geons should immediately start using the surgi-
cal microscope. Also, colored vessel loops are 
used once vascular and nerve structures are 
found in order to facilitate the proper identifica-
tion of the structures.

The approach to deep-seated peripheral nerve 
tumors could pose a problem, and it is not in the 
scope of this chapter to describe surgical 
approaches to such lesions, but it is important to 
notice that often the best choice of approach for 
deep-seated tumors in the thoracic or abdominal 
region requires a multidisciplinary team includ-

ing thoracic surgeons or general surgeons [15]. 
However, once the involved nerve and tumor are 
localized, from that moment on, the procedure 
should be performed by the surgeon experienced 
with microsurgery. A useful advice is to have 
easy access to vascular clamps for those cases 
which there is a tumor adjacent to a major vessel. 
An emergency arterial wall repair is not some-
thing to be underestimated, and the use of clamp-
ing will be necessary for it.

Previously the senior author (RM) has called 
the attention to the importance of distinguishing 
between the two main types of tumors, eccentric 
tumors, exemplified by schwannomas (Figs. 10.1 
and 10.2), and mostly centrally located tumors, 
exemplified by neurofibromas (Figs.  10.3 and 
10.4), in regard to surgical technique [16].

Traditionally, under the microscope, the sur-
geon initially identifies both distally and proxi-
mally a nerve region which presents no tumor 
involvement of the fascicles that is followed by 
the longitudinal opening of the epineurium over-
lying the tumor. This is done using magnification 
with an operating microscope to evaluate for a 
fascicle-free zone which is aided with mapping 
of the surface using direct electrical stimulation 
and looking for an absence of motor evoked 
response. Recently Stone et al. published [17] a 
paper regarding the technique for the interfascic-
ular dissection of benign peripheral nerve sheath 
tumors, similar to which the senior author has 
used for the past two decades. The step-by-step 
technique consists of the following:

 1. Fascicle-free window is identified on the 
tumor through visual and intraoperative 
monitoring.

 2. The pseudocapsule layers are divided with 
sharp instrument until a smooth and shiny true 
capsule layer is found.
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 3. Then, this plane which has minimal resistance 
is dissected circumferentially until the tumor 
is completely enucleated.

 4. At the poles, the surgeon looks for a single 
non-functioning nerve fascicle; if there is 
more than one fascicle, then the surgeon pro-
ceeds once more to repeat step 2.

 5. The non-functioning entering or exiting fas-
cicle or fascicles are cut.

 6. The sides of the pseudocapsule are spread in 
opposite directions to evaluate for residual 
tumor, and then if there is any, it is safely 
removed.

The most frequently encountered benign 
tumors bypassing fascicles are white in com-
parison to the yellowish coloration of the 
tumors [17, 18] (Fig. 10.2). It is important that 
the dissection is performed with frequent test-
ing of the function of these fascicles and con-
tinuing intraoperative monitoring. During this 
stage of the surgery, often, the neurophysiolo-
gist will mention to the surgeon some neuro-
physiological changes when manipulating the 
fascicles. When that happens, the surgeon 
should proceed with the fascicle/tumor capsule 
dissection at another area of the nerve. Most of 
the time, these are transitory chances, and the 
careful resection can be continued for that par-
ticular fascicle. The technique to dissect the 
fascicle from capsule can vary; most of the 
time, blunt microtechnique using either a 
micro-forceps or a micro-dissector is the safest, 
but certainly there could be occasions that the 
use of a micro-scissor or a knife is warranted 
when trying to obtain a complete resection. For 
really large tumors, tumor debulking is the best 
way to proceed in order to avoid extreme and 
potentially hazardous mobilization of the 
involved nerve. Once most of the tumor is deb-

ulked, then the surgeon can use the steps 
described above. The final dissection of the 
tumor from a fascicle can be performed through 
sharp cut, aided by judicious coagulation.

Special problems arise for the cases in which 
fascicles enter directly into the tumor; this situa-
tion requires the help of the neurophysiologist. If 
there are many fascicles involved, and these are 
functioning (motor) fascicles responding to neu-
rophysiological stimuli, then it is advisable to 
carefully remove in a piecemeal fashion as much 
tumor as it is possible to do safely and leave the 
tumor part involving the functioning fascicles (as 
in Fig. 10.3 example). If only, from a neurophysi-
ological perspective, non-functioning fascicles 
are involved and cannot be separated from tumor 
capsule, then if the goal is to achieve a complete 
removal, these fascicles could be sacrificed, and 
again either cutting or coagulation is possible 
(Fig. 10.1).

There are several surgical and pathological 
contraindications for the use of the above tech-
nique including multiple prior surgeries, which 
makes the identification of pseudocapsule and 
capsule very difficult, and an atypical lesion, i.e., 
malignant tumors. When prior surgery makes 
morphological identification of the capsule diffi-
cult, careful interfascicular dissection starting at 
either end of normal nerve and then arriving at 
the nerve-tumor interface may be warranted to 
find the correct dissection plan. Of course, in 
cases of malignant lesions, an en bloc or wide 
excision is warranted, and entering the tumor 
capsule is to be avoided.

Summarizing, the fundamental technique for 
tumor resection always requires careful tumor 
resection away from bypassing fascicles using 
microsurgery with the help of intraoperative 
monitoring in order to properly identify function-
ing from non-functioning fascicles.
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10.4  Illustrative Cases

10.4.1  Case 1 Radial Nerve Schwannoma

a b

c d

e f

Fig. 10.1 Isolation of the nerve (green arrow) and the 
tumor after the soft tissue dissection (a). Schwannoma is 
inspected circumferentially after the mobilization of nerve 
and tumor, searching for fascicle-free zones (b). 
Schwannoma capsule is dissected initially (c), with fur-

ther capsular dissection circumferentially (d). 
Schwannoma is lifted from the nerve trunk, and entering 
and exiting fascicles (green arrows) can be visualized (e). 
Coagulation of the exiting fascicle (f), prior to its 
division
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10.4.2  Case 2 Peroneal Nerve Schwannoma

a b

c d

Fig. 10.2 Photograph of the peroneal nerve schwannoma 
and surface fascicles prior to resection (a). Peroneal nerve 
schwannoma dissection off of the fascicles, yellowish 
color for the tumor and white-colored fascicles (green 

arrows) (b, c), with entering and exiting fascicles seen 
clearly in panel (c). Preserved nerve along with bypassing 
fascicles after schwannoma removal (d)
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10.4.3  Case 3 Ulnar Nerve Neurofibroma

a b

c d

e f

Fig. 10.3 MRI of the ulnar nerve neurofibroma (a). 
Marking of the skin incision and the approximate location 
of the tumor (b). After soft tissue dissection, the ulnar 
nerve and neurofibroma are exposed (c). Photograph of 
the resected neurofibroma (d). After the microsurgical 
resection, one can see in the arm the needle electrodes on 
the hand muscles for EMG recording of the ulnar muscle 

groups. This allowed successful removal of the dominant 
neurofibroma from the ulnar nerve and selective non- 
resection of small neurofibromas in conducting fascicles 
which were causing EMG activation. Postoperatively the 
patient had a motor deficit which is now resolved, and the 
pain which was there prior to surgery is no longer there 
(e). The ulnar nerve post tumor resection (f)
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10.4.4  Case 4 Solitary Radial Nerve Neurofibroma

a b

c d

e f

g

Fig. 10.4 MR image of the solitary neurofibroma (a, b). 
Skin marked for incision showing the use of an extensile 
skin incision for this case (c). Surgical site showing the 
isolated tumor. It was a SOLITARY neurofibroma from 
forearm branches of the radial nerve, and the senior author 
achieved complete resection sparing all branches by using 

intraoperative stimulation of bypassing nerve branches 
and recording evoked EMGs (d). Neurofibroma and radial 
nerve; the neurofibroma was approximately 8.5 cm long 
(e), and it was removed as one large sample (f). Radial 
nerve and branches after the complete removal of the neu-
rofibroma (g)
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10.5  Conclusion

The fundamental aspect of proper resection of 
peripheral nerve tumors is the use of a good 
microsurgical technique that allows the safe 
resection of the tumor and preservation of the 
nerve functions. In order for that to happen, sev-
eral steps are necessary. Through clinical his-
tory and physical examination, detailed MRI 
and ultrasound imaging are the preoperative 
steps, along with carefully selecting patients for 
surgery. Microsurgery techniques for interfas-
cicular dissection are to be mastered, while 
intraoperative monitoring of the nerve function 
is an important tool during surgery in order to 
achieve the best possible outcome of complete 
nerve tumor resection and absence of a new 
neurological deficit and further improvement of 
the existing deficits. The following chapters in 
this book present detailed information about the 
management of different types of peripheral 
nerve tumors.
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Neurophysiological Monitoring 
during Surgery

Carlos Alberto Rodríguez Aceves 
and Armando Tello Valdés

11.1  Introduction

The goal of surgical resection of nerve tumors is 
to achieve complete removal of the tumor while 
preserving nerve function. In the past, the surgi-
cal treatment of nerve tumors was a difficult task, 
because of a lack of complete understanding of 
the tumor biology and its microscopic anatomy 
and the absence of adequate surgical tools for a 
safest resection [1, 2].

Different neurophysiological preoperative 
tests exist, as mentioned in Chap. 5. After they 
were first described for the surgical management 
of peripheral nerve injuries in 1960 by Kline 
et al. [3, 4], they have been integrated routinely as 
multimodal intraoperative monitoring (MIOM) 
during peripheral nerve surgery in selected cases. 
These techniques can be adapted to different sur-
gical procedures allowing a continuous identifi-
cation and quantification of distinct parameters to 
clearly reveal functional status of nerve struc-
tures during nerve surgery [5].

MIOM is particularly useful for some periph-
eral nerve lesions that constitute a surgical chal-
lenge. It is essential to establish the baseline 
neurological status, the regional anatomy, and the 
type of anesthesia used. At present, its use is 
widespread for the surgical management of 
peripheral nerve tumors to minimize damage to 
functional neural elements [5–7].

MIOM consists of two elements: mapping for 
the timely identification of nerve structures that 
must be preserved and continuous monitoring of 
the functional integrity of a specific nerve path-
way for early detection of variations that call for 
modification of surgical maneuvers [5].

11.2  Intraoperative Monitoring 
Techniques

Neurophysiological techniques follow the same 
principles as preoperative evaluation; however, 
stimulation and recording electrodes in the surgi-
cal field must be sterile [5] (Fig. 11.1).

Communication between the surgical and 
monitoring teams is imperative, since the correct 
positioning of electrodes in the muscles or nerve 
of interest, the application of stimuli, how to per-
form manipulation of the studied nerve, the use 
of total intravenous anesthesia (TIVA) during 
surgery without muscle relaxant medication, and 
avoiding the use of tourniquets are fundamental 
factors for an optimal registry [5, 8] (Fig. 11.2).
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Recording techniques are divided according 
to bioelectrical signals: (1) spontaneous EMG 
activity and (2) evoked responses—somatosen-
sory evoked potentials (SSEPs), motor evoked 
potentials (MEPs), evoked EMG potentials, and 
nerve action potential (NAP). Thus, evoked 
responses can be recorded at the cerebral cortex, 
spinal cord, muscle, or peripheral nerve. The 
selection of the specific monitoring technique 
will depend on the structure we need to evaluate 
[5, 9, 10]. The following section of this chapter 
will refer to the most useful techniques for 
peripheral nerve tumor surgery.

Fig. 11.1 Monopolar intramuscular needle for EMG 
recording

a

b

Fig. 11.2 Electrode placement in selected muscles away from surgical field after positioning and anesthesia induction. 
(a) For resection of distal tibial nerve tumor and (b) For resection of proximal sciatic nerve tumor
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11.2.1  Continuous Intraoperative 
Electromyography (EMG)

Continuous EMG is the uninterrupted recording 
of the electrical activity of the muscle or muscles 
of interest. It provides dynamic real-time infor-
mation to surgeons if during intraneural tumor 
resection, retraction injury, nerve compression, 
or vascular insult occurs. It may also indicate 
nerve proximity in the case of extraneural tumor 
resection. It is used to avoid nerve trunk or fas-
cicular damage during surgical manipulation. 
When nerve irritation occurs, by mechanical, 
thermal, or metabolic trauma, muscle activity 
increases and can be displayed on a digital screen 
and as an audible signal, so that the surgeon 
becomes aware of any harmful manipulation of 
the nerve in real time. Surgical manipulation 
must be interrupted if sustained tonic activity 
(neurotonic discharges) is present. These dis-
charges appear as rapid, irregular bursts, lasting 
several milliseconds, or prolonged trains [5, 8, 
11, 12] (Fig. 11.3).

11.2.2  Stimulus-Triggered 
Intraoperative 
Electromyography (tEMG)

tEMG is useful for mapping nerve or fascicle 
identification. A brief, low-intensity electrical 
stimulation is applied to a nerve, with subsequent 
recording of a compound muscle action potential 
(CMAP) using the same electrodes as for con-
tinuous EMG. tEMG helps to identify nerve 
structures in a more precise way than visual mus-
cle contraction. The stimulator may be a monop-
olar or bipolar sterile device and is used by the 
surgeon; bipolar electrodes deliver a more focal 
stimulation, with less current spread to nearby 
neural structures [5, 11] (Fig. 11.4).

Despite the fact that CMAP recording is easier 
than NAP recording, it is recommended that the 
surgeon palpate and observe the target muscles, 
because EMG cannot sample all motor units dur-
ing stimulation [6].

11.2.3  Nerve Action Potential

Like CMAP, registry of NAP is obtained by direct 
stimulation of the nerve trunk proximal to the site 
of injury, and recording takes place along the 
course of the stimulated nerve, distal to the site of 
injury. Using the same principle, NAP can be 
recorded in a single fascicle or group of fascicles 
in tumor resection. With this technique, some 
surgeons have demonstrated the absence of elec-
trical response across the fascicle(s) involved in 
certain types of tumors. However, its application 
is not as useful as for traumatic injuries, since 
sometimes these are technically challenging for 
several reasons, including problems related to 
access to an appropriate length of the fascicle 
segment, distortion of anatomy, presence of a 
stimulus artifact, and flawed recording parame-
ters [5, 13, 14]. These problems can sometimes 
be resolved by using stimulating electrodes with 
three poles (tripolar) with anode-cathode-anode 
array, which reduces the stimulus artifact when 
the recording electrode is near the stimulus.

11.2.4  Somatosensory and Motor 
Evoked Potentials

In SSEPs, the responses are produced by apply-
ing an electrical stimulus to a peripheral nerve 
and subsequently recording the response at corti-
cal level of the sensory pathway or upper relay 
stations. Intraoperatively, those responses are 
compared with baseline reference values obtained 
before the beginning of the surgical procedure. A 
decrease of more than 50% in amplitude or an 
increase of more than 10% in latency of responses 
is associated with an adverse neural function. 
One limitation of SSEPs is that the value is based 
on the calculated averages of stimuli which may 
take several minutes to change following an acute 
insult [15, 16].

When SSEPs are used to evaluate the somato-
sensory pathways at risk during peripheral nerve 
tumor resection, a decrease in the responses may 
be indicative of stretching or compression of the 
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nerve trunk. Therefore, its most useful applica-
tion is during resection of neighboring  extraneural 
lesions, in which the nerve trunk may not be vis-
ible to the surgeon (Fig. 11.5).

MEPs are obtained using high-voltage, short- 
duration repetitive stimulation, over the motor 
cortex, with electrodes placed on the scalp (tran-

scranial MEPs) to evaluate motor responses 
within the monitored muscles. Since individual 
muscles are often innervated by motor fibers 
from more than one nerve root, its use for periph-
eral nerve tumor resection usually is limited to 
the assessment of the proximal segments of the 
nerve trunks or plexuses. Nevertheless, some sur-

Fig. 11.3 Continuous EMG during resection of an extra-
neural tumor mass compressing proximal sciatic nerve 
showing neurotonic discharges due to mechanical irrita-

tion by manipulation. Source: Neurophysiology archives, 
The American British Cowdray Medical Center

a

b

Fig. 11.4 (a) Evoked EMG during resection of a proximal sciatic nerve tumor. Source: Neurophysiology archives, The 
American British Cowdray Medical Center. (b) Bipolar hook electrodes
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geons advocate the utility of intraoperative MEPs 
in predicting neurological deficits following the 
surgical enucleation of peripheral nerve schwan-
noma and also demonstrate that even if a nerve is 
not transected or injured, traction or compression 
may induce ischemia with the resultant decrease 
in MEP response [15, 17, 18] (Fig. 11.6).

11.3  Surgical Applications 
in Tumor Resection

MIOM can assist the surgeon to preserve critical 
nerve function during intraneural or extraneural 
tumor resection and to select nonfunctional fas-
cicles when a nerve biopsy is needed [19, 20].

Fig. 11.5 SSEPs during resection of a right sided gluteal 
liposarcoma with intrapelvic extension through sciatic 
foramen compressing proximal sciatic nerve. White lines 
represent baseline responses and green ones represent 

final responses for left and right tibial nerves respectively. 
Source: Neurophysiology archives, The American British 
Cowdray Medical Center

Fig. 11.6 MEPs during resection of a left sided 
C7-Middle trunk extraforaminal schwannoma. Blue lines 
represent baseline responses and red ones represent final 

responses for left and right muscles innervated by C5 to 
T1 roots respectively. Source: Neurophysiology archives, 
The American British Cowdray Medical Center
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Before surgery, it is necessary to select the mus-
cles that will be monitored. The anesthesiologist 
must be instructed to use only short-acting muscle 
relaxants for anesthetic induction, and once the 
patient is intubated, no muscle relaxants must be 
used during the rest of the surgery; anesthetic 
blocks also must be avoided. For hemostasis and 
bleeding control, it is preferred to use proper care-
ful bipolar coagulation and direct compression dur-
ing surgery, since the use of tourniquets interferes 
with normal nerve conduction [8, 21–23].

As mentioned in previous chapters, benign 
peripheral nerve sheath tumors (BPNSTs) are the 
most frequent type of tumors within peripheral 
nerves, and these are represented by schwanno-
mas and neurofibromas, the first being the most 
common BPNST [24].

Schwannomas and neurofibromas arise from a 
single or multiple fascicles, respectively, allow-
ing for microsurgical removal with no or a low 
risk of permanent postoperative deficit [25].

After exposure of the nerve trunk and tumor as 
needed, direct electrical stimulation at low set-
ting (0.5–2  mA) on the tumor surface is per-
formed prior to dissection. In this mapping stage, 
continuous EMG and CMAP registry are critical 
to avoid damage to functional fascicles 
(Fig. 11.7). To identify a safe zone of entry before 
opening the nerve trunk, the surgeon should look 
for any electrical response or muscle contraction, 
either visible or palpable after electrical stimula-
tion. After exposing the tumor within the nerve, 

the dissection stage is carried out also guided by 
continuous EMG.  Compression and traction of 
functional fascicles will elicit EMG discharges. 
If EMG discharges occur, the surgical maneuver 
should be stopped and modified to avoid damage 
to these fascicles, until proximal entering and 
distal exiting fascicles of the tumor are reached. 
Stimulation with triggered EMG and recording 
of NAP of these fascicles allows the surgeon to 
confirm their lack of functionality or the exis-
tence of any motor response in the case of multi-
ple fascicles seen in neurofibromas; if they exist, 
an attempt to reconstruct the fascicle should be 
done [6, 13, 26–31] (Fig. 11.8).

At the end of the procedure, any of the evoked 
responses described previously can aid in con-
firming the integrity of the neural function.

When a more diffuse tumor (such as plexiform 
neurofibroma or perineurioma) or malignant 
peripheral nerve sheath tumor is present, the 
same principles are employed using direct elec-
trical stimulation and continuous and triggered 
EMG with recording of CMAPs to identify and 
preserve functional fascicles. Nevertheless, the 
nature of these types of tumors reduces the pos-
sibility of accomplishing surgical resection with 
complete preservation of function despite the use 
of MIOM, but they may help to predict postop-
erative outcome.

The resection of extraneural tumors (such as 
desmoid tumors) in the vicinity of a nerve 
trunk can be monitored by using continuous 

Fig. 11.7 Mapping of schwannoma surface to identify a safe zone of entry by direct electrical stimulation with the 
IGFA II Stim™ nerve stimulator device by BEIC
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EMG and evoked responses such as MEPs and 
SSEPs. In these cases, mobilization or manipu-
lation of the tumor can cause inadvertent dam-
age to adjacent nerves. MIOM allows the 
detection and protection of nerves that may be 
difficult to identify, at a stage when a neuro-
logical deficit is reversible [19].

Nerve tumor biopsy was discussed in Chap. 9. 
When necessary, MIOM is also helpful to avoid dam-
age by identifying functional fascicles at risk [14].

11.4  Potential Pitfalls

MIOM may yield preventable false-positive or 
false-negative responses. As mentioned in the pre-
vious section of this chapter, communication 
among the surgical team is the first step to avoid 
registry errors. The clinical neurophysiologist 
needs to be capable of interpreting electrical 
changes during surgery, discriminating and reduc-
ing artifacts, identifying peak waves, and integrat-
ing the diverse monitoring modalities [9, 22].

A clear knowledge of the regional anatomy 
and innervation territories is mandatory for the 
selection of the correct muscles to be monitored, 
as well as the proper application of recording 
electrodes outside the surgical field. These two 
initial steps avoid the possibility of incorrect reg-

istry in muscles not related to the affected nerve 
and also obstruction of the surgical field for the 
surgeon or detachment of electrodes during 
surgery.

TIVA with a combination of propofol and opi-
oids is the preferred general anesthetic technique 
for any procedure that requires the use of neuro-
physiological monitoring, since with balanced 
dosage, the neuromuscular junction and cortex 
remain functional. Inhalation anesthesia, anes-
thetic blocks, and muscle relaxants interfere with 
neural pathway responses and muscle contraction 
causing delayed or reduced neural responses 
[31–33].

Some peripheral nerve surgeons use tourni-
quets for bleeding control; nevertheless, when 
MIOM is employed, their use may interfere with 
normal neurophysiological responses due to 
nerve ischemia. Thus, if a tourniquet is employed, 
deflation of the cuff is necessary at least 20 min 
before the registry of nerve evoked responses 
[34]. Low temperature can also affect the registry 
by slowing conduction; thus, cold irrigation is 
not recommended.

Equipment failure can never be eliminated 
completely and should always be considered by 
the neurophysiology team. Therefore, qualified, 
experienced personnel are needed to identify and 
correct any errors made in setting up the  recording 

a b c

d

Fig. 11.8 Dissection stage of one of multiple schwanno-
mas (red arrows) arising from right tibial nerve in a patient 
with schwannomatosis. (a) Sagittal STIR sequence MRI 
with multiple tumors arising from tibial nerve. (b) 
Surgical exposure of proximal tibial nerve showing mul-
tiple schwannomas, two at the popliteal fossa, and one 

more distally. (c) Continuous EMG neurotonic discharges 
of the right abductor hallucis during dissection of proxi-
mal pole of one of the tumors. (d) Continuous EMG with 
brief neurotonic discharge of the right abductor hallucis 
during final steps of enucleation of tumor. Source: 
Neurophysiology archives, Hospital Español de México
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equipment, such as disconnections, as well as 
recognizing artifacts (such as cautery, anesthetic 
monitoring, lights) during registry [35].

Current spread and artifacts are common prob-
lems that can be avoided by using bipolar or tripolar 
stimulating electrodes, increasing the stimulating-
recording interelectrode distance, using the lowest 
stimulus intensity and duration necessary for a 
supramaximal response, lifting the nerve away from 
surrounding tissue and fluid, placing a ground elec-
trode, and orienting electrodes correctly; these are all 
technical considerations that neurophysiologists 
must bear in mind [36].

11.5  Summary

Communication among the surgical team (sur-
geon, neurophysiologist, and anesthesiologist) is 
imperative for the selection of the most useful 
neurophysiological techniques to accomplish 
optimal MIOM during peripheral nerve or neigh-
boring tumor resection surgery. This strategy 
must be based on the biological nature (probable 
origin) of the tumor, its anatomical localization, 
and its topographical relation with the nerve 
trunks (neural or extraneural). This information 
can be obtained with an adequate preoperative 
diagnostic approach [8]. In spite of its cost and 
time-consuming labor, MIOM provides informa-
tion that cannot be obtained by other intraopera-
tive tools [13, 19].

Since peripheral nerve tumor surgery can be a 
difficult task, even for experienced surgeons, to 
optimize the results, in addition to the correct 
application of the microsurgical technique, the 
surgeon must rely on the different intraoperative 
neurophysiological modalities to perform a safe 
resection and avoid complications, reducing the 
risk of inadvertent lesions in the nerve trunks or 
functional fascicles inside the nerve.
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Complications after Tumor 
Resection

Javier Robla Costales, Mariano Socolovsky, 
and Fernando Martínez Benia

Peripheral nerve tumors constitute an important 
field in peripheral nerve surgery. It is important to 
know how to resect them and the complications 
that can occur secondary to the procedure.

Many complications can be avoided if the sur-
geon acquires broad knowledge about peripheral 
nerve tumors, including decision-making and 
operative skills. Major nerve complications typi-
cally relate to resecting a benign nerve sheath 
tumor unnecessarily or resecting a nerve unnec-
essarily as part of an extraneural lesion. These 
serious complications frequently stem from a 
lack of understanding of basic principles of tumor 
surgery [1].

Approximately 90% of all peripheral nerve 
tumors are benign, and most of the remaining can 
be classified within the malignant peripheral nerve 
sheath tumor (MPNST) group (2). Within the 
benign category, neurofibromas and schwannomas 
represent the vast majority of all tumors, most 

being sporadic and unassociated with either neuro-
fibromatosis type 1 (NF1) or type 2 (NF2) [3].

Schwannomas and neurofibromas can be 
completely resected with acceptable morbidity 
(Table 12.1). Surgery is successful at preserving 
function in 90% of schwannomas, 80% of neuro-
fibromas, and 66% of neurofibromas in those 
with NF1 [4].

Schwannomas typically are eccentrically 
located, and there is frequently a single entering 
and exiting fascicle into the tumor. Reconstruction 
of this fascicle is not necessary, because it has 
been demonstrated to be electrophysiologically 
nonfunctional [3, 4]. Schwannoma excision 
through intracapsular enucleation may produce 
temporary sensory and/or motor dysfunction, but 
few have long-term neurological deficits [3–5]. 
Siqueira et al. have demonstrated a higher risk of 
complications after schwannoma resection in 
patients under 50 years old and when the tumor is 
greater than 3  cm in greatest diameter [6]. 
Occasionally, several or multiple fascicles are 
involved, which may occur sporadically or in 
patients with NF2 or schwannomatosis [3, 7].

Patients who had previously undergone a 
biopsy have a significantly higher risk of sensory 
loss or a motor deficit and poorer outcomes after 
subsequent tumor resection [8, 9].

Contrary to schwannomas, in neurofibromas, 
there are typically several fascicles involved in 
the tumor that remain functional, making resec-
tion generally riskier than with schwannomas [3]. 
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Interfascicular dissection can typically preserve 
most functioning fascicles. The tumor may be 
removed as a solitary mass once the correct plane 
has been defined and the entering and exiting fas-
cicles are identified. In a situation in which func-
tioning fascicles are lost, but proximal and distal 
portions of the nerve can be identified, recon-
struction can be performed using inter-positional 
grafts [4]. As with schwannomas, recurrence 
after neurofibroma excision is uncommon.

Plexiform lesions involve more fascicles and 
appear beaded. Cellular subtypes may have high 
mitotic rates and, although benign, may have a 
higher recurrence rate than other histologic types 
[3]. These lesions, which affect multiple fasci-
cles, generally are not completely resectable 
without major neurological deficit, unless they 
are located within expendable branches [4]. 
Plexiform lesions should be managed nonopera-
tively or debulked selectively in cases of refrac-
tory neuropathic pain. Rapidly growing masses 
which produce pain and progressive neurological 
deficits should be considered for biopsy and/or 
resection [3, 4]. Trying to resect an “unresect-
able” tumor like a plexiform neurofibroma in 
other circumstances will lead to a functional defi-
cit for sure [1].

Excellent results may be obtained without 
complications in patients with extraneural tumors 
like lipomas, hemangiomas, or ganglion cysts, 
which extrinsically compress a peripheral nerve 
[1]. These conditions can all be treated surgically 
with microscopic neurolysis and excision of the 
mass, without resultant nerve function loss.

Hemangiomas and arteriovenous malforma-
tions are vascular anomalies that result in a 

benign space-occupying mass. Due to the com-
mon proximity of nerves and vessels, a tumor 
arising from a vessel may be mistaken as a nerve 
tumor [10]. Despite originating from neighboring 
vessels, reports have documented that the malfor-
mation may also encompass and infiltrate a nerve 
[11]. In addition, a vascular malformation may 
directly involve the nerve through its vasa nervo-
rum. The primary treatment goal is excision of 
the hemangioma free from the nerve, in order to 
relieve symptoms and maintain nerve function. 
However, if an appropriate plane of dissection is 
not present, sole decompression of the nerve may 
help to relieve symptoms while preserving the 
nerve’s integrity. Extreme care should be taken 
when dissecting the malformation to identify any 
accessory nerves, as reports have indicated an 
association between vascular malformations and 
bifurcated nerves [12, 13].

Peripheral nerve lipomas can exist in any 
nerve distribution but are most commonly 
described involving the median nerve. This fibro-
fatty tumor is present circumferentially around 
the nerve. Microsurgical neurolysis, surgical deb-
ulking, and precise removal of tissue are possi-
ble, preserving nerve function, as mentioned 
previously [4].

A different clinical entity is the fibrolipoma-
tous hamartoma (FLH). These lesions are charac-
terized by fibrofatty proliferation causing 
epineural and perineural fibrosis. Magnetic reso-
nance imaging (MRI) characteristics of fibrolipo-
matous hamartomas are pathognomonic, 
obviating the need for biopsy for diagnosis. 
Resection should be indicated as a first option 
only in rare occasions, when the FLH occurs in 

Table 12.1 Incidence of complications after resection of different nerve tumors in published series

Author Year Tumor Cases Complications (%) Type of complications
Siqueira et al. [6] 2013 Sch 72 15.2 Sensory disturbances
Martínez et al. [22] 2019 Various 66 15 Dysesthesia, motor deficit
Hirai et al. [23] 2019 Sch 141 34.8 Sensory disturbances, motor weakness
Nelson et al. [24] 2019 At NF 21 12 Sensory disturbances
Yuce et al. [25] 2019 SchPB 11 0
Kim et al. [26] 2012 Sch 30 76.7a/36.7b Pain, motor weakness, hypesthesia

Comp Complications, Sch Schwannoma, At NF Atypical Neurofibromas, SchPB Brachial plexus Schwannomas 
(<3 cm).
aImmediately
bAt 58 months of follow-up
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an expendable nerve. It is important to keep in 
mind that significant neurological deficit is inevi-
table after excision of this benign lesion. Typical 
management is several surgeries over years, pro-
gressing from decompression to neurolysis and 
finally resection and reconstruction only in cases 
of severe pain and dysfunction [4].

Intraneural ganglion cysts are benign lesions 
filled with mucinous content and located inside 
the epineurium of peripheral nerves. The pero-
neal nerve at the fibular head is the most com-
monly affected nerve [14]. Spinner et  al. 
published their articular theory, implicated in the 
formation and frequent recurrence of these 
lesions after surgical treatment [15]. Since then, 
the operative approach includes dissection of the 
cyst and its articular branch to the joint of origin, 
limited decompression of the cyst through a lon-
gitudinal epineurotomy away from the fascicles, 
and disconnection of the articular branch near the 
joint [16]. Resection of the cyst and its cyst wall, 
as was suggested in the past, should be avoided 
because of the risks of a postoperative nerve 
function deficit [14, 16]. Cyst decompression by 
itself, also widely performed in the past, is des-
tined to fail, with cyst recurrence inevitable (1).

Perineuriomas are rare benign peripheral nerve 
tumors. They typically present in adolescents or 
young adults and cause a gradually progressive but 
painless neuropathy, affecting motor fibers more 
than sensory fibers [3, 4, 17]. Fascicular biopsy 
based on MRI abnormalities may be indicated to 
establish a diagnosis; but when classic clinical and 
MRI findings are present, biopsy may not be indi-
cated, and patients can merely be followed up, 
avoiding the risk associated with a nerve biopsy. 
Some have advocated resecting and grafting focal 
lesions; but tendon transfers can be considered in 
the majority of cases to compensate for any neuro-
logical deficit [3].

Neural loss is often unavoidable when dealing 
with locally infiltrating tumors (e.g., desmoids) or 
malignant tumors, despite optimal surgical condi-
tions, as nerve fascicles are involved and it is very 
difficult to separate them from the mass [1].

Malignant peripheral nerve sheath tumors 
(MPNSTs) arise from major or minor peripheral 
nerve branches or sheaths of peripheral nerve 

fibers and are derived from Schwann cells or plu-
ripotent cells of neural crest origin [4]. The need 
for adequate resection of the tumor to obtain neg-
ative microscopic margins leads to sacrifice of 
neural tissue and ensuing functional deficits.

Importantly, surgeons should not perform rad-
ical resection of a nerve (or amputation of a limb) 
based on the histologic interpretation of a frozen 
section. Sometimes it is not easy for pathologists 
to differentiate certain benign tumors from malig-
nancy on frozen section. Instead, tissue should be 
held over for permanent section and reviewed 
again in detail [1].

Additionally, one frequent complication after 
peripheral nerve tumor resection is neuropathic 
pain, whether the tumor is benign or malignant 
[8, 18, 19]. The incidence of this complication 
has been reported to range from 5.7% to 17.6% in 
different series, and there have been reported dis-
crepancies concerning whether or not this inci-
dence is higher after excision of neurofibromas, 
when compared to schwannomas [8, 19]. Patients 
suffering from this condition should be ideally 
referred to a specialized pain management ser-
vice, and several drugs may be used for its con-
trol. Pregabalin and gabapentin, among others, 
are usually first-line options, whereas tramadol 
stands as second line and strong opioids as third 
line [20, 21].
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Management of Painful Conditions 
Associated with Nerve Tumors

Anna C. Filley and Christopher J. Winfree

13.1  Introduction

Pain is a common complication of peripheral 
nerve tumors and may be secondary to ongoing 
physical compression or aberrant electrical activ-
ity causing heightened transmission of pain sig-
nals. Focal compressive neuropathies are often 
associated with a palpable mass and a positive 
Tinel sign, characterized by radiating pain in the 
distribution of the nerve that can be reproduced 
with percussion of the mass. When charged with 
the management of painful conditions occurring 
in the setting of nerve tumors, it is important to 
consider the etiology and type of pain, the rela-
tionship of symptoms to the location of lesion(s), 
and the underlying risk of malignancy or other 
diagnoses that may influence management and 
degree of aggressiveness of treatment.

Peripheral nerve sheath tumors (PNSTs), 
including the benign neurofibroma and schwan-
noma, and the more aggressive malignant periph-
eral nerve sheath tumor (MPNST) are primary 
neural tumors that inherently arise and grow in 
close proximity to peripheral nerves. As a result 
of primary neural involvement and mass effect by 
the growing tumor, patients commonly develop 
pain or paresthesias in the distribution of the 
affected nerve, which may become debilitating 

[1, 2]. Pain is, in fact, the most common present-
ing complaint in patients with peripheral nerve 
tumors and far more frequent than motor deficits 
[3, 4]. The time course and severity of symptoms 
are heavily influenced by the growth rate, size, 
and location of the tumor. Tumors arising in 
focally stenotic locations or more superficially in 
the head, neck, or extremities tend to become 
apparent earlier; in contrast, those arising from 
deeper structures within the chest, abdomen, and 
pelvis may remain asymptomatic until becoming 
quite large. Benign lesions tend to have a more 
gradual progression of symptoms when com-
pared to the acute onset and rapid deterioration 
seen with malignant lesions. This is further evi-
denced by the nodular growth pattern of most 
benign tumors that tends to displace adjacent 
structures, thus remaining asymptomatic for a 
longer period of time than those with more inva-
sive phenotypes. Another important clinical sce-
nario to keep in mind is the potential for malignant 
transformation of a known benign lesion, which 
commonly presents with rapid enlargement and 
severe, unrelenting pain.

PNSTs most commonly arise as isolated, 
spontaneous lesions; the presence of multiple 
tumors in a single patient should raise suspicion 
of an underlying neurocutaneous syndrome, 
including neurofibromatosis (NF) types 1 and 2 
and schwannomatosis. Management of painful 
aspects of disease in the setting of a genetic tumor 
predisposition syndrome is challenging, as these 
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patients have a greater tumor burden and may 
experience a more aggressive disease course. In 
addition to predisposing to the development of 
PNSTs, these genetic disorders may also be asso-
ciated with unique pain syndromes that the clini-
cian should be aware of. Patients may experience 
diffuse, multifocal pain that is poorly localized; 
more recent molecular and genetic studies are 
beginning to identify altered expression of 
inflammatory, cytokine, and other neuromodulat-
ing factors that may underlie the exaggerated 
pain levels experienced by some patients; how-
ever, there is still much to be done in the way of 
developing therapeutic interventions. However, 
even with maximal medical management includ-
ing surgery, radiation, and medications, many 
patients still experience debilitating chronic pain 
that significantly impacts quality of life.

Chronic nerve pain may also be a postopera-
tive complication following tumor biopsy or 
attempted resection. Severe surgical pain has 
been observed in up to 20% of patients undergo-
ing resection of PNSTs [3]. Most cases are related 
to iatrogenic injury and intraoperative manipula-
tion of the nerve and spontaneously resolve. In 
rare cases, however, pain is a lasting complica-
tion of operative nerve damage; this is more fre-
quently observed with invasive or malignant 
tumors in which some intentional sacrifice of 
neural tissue is performed.

Fundamentally underlying the peripheral 
nerve surgeon’s role in management of painful 
conditions associated with PNSTs is the distinc-
tion between operative and non-operative sce-
narios. Tumor-related pain is classically managed 
with surgery, which can be less ideal in settings 
of multiple or invasive tumors. Broadly speaking, 
the management of compressive neuropathies 
that can be attributed to mass lesion is primarily 
operative and directed toward alleviating ongo-
ing pressure on the nerve. Particularly in the set-
ting of isolated, spontaneous lesions, complete 
surgical resection is curative and leads to resolu-
tion of symptoms. Overall, the fundamental prin-
ciple of surgery for PNSTs is optimizing the 
trade-off between symptom relief and risk of iat-
rogenic nerve injury. The potential for iatrogenic 
damage becomes of greater consideration for 

patients with multiple lesions and for tumors 
arising from deeper structures in the abdomen 
and pelvis that are poorly accessible to the sur-
geon as well as large, invasive tumors or those 
that encase critical structures that could not be 
sacrificed. In these cases, subtotal resections or 
nerve decompressions may provide a degree of 
relief. Chronic pain related to unresectable dis-
ease, widespread neuropathy of a neurocutane-
ous syndrome, or nerve injury may be managed 
with neuropathic pain medications, topical anes-
thetics, or nerve blocks. In certain medically 
refractory cases, the peripheral nerve surgeon 
may consider neuromodulation with a peripheral 
nerve stimulator (PNS), spinal cord stimulator 
(SCS), or dorsal root ganglion (DRG) 
stimulator.

13.2  Pain Secondary to Local 
Tumor Mass Effect

Benign nerve tumors most commonly occur as 
isolated, sporadic lesions within cranial, auto-
nomic, or peripheral nerves essentially anywhere 
in the body. Their progressive growth can eventu-
ally lead to neural compression and the subse-
quent development of pain. The vast majority of 
nerve tumors are benign lesions that exhibit slow 
growth rates. Typically, the patient will become 
aware of an area of the body that, when bumped, 
produces a sudden, radiating pain. This radiating 
pain is often easily reproduced on physical exam-
ination, referred to as a Tinel sign (Fig. 13.1). The 
pain may radiate locally or distally down an 
extremity, depending on the sensory distribution 
of the affected nerve. One interesting exam find-
ing is that multiple Tinel signs can occur when 
multiple nerves run together, as in the upper arm. 
It is not unusual for a nerve tumor involving the 
median nerve in the medial upper arm to yield a 
Tinel that radiates into the median nerve territory 
of the hand as well as one that radiates into the 
medial forearm. This occurs because a median 
nerve tumor in this location can also compress 
and irritate the adjacent medial antebrachial cuta-
neous nerve. In many cases, the patient realizes 
that there is an associated mass that is the source 
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of the pain; however, if the lesion is sufficiently 
deep, then the mass may remain occult.

For example, schwannomas are the most fre-
quently diagnosed nerve tumors. They classically 
appear as small, well-circumscribed nodules 
growing eccentric to a parent nerve in the skin or 
underlying soft tissues. With progressive growth, 
they may cause pain, paresthesia, and eventually 
sensorimotor deficits. Symptoms usually appear 
gradually with mild, relatively nonspecific find-
ings, and lesions are often misdiagnosed in early 
stages. As a result, schwannomas may be the 
underlying cause of nonspecific chronic nerve 
pain [5]. Symptomatic lesions, particularly of the 
extremities, classically present after a relatively 
prolonged time course with pain, most often in 
the setting of a palpable mass [3, 6]. Particularly 
characteristic of peripheral nerve schwannomas 
is a positive Tinel sign [2, 7–9]. This physical 
exam finding may be seen with other tumor types 
but is most commonly associated with schwan-
nomas [6].

Given the benign, slow-growing nature of 
most peripheral nerve tumors, the decision to 
remove the lesion is often based on the presence 
of a significant pain syndrome. For example, a 
patient with an axillary schwannoma may find 
the lesion uncomfortable when they keep their 
arm in an adducted position. Similarly, a patient 
with a benign tumor in the back of the thigh 
might find sitting in a chair painful. It is appropri-
ate to offer surgical excision to the nerve tumor 
patient with pain that is provoked during normal 
life activities. The prognosis for isolated, symp-
tomatic tumors tends to be quite good, and most 
patients experience resolution of symptoms [4]. 
Recurrence is rare following complete resection 
of benign lesions.

13.3  Pain Secondary 
to Schwannomatosis

Schwannomatosis is a genetic neurocutaneous 
disorder characterized by the presence of multi-
ple non-intradermal schwannomas in patients 
who do not meet diagnostic criteria for NF2 [10]. 
Features characteristic of NF2 that are notably 
absent in schwannomatosis are intracranial 
meningiomas and schwannomas of the vestibular 
nerve, which are present in nearly all patients 
with NF2, commonly bilateral, and pathogno-
monic of the disease [11]. Schwannomatosis is 
also genetically distinct from NF2 and most com-
monly arises as a spontaneous rather than famil-
ial disease. Germline mutations in two genes, 
SMARCB1 and LZTR1, have been linked with 
the development of schwannomatosis [12]. 
Relatively uncommon in the general population, 
only 2–5% of patients undergoing resection of a 
peripheral nerve schwannoma meet criteria for a 
diagnosis of schwannomatosis [13, 14]. However, 
it is imperative to identify these patients given a 
significantly higher propensity to develop 
chronic, treatment-refractory pain syndromes, 
which in many cases become functionally debili-
tating [10, 12, 15, 16].

The pathophysiology underlying this propen-
sity for treatment-refractory pain syndromes in 
schwannomatosis is poorly understood. Recent 

Fig. 13.1 Intraoperative photograph demonstrating a 
patient with a lateral sural cutaneous nerve schwannoma, 
indicated by the dotted circle. The planned skin incision is 
indicated by the straight line. On examination, the patient 
reported a painful Tinel sign radiating onto the lateral foot 
and ankle when the lesion was tapped
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cohort analysis of germline mutations demon-
strated that over similar overall tumor burdens, a 
significant association exists between a painful 
phenotype and LZTR1-mutated disease [17]. 
Other studies have associated painful lesions 
with differential levels of cytokines and other 
factors postulated to modulate nociceptive neu-
ron responsiveness [18]. Among these is vascular 
endothelial growth factor (VEGF), which is 
known to contribute to angiogenesis and inflam-
matory responses [18]. More recently, VEGF has 
been shown to be upregulated in peripheral nerve 
injury and is thought to underlie a component of 
neuropathic pain [19]. Current investigational 
studies of VEGF antagonists have shown reduced 
tumor burden and improved pain in a small num-
ber of treated patients [20, 21].

Chronic pain is reported by most patients with 
schwannomatosis [17] and commonly involves 
both localized and multifocal or diffuse symp-
toms. Of note, this pain is often not associated 
with a discrete mass [10]. In other cases, the pain 
is clearly associated with nerve tumors. On his-
tory, patients may indicate resection of one or 
more prior lesions. On physical exam, multiple 
palpable nodules may be noted, prompting fur-
ther workup and diagnosis. Imaging studies may 
reveal the presence of additional asymptomatic 
lesions [22]. On MRI, schwannomas appear as 
small, well-circumscribed nodules distributed 
along the course of one or more peripheral nerves 
(Fig. 13.2) [11].

Management of pain in the setting of schwan-
nomatosis is complicated by the presence of 
numerous lesions as well as a component of non- 
focal pain for which a causative mass lesion can-
not be identified. As for the non-syndromic 
patient, operative intervention is typically offered 
for symptomatic lesions, with asymptomatic 
lesions managed conservatively [10, 11, 14, 22–
24]. There can be exceptions to this based on 
clinical need, however. For example, a patient 
with a steadily growing nerve tumor that is exert-
ing mass effect on surrounding structures may 
elect to undergo surgery to avoid subsequent 
problems should the tumor continue to enlarge. 
To illustrate, one would not need to wait for a 
retroperitoneal tumor that is observed progres-

sively, but asymptomatically, compressing the 
renal pelvis to actually cause symptomatic hydro-
nephrosis before surgical removal. But these cir-
cumstances should be fairly rare. Nevertheless, 
most schwannomatosis patients ultimately 
undergo multiple procedures, with the most com-
mon indication for resection being intractable 
pain [10, 11, 25].

Interestingly, the nerve tumors may be exqui-
sitely painful even when quite small. This can 
lead to the awkward scenario where the surgeon 
finds themself operating on tiny lesions that in a 
non-syndromic patient would almost certainly be 
asymptomatic. The surgeon may even wonder if 
such a small lesion could be causing such a pain-
ful condition in their patient. If pain can be local-
ized to specific lesions, surgery often improves 
symptoms to some degree [11, 25]. However, 
complete relief is achieved in less than half of 
patients, and up to 75% experience recurrence of 
symptoms, either at the resection site or with 
development of additional tumors [10]. In our 
experience, surgical excision of the painful 
schwannomas, no matter how small, can be an 
effective treatment for the pain syndrome associ-
ated with the individual lesions but may have lit-
tle impact on the more diffuse pain syndromes 
not attributable to individual lesions.

Schwannomatosis patients that have a pain 
syndrome not clearly caused by a specific tumor 
may benefit from a nonsurgical pain management 
strategy. Pharmacotherapy with neuropathic pain 
medications, often as part of a multimodal strat-
egy, is often needed. Most patients with schwan-
nomatosis have trialed multiple pain medications 
(mean of 3), although 20% of patients have tried 
six to ten medications and 7% have trialed more 
than ten different medications for chronic pain 
[10]. Opiates, anti-inflammatories, anticonvul-
sants, and antidepressant agents are most cited; 
not uncommon are muscle relaxants and topical 
lidocaine patches. Some patients underwent more 
invasive pain procedures such as spinal blocks or 
radiofrequency lesioning [10]. However, even 
with early surgical resection of symptomatic 
lesions and exhaustive pharmacologic strategies, 
many patients are left with chronic, debilitating 
pain [10, 12, 15, 16].
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13.4  Pain Secondary 
to Neurofibromatosis Type 1

Most patients with NF1 report a relatively long- 
standing history of chronic pain that is in most 
cases multifocal [26–29]. Symptoms are most 
frequently localized to the upper extremities 
(70%) and least likely to be reported in the pelvic 
region (35%) [26]. Patients with NF1 are predis-
posed to developing multiple cutaneous, subcuta-
neous, and plexiform neurofibromas [30]. The 
course of these lesions differs from isolated 
PNSTs in that these lesions are numerous and 
larger in size and tend to recur; as a result, patients 
with NF1 tend to undergo numerous surgical pro-
cedures and experience chronic pain that often 

begins at a relatively young age. Pain is a promi-
nent feature of plexiform neurofibromas, which 
can be the source of significant morbidity even 
for children [31]. Chronic pain may begin in the 
pediatric and adolescent years; in a survey of 
young adults with NF1 and their caregivers, ~1/3 
of participating NF1 patients regularly took pain 
medications; of these patients, 90% required pre-
scription medication as a component of therapy. 
However, most patients (59%) and their caregiv-
ers (73%) reported persistent pain-limited daily 
function [27]. By adulthood, a history of opiate 
use for NF1-associated pain becomes fairly com-
mon; unfortunately, of the 17% of respondents 
who endorsed an active prescription, 85% 
described these agents as having “little to no” 
effect [26].

Fig. 13.2 T1 coronal, fat-suppressed, contrast-enhanced MRI of the legs in a patient with multiple painful schwanno-
mas in the setting of schwannomatosis
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Even relatively benign lesions, like neurofi-
broma, may end up causing significant discom-
fort. Present in nearly all patients with NF1, 
cutaneous neurofibromas arise during puberty 
[32] and increase in size and number with age 
[33]. They may be associated with itching and 
mild pain and are often numerous in NF1 patients 
[34]. Discomfort and cosmetic concerns prompt 
most patients to seek definitive treatment with 
surgical resection (65%) or laser ablation (38%) 
[32]. However, recurrence rates are extremely 
high, and patients often undergo numerous pro-
cedures to address lesions, reporting frequent 
complications. In one large survey of 255 adults 
with NF1, 55% reported at least 1 surgery in the 
prior year. Of all patients, 43% noted complica-
tions occurring in all prior procedures including 
some degree of permanent weakness in the 
majority [26].

Diffuse symptoms in the absence of focal 
lesions are rarely observed in NF1; in one large 
study, 2.3% of patients had characteristics of a 
diffuse peripheral neuropathy, which was associ-
ated with proximal, large neurofibromas and a 
higher propensity to develop MPNST [28].

13.5  Pain Secondary 
to Entrapment Neuropathy

Nerve tumors that occur arising at the typical 
sites of peripheral nerve entrapment may produce 
an entrapment neuropathy. Nerve tumors can pre-
cipitate nerve entrapments anywhere entrapments 
normally occur. Entrapment neuropathy can 
occur with sporadic lesions as well as with those 
in the setting of neurofibromatosis [35] or 
schwannomatosis. Symptoms arise from direct 
mechanical compression by the lesion or intra- 
compartmental pressure elevation within an 
enclosed space, eventually leading to nerve com-
pression or ischemia. Patients may present with 
episodic pain that worsens in settings of increased 
edema or positions that may further narrow the 
entrapment site.

Careful physical examination usually reveals 
the presence of a mass within the area of entrap-
ment. Sometimes, especially in patients of gener-

ous body habitus, the lesion is not palpable. In 
these cases, imaging studies, including ultraso-
nography and MR neurography, may reveal the 
presence of a nerve tumor in a patient who other-
wise presents as a nerve entrapment [36]. This 
can be quite helpful for surgical planning, and 
there are typically notable differences in the sur-
gical techniques used for simple nerve decom-
pressions vs. nerve tumor excisions. For example, 
we utilize general anesthesia for most nerve 
tumor cases, as the procedures often require 
direct electrical stimulation of the nerve and sig-
nificant nerve manipulation, both of which can be 
painful in the sedated patient. These techniques 
are rarely needed for simple nerve decompres-
sions. Similarly, the operating microscope can be 
helpful for many tumor cases, whereas it is rarely 
needed for routine nerve entrapment release. It is 
certainly suboptimal for the surgeon to perform a 
routine nerve decompression procedure, only to 
unexpectedly encounter a nerve tumor in the sur-
gical field, ill-equipped to resect it with maximal 
safety and efficacy.

Classical symptoms of carpal tunnel syn-
drome including nocturnal pain and paresthesia 
may occur with lesions arising near the carpal 
tunnel [35]. Lesion resection and sparing of nerve 
fascicles may result in resolution of symptoms 
[37]. Performing carpal tunnel release as well 
may facilitate recovery [38–40]. A peroneal nerve 
tumor arising behind the fibular head can mimic 
a standard peroneal neuropathy at that location 
(Fig. 13.3). Patients may experience pain or par-
esthesia in the distribution of the peroneal nerve 
that may be worse with prolonged, exaggerated 
bending of the knee, crouching, or physical activ-
ity. Symptoms may arise in relation to an enlarg-
ing palpable mass in that location, often with a 
positive Tinel sign given superficial location [41, 
42]. Surgical resection and decompression of the 
associated lesion tend to resolve symptoms [37]. 
In most cases, we recommend performing a for-
mal nerve decompression across the site of 
entrapment when performing nerve tumor exci-
sion in these locations. This helps ensure that any 
nerve swelling that might occur after lesionec-
tomy won’t result in nerve compression at the site 
of entrapment.
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It is important to note that plexiform neurofi-
bromas have an extensively infiltrative growth 
pattern, often involving multiple fibers over lon-
ger lengths to the degree that surgical removal is 
not possible without sustaining significant loss of 
function. Nevertheless, these lesions can cause 
nerve compression if they occur at a typical site 
of nerve entrapment (Fig. 13.4). In these cases, 
simple decompression of the nerve and tumor 
mass may be sufficient to relieve the patient’s 
symptoms [8]. Tumor debulking may be per-
formed if there are resectable nodules, but aggres-
sive reduction of tumor burden in these cases 
risks neurological injury. Surgical intervention is 

associated with increased morbidity and risk of 
permanent deficits, particularly for more exten-
sive vs. partial resections [43]. Resection has 
been shown to benefit from intraoperative moni-
toring [6].

13.6  Pain Secondary 
to Malignancy

Malignant peripheral nerve sheath tumors 
(MPNSTs) are highly aggressive soft tissue sar-
comas that present with rapid onset and progres-
sion of focal deficits and most notably severe and 
unrelenting pain. Severe pain or rapid enlarge-
ment of previously quiescent tumor, particularly 
a plexiform neurofibroma in the setting of neuro-
fibromatosis, should prompt concern for malig-
nancy [29, 44–47]. Plexiform neurofibromas 
(PNF) are large, complex masses that form as 
extensive networks of nodular growths extending 
along the course of a nerve and its branches. They 
carry a lifetime risk of malignant transformation 
of about 15% [48]. In these cases, patients classi-
cally present with an enlarging mass and new 
severe, refractory pain [49, 50].

As we have described above, pain can be pres-
ent in the context of benign nerve tumors. The 
key is to distinguish a pain pattern that suggests a 
malignant lesion. Pain that is only present when 
the lesion is tapped is suggestive of a benign 
lesion. Pain that mimics a nerve entrapment in 
the setting of a nerve tumor at the site of entrap-
ment, especially when tapped or with change in 
limb position, also suggests a benign process. 
Radiating or localized pain that is unremitting, 
even at rest or worse at night, suggests a malig-
nant process. It is important to note that the com-
bination of clinical presentation, physical 
examination, and imaging characteristics of the 
lesion may be necessary to distinguish benign 
from malignant lesions. Ultimately, pathological 
analysis of the tumor specimen is the most reli-
able method.

The prognosis for these lesions is extremely 
poor and as such is managed aggressively; surgi-
cal resection with wide margins is performed 
when possible [6]. The ability to achieve a com-

Fig. 13.3 Intraoperative photograph demonstrating a 
schwannoma located within the common peroneal nerve 
(CPN). The lesion is located at the exact spot where the 
nerve dives under the posterior border of the peroneus 
longus fascia, indicated by the asterisks (*). This site rep-
resents the usual site of entrapment for the common pero-
neal nerve. This patient was treated with peroneal nerve 
decompression and tumor resection

Fig. 13.4 Intraoperative photograph demonstrating a 
plexiform neurofibroma located within the common pero-
neal nerve. The lesion involves the segment of nerve 
across the fibular head at its usual site of entrapment. This 
patient was treated with peroneal nerve decompression 
without tumor resection
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plete resection is heavily influenced by the loca-
tion of the tumor and degree of involvement of 
surrounding structures; tumors of the extremities 
are more amenable to resection than those arising 
from abdominopelvic or paraspinal structures 
[51]. However, MPNSTs have a highly infiltra-
tive pattern of growth that often makes a com-
plete resection impossible, even if some degree 
of sacrifice of neural elements is accepted. Often, 
debulking with subtotal resection and decom-
pression of neural elements become the primary 
goals of surgery, which can provide patients with 
meaningful relief of symptoms [8, 52, 53]. In 
addition to tumor debulking, which is usually 
subtotal, palliative radiation and chemotherapy 
have been attempted without clear benefit [53, 
54]. Local recurrences occur in 40–65% of cases, 
and metastatic disease develops in 40–68% [48]. 
Recurrent tumors are characterized by increased 
rates of subcutaneous tissue (80%) and muscle 
(65%) edema [55] which can contribute to symp-
tomatic presentations. Continued progression 
tends to lead to subsequent involvement of addi-
tional adjacent structures and worsening deficits 
including intractable chronic pain [29].

13.7  Pain Secondary to Cranial 
Nerve Tumors

Nerve tumors, such as schwannomas and neurofi-
bromas, may rarely involve the trigeminal nerve 
(CN V). The resultant pain condition may mimic 
classic trigeminal neuralgia and consist of lanci-
nating facial pain. In other cases, the resultant 
pain condition may mimic atypical trigeminal 
neuralgia and consist of more constant facial pain 
[56]. Trigeminal neurofibromas may initially be 
asymptomatic and painless, though with growth 
may cause bony destruction and pain or swelling 
[57]. Plexiform lesions may cause “massive 
expansion of these tissues,” and patients may 
have significant associated pain in the distribu-
tion of the branches affected [49].

Treatment of trigeminal nerve tumors can 
consist of some combination of pharmacological 
pain management, surgical resection, or stereo-
tactic radiosurgery. Radiosurgical options may 

include tumor dose regimens (14–15 Gy) applied 
to the tumor to achieve growth arrest of the lesion 
or nerve dose regimens (75–80 Gy) applied to the 
nerve to control the pain.

13.8  Pain After Nerve Tumor 
Surgery

Postoperative neuropathic pain syndromes are rare 
but potentially debilitating complications of nerve 
tumor surgery [6, 29]. Immediate postoperative 
pain or mild deficits have been reported in 5.7–
17.6% of procedures across multiple large series. 
In the vast majority of cases, symptoms are tran-
sient and thought to be secondary to minor iatro-
genic injury and edema sustained during 
intraoperative nerve manipulation [3, 4, 6, 58].

Rarely, more significant damage is incurred, 
and patients experience prolonged courses of neu-
rogenic pain [3]. This is more frequently seen in 
lesions with greater degrees of neural involve-
ment, as evidenced by postoperative pain syn-
dromes occurring at rates of 3.5%, 8.6%, and 
10.5% in a study contrasting complications in 
schwannoma, neurofibroma, and MPNST, respec-
tively [6]. Other features that have been associated 
with higher rates of neurologic deficits include 
larger tumors [9, 24, 59, 60], degree of preopera-
tive symptoms, proximal locations (brachial 
plexus) [61], and a history of prior biopsy or sur-
gery in that area [3, 6, 8]. This risk can be reduced 
with the use of intraoperative monitoring [6].

Initial management of postoperative pain 
involves a conservative strategy that utilizes physi-
cal therapy and pain medications. First-line phar-
macotherapy includes traditional neuropathic pain 
medications like anticonvulsants (e.g., gabapentin, 
pregabalin), tricyclic antidepressants (e.g., nortrip-
tyline, amitriptyline), and serotonin/norepineph-
rine reuptake inhibitors (e.g., duloxetine). With 
persistent symptoms, other agents may be added in 
combination, including GABA-b receptor agonists 
(e.g., baclofen), NMDA antagonists (e.g., ket-
amine), and low-dose opioid medications (e.g., 
tramadol, hydrocodone)[11, 25, 62, 63]. 
Medication doses may be titrated and trialed in 
combination prior to attempting more invasive 
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pain management strategies. Local delivery meth-
ods may be particularly helpful as adjunct thera-
pies, avoiding side effects associated with systemic 
treatment. Transdermal application of lidocaine 
patches and topical capsaicin have demonstrated 
efficacy in relief of neuropathic pain in a portion of 
patients [63–65].

If conservative management and pharmaco-
therapy do not provide adequate relief, more 
invasive procedures may be performed to deliver 
targeted analgesia via nerve block or intrathecal 
injection. Limited by duration of action, multiple 
sessions may be necessary to achieve the desired 
effect, as was seen in a case report of progres-
sively improving pain relief with recurrent nerve 
block in a patient with medication-refractory 
pain following S1 nerve root schwannoma resec-
tion [66]. Nerve blocks are also used to treat 
cancer- related pain in unresectable tumors [67]. 
For more severe or persistent symptoms, alterna-
tive options are chemical or thermal ablative or 
surgically destructive procedures, also for refrac-
tory cancer-related pain [29, 64].

Neurostimulation is a well-established method 
of treating medically refractory chronic neuro-
pathic pain using application of an electric cur-
rent to modulate transmission and perception of 
pain signals. Options include peripheral nerve 
stimulation (PNS), dorsal root ganglion (DRG) 
stimulation, or spinal cord stimulation (SCS) 
[68]. Patients being considered for neurostimula-
tor implant first undergo placement of the elec-
trode stimulator as a trial; if successful, the 
battery or generator can be permanently 
implanted to provide chronic access. Major risks 
of these systems include infection and a tendency 
to lose effectiveness over time [39].

Of the three modalities, peripheral nerve stimu-
lation has the most distal target. The electrode is 
inserted directly over the target nerve, proximal to 
the site of injury, which can be achieved with a min-
imally invasive percutaneous procedure, using fluo-
roscopic or ultrasound guidance to improve 
accuracy [69]. PNS is particularly useful for cranial 
(trigeminal) and proximal upper extremity (brachial 
plexus), and success ranges from 50 to 80% [39].

Slightly more invasive, the electrodes of a 
SCS are inserted into the posterior epidural space 

in order to deliver electrical impulses to the dor-
sal columns in order to obscure the transmission 
and perception of pain; of note, this does intro-
duce the sensation of paresthesia, which may be 
uncomfortable to some patients. The success of 
this method relies on the function overlap 
between the stimulated territory and the region of 
pain, which introduces a complication with cer-
tain pain distributions [68]. Classic indications 
for SCS are failed back surgery syndrome, com-
plex regional pain syndrome (CRPS) type 1 (no 
nerve injury), CRPS type 2 (nerve injury), intrac-
table angina, limb ischemia, and arachnoiditis 
[70].

Dorsal root ganglion (DRG) stimulation has 
further improved the ability to localize coverage 
to a particular area, yielding better results in 
patients with post-surgical pain and peripheral 
nerve damage [71–73]. Stimulation of the DRG 
was shown to be superior to dorsal column SCS 
in patients with CRPS, demonstrating less pos-
tural variation in signaling and less sensory dis-
comfort [74]. Advances in technology continue 
to improve the precision and personalization of 
pain relief of neuromodulators. Closed- loop spi-
nal cord stimulator systems utilize real-time 
evoked responses in the dorsal column as con-
tinuous feedback that modulates the magnitude 
of stimulus output applied in order to optimize 
therapeutic intervention [75].

Ultimately, if neurostimulation is ineffective 
at relieving chronic pain, then intrathecal phar-
macotherapy may be indicated. These systems 
consist of a refillable, programmable pump con-
nected to an intrathecal spinal catheter. 
Continuous administration of intrathecal opioid 
(e.g., morphine, hydromorphone) and/or non- 
opioid medications (e.g., ziconotide, bupiva-
caine) may provide sufficient pain relief when 
other strategies are unsuccessful [76].

13.9  Conclusion

Pain is common in the setting of peripheral nerve 
tumors and may be associated with focal com-
pression or entrapment, malignancy, neurocutane-
ous syndrome, or nerve injury. The presence of a 
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tumor syndrome may predispose patients to 
developing a higher tumor burden and more 
treatment- refractory symptoms. Ultimately, the 
management of painful conditions in the setting 
of peripheral nerve tumors relies on addressing 
the underlying pathology. Operative intervention 
is the foundation for tumor-related pain and is 
directed toward relieving compression on affected 
nerve(s). Approaches may range from complete 
resection to minimally invasive decompression of 
entrapment sites. Severe, chronic pain may also 
be managed with a combination of medications, 
local delivery of analgesics, or neuromodulation 
procedures. Unfortunately, even with maximal 
medical management, many patients still experi-
ence persistent pain. Ongoing studies have shown 
some promise in novel therapies to treat medi-
cally refractory pain in these patients.
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14.1  Introduction

Malignant peripheral nerve sheath tumors 
(MPNSTs) constitute a subcategory of soft tissue 
sarcomas with complex genomics and are known 
to have elevated recurrence rates and poor prog-
nosis [1, 2]. Approximately 5% of the 15,000 
incident cases of soft tissue sarcomas yearly in 
the United States are MPNSTs [3]. Approximately 
half of the cases occur in patients with neurofi-
bromatosis type 1 (NF1) with a lifetime risk of 
about 16%, while the rest arise sporadically or as 
a result of radiotherapy [1, 4]. Even with multi-
modal therapy, the prognosis of MPNST is poor 
with a 5-year survival rate of 35%–50% [5–7]. 
Most studies have demonstrated poorer disease- 
specific survival in NF1-associated MPNST 
when compared to sporadic disease [5, 8, 9]. 
Currently, the only proven curative approach to 
treatment is complete surgical resection with 
wide negative margins [2, 10, 11], but the viabil-
ity of this treatment option can be compromised 
by factors such as lesion size, location, and 
metastasis. Although the efficacy and role of 
radiotherapy and chemotherapy in the manage-
ment of MPNST largely remain unclear, we offer 
in this chapter a general overview of their indica-
tions and potential use.

14.2  Radiotherapy

Radiotherapy is often recommended as adjuvant 
treatment in intermediate- or high-grade tumors 
that are more than 5 cm in size or after marginal 
excision of low-grade lesions (e.g., R1 resection) 
with the aim of improving local control [12]. The 
majority of retrospective studies evaluating the 
effect of adjuvant or neoadjuvant radiotherapy 
have shown no significant association with 
improved local disease control or survival 
(Table  14.1) [5, 7, 13–37]. The most common 
form of radiotherapy used is adjuvant external 
beam radiotherapy (EBRT) with cumulative doses 
ranging between 12.5 and 90 Gy, but other modali-
ties such as brachytherapy have also been 
employed [38]. A retrospective study by Wong 
et al. on 134 patients found that radiation dose and 
the use of intraoperative high-energy electron irra-
diation or brachytherapy were associated with 
improved local control of disease but not with 
overall survival on multivariable analysis [26]. 
Namely, patients with a cumulative dose that sur-
passed 60 Gy had a local control rate of 73% after 
5  years compared to 50% for lesser doses [26]. 
Only three retrospective analyses have demon-
strated evidence of a survival benefit with the use 
of radiotherapy in MPNST with a hazard ratio 
(HR) of 0.22–0.63 [6, 39, 40]. In another study by 
Arshi et  al. of 374 patients with head and neck 
MPNSTs extracted from the Surveillance, 
Epidemiology, and End Results (SEER) cancer 
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Table 14.1 Retrospective studies analyzing the effect of radiotherapy on outcome in malignant peripheral nerve sheath 
tumors

Authors Year No. of patients (% with NF1)
Radiation  
(% of patients)

Radiation effect on 
prognosisa

Storm et al. 1980 20 (70) 50 NS
Sordillo et al. 1981 165 (40) 39 –
Ducatman et al. 1986 120 (52) 49 NS
Hruban et al. 1990 43 (53) 35 NS
Wanebo et al. 1993 28 (54) 18 NS
Doorn et al. 1995 22 (50) 45 –
deCou et al. 1995 28 (39) 46 NS
Wong et al. 1998 134 (24) 54 S
Kourea et al. 1998 25 (60) 44 –
Casanova et al. 1999 24 (29) 50 NS
Ramanathan et al. 1999 29 (100) 83 NS
Baehring et al. 2003 54 (22) 69 S
Carli et al. 2005 167 (17) 38 NS
Anghileri et al. 2006 205 (22) 44 S
Okada et al. 2007 53 (45) 30 NS
Hagel et al. 2007 52 (73) - NS
Zou et al. 2009 140 (55) 49 NS
Porter 2009 123 (27) 61 NS
Longhi et al. 2010 62 (35) 48 NS
Stucky et al. 2012 175 (32) 63 NS
LaFemina et al. 2013 105 (40) 61 NS
Dunn et al. 2013 23 (100) 91 –
Ren et al. 2013 26 (4) 77 NS
Kahn et al. 2014 33 (55) 61 NS
Fan et al. 2014 146 (12) 29 NS
Wang et al.b 2015 43 (14) 35 NS
Arshi et al.c 2015 374 (-) 43 Sd

Valentin et al. 2016 294 (36) 57 NS
Watson et al. 2017 274 (52) 51 NS
Chou et al.b 2017 29 (–) 66 NS
Yuan et al. 2017 159 (44) 57 NS
Mowery et al. 2019 2858 (–) - NS
Martin et al. 2019 3267 (–) 37 NS
Martin et al. 2019 784 (27) 44 NS
Miao et al. 2019 280 (28) 68 S

NS Nonsignificant, S Significantly improved prognosis
aLocal control or survival in multivariable analysis
bAll evaluated tumors located in the spine
cAll evaluated tumors located in the head and neck
dOnly significant on subgroup analysis
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database, radiotherapy failed to show a significant 
benefit in survival when analyzed in the complete 
cohort but demonstrated improved overall survival 
(OS) and disease- specific survival (DSS) in the 
subgroup of patients with a lesion greater than 
5 cm (HR for OS = 0.4; HR for DSS = 0.05) and 
the subgroup of patients with stage III/IV cancer 
(HR for OS  =  0.32; HR for DSS  =  0.13) [41]. 
However, the temporal relationship between radio-
therapy and surgery could not be determined 
because of the data availability in this administra-
tive database. The major bias inherent in the retro-
spective nature of these studies is that tumors 
treated with radiotherapy are more extensive, of 
relatively higher grade, and more likely to have 
been resistant to other therapies, so the true effect 
of radiotherapy on the general population of 
MPNST patients may not be captured.

There have been no prospective studies dedi-
cated exclusively for MPNST, but there have been 
some evaluating the effect of radiotherapy on soft 
tissue sarcomas in general. A prospective study 
that randomized 91 patients with high- grade soft 
tissue sarcomas of the extremity (malignant 
schwannoma, n = 9) to either receive or not receive 
EBRT following surgical resection and chemo-
therapy reported significantly lower local recur-
rence rates in the radiotherapy group but no 
difference in overall survival in the entire sample 
[42]. Given the small number of included 
MPNSTs, no subgroup analysis was carried out. 
Yang et al. prospectively randomized a total of 141 
patients with non-MPNST soft tissue sarcomas of 
the extremity to either receive or not receive adju-
vant radiotherapy following limb- sparing surgical 
resection and chemotherapy [42]. In both the high-
grade and low-grade tumor subgroups, there was a 
significantly lower incidence of local recurrence in 
the radiotherapy group but no significant differ-
ence in overall survival [42]. From review of the 
current literature, it is clear that the role of radio-
therapy in the management of MPNSTs remains to 
be defined. Given the lack of head-to-head com-
parisons and standardization of radiotherapy pro-
tocols, evidence- based guidelines for optimal 
indications, cumulative dosages, fraction numbers, 
and timing remain unknown.

14.3  Chemotherapy

The main use of chemotherapy in MPNST is in 
metastatic disease and in cases where preoper-
ative chemotherapy may downstage tumors to 
improve surgical outcome [12]. Several agents 
with different mechanisms of action have been 
used in MPNST, and these include doxorubi-
cin, cyclophosphamide, ifosfamide, dactino-
mycin, vincristine, and etoposide [7]. 
Monotherapy with doxorubicin and doxorubi-
cin combined with ifosfamide have demon-
strated superior response rates in MPNST 
compared to other regimens, and they are often 
used as first- line therapy in high-grade MPNST 
and high- grade soft tissue sarcomas in general 
[43, 44]. A recent international randomized 
controlled trial failed to demonstrate any 
improvement in disease- free or overall survival 
when using MPNST-tailored high-dose ifos-
famide chemotherapy compared to standard 
chemotherapy of epirubicin plus ifosfamide 
used in most soft tissue sarcomas [45]. While 
MPNSTs are generally chemoresistant with 
response rates near 20% [44], studies suggest 
that NF1-associated tumors are more resistant 
to chemotherapy when compared to sporadic 
disease [7, 46]. As in radiotherapy, most stud-
ies in the literature have failed to demonstrate 
a survival benefit with the use of chemotherapy 
[6, 8, 18, 19, 26, 39, 47]. One randomized trial 
evaluating the use of adjuvant chemotherapy in 
soft tissue sarcomas in general showed that a 
regimen consisting of five cycles of epirubicin 
and ifosfamide following local therapy (com-
binations of radiation and surgery/amputation) 
led to improved median overall survival 
(75 months versus 46 months) [48]. Given the 
proximity to vital organs and anatomical struc-
tures, retroperitoneal soft tissue sarcomas rep-
resent a subset of tumors where chemotherapy 
may improve treatment outcomes [49], and 
that is currently being investigated in several 
trials [50]. Other future studies will continue to 
characterize the indications for chemotherapy 
as well as the optimal agents and treatment 
protocols.

14 Indications for Radiotherapy and Chemotherapy in Malignant Tumors
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14.4  Targeted Therapy

With the expanding knowledge acquired on the 
genetics and pathophysiology of soft tissue sar-
comas in general and MPNSTs in particular, tar-
geted agents are being investigated for their 
potential benefit in treating these aggressive dis-
eases. Clinical trials with erlotinib [51], sorafenib 
[52], imatinib [53], and dasatinib [54] did not 
demonstrate a significant survival benefit. 
However, ongoing trials evaluating other agents 
such as bevacizumab and ganetespib may iden-
tify novel therapies that ameliorate outcome [55].

The RAS/RAF/MEK/ERK pathway that 
translates extracellular inputs into increased cel-
lular growth and proliferation has been a recent 
therapeutic target of interest for MPNST.  The 
protein product of the NF1 gene, which is com-
monly mutated in both NF1-associated and spo-
radic diseases, is neurofibromin, which negatively 
regulates the previously mentioned pathway by 
accelerating GTP hydrolysis on Ras proteins 
[56]. MEK inhibitors in particular have demon-
strated antitumor properties in MPNST cells 
in  vitro and in MPNST mouse models [57]. 
Moreover, selumetinib, an oral selective inhibitor 
of MEK 1 and 2, led to a decrease in the burden 
of inoperable plexiform neurofibromas in a clini-
cal trial involving children with NF1 [58]. Given 
these promising results, MEK inhibitors are 
being used as adjuvant therapy in some centers. 
Currently, an ongoing phase II trial (SARC031, 
NCT03433183) involving patients with meta-
static or inoperable sporadic or NF1-associated 
MPNST is evaluating the efficacy of selumetinib 
in combination with an mTOR kinase inhibitor 
[59]. Immune checkpoint blockade, an approach 
commonly used in glioma therapy, is also being 
investigated in MPNST, and pembrolizumab, a 
PD-1 inhibitor, is being evaluated in an ongoing 
phase II trial on locally advanced and unresect-
able MPNST (NCT02691026) [59]. Over the last 
20 years, treatment outcomes for MPNST have 
failed to improve significantly. Moving forward, 
a clearer understanding of MPNST genetics and 
the identification of novel druggable targets can 
help establish novel combination therapies that 
prolong survival.

14.5  Conclusion

Although guidelines for the use of radiother-
apy and chemotherapy in MPNST are lacking, 
we have provided a general overview of the 
relevant literature along with the most common 
indications for using these adjunct therapies. 
Understanding that there are several therapeu-
tic avenues to manage MPNST including sur-
gery, radiotherapy, chemotherapy, and targeted 
therapy is crucial. Optimal outcomes are 
achieved in a multidisciplinary setting that 
combines expertise of surgeons, oncologists, 
radiologists, radiation oncologists, and pathol-
ogists with extensive knowledge in sarcoma 
treatment.
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15.1  Introduction

Schwann cells provide insulation for both the 
motor and the sensory peripheral nerve conduc-
tions. These cells constitute the myelin sheath, 
which is biochemically composed of distinct pro-
teins that protect and insulate peripheral axon as 
the action potential (neural sign) travels down the 
nodes of Ranvier [1]. Schwannomas are benign 
tumors of peripheral nerve sheaths that arise from 
Schwann cells anywhere in the peripheral ner-
vous system (cranial nerves, spinal nerve roots 
and plexuses, and peripheral nerves). These 
tumors are also known as neurilemmomas, neuri-
lemomas, neurolemmoma, neurinomas, Schwann 
cell tumor, peripheral glioma, and peripheral 
fibroblastoma.

Schwannomas occur sporadically as well as in 
conjunction with genetic neurocutaneous syn-
dromes [2, 3]. Most lesions are solitary, asymp-
tomatic, and characterized by a slow and 
non-infiltrating pattern of growth [4–7]. They are 
usually smaller than 5 cm in diameter, but deep- 
seated tumors can grow to impressive sizes [8]. 
Malignant transformation is known to be excep-
tionally rare [5, 9–11].

This chapter will be related exclusively with 
peripheral nerve schwannomas of the 
extremities.

15.2  Historic Data

In 1811, Louis Odier first used the term “neu-
roma” [12] to describe deep-seated, circum-
scribed nerve tumors, but many other authors 
applied this term indiscriminately to both pri-
mary and metastatic tumors involving nerves, as 
well as to traumatic neuromas [13]. It was 
Rudolph Virchow in 1863 [14] that clarified the 
misnomer by proposing that a true neuroma con-
tains nerve cells and a false neuroma (tumor) 
arises from nerve sheaths.

In 1839, Theodor Schwann, a young German 
physiologist, aged 29, published his momentous 
book Mikroskopische Untersuchungen über die 
Übereinstimmung in der Struktur und dem 
Wachstum der Thiere und Pflanzen (Microscopical 
Researches into the Accordance in the Structure 
and Growth of Animals and Plants) [15], where 
he described the discovery of a new type of cell 
surrounding the axons of nerve fibers.

In 1910, based on his observations of the 
appearance of the cells under light microscopy of 
the tumorous type of “neuroma,” Jose Juan 
Verocay, a Uruguayan physician, postulated that 
they arise from Schwann cells and that they 
should be histologically distinguished from 
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 neurofibromas and described the eponymous 
Verocay bodies [16].

The French pathologist Pierre Masson was the 
first to use the term “schwannoma” to designate 
these tumorous “neuromas” in 1923 [17].

The first description of the surgical manage-
ment of a schwannoma can probably be cred-
ited to the British surgeon William Cheselden 
[18]. In 1741, in his book The Anatomy of the 
Human Body, Cheselden described a tumor 
that occupied the center of a “cubital” nerve, 
displacing the nerve fibers to the periphery. 
This seems to be a description of a schwan-
noma, but there is not enough clinical or histo-
logical information to draw this conclusion 
definitively. Despite recognizing the distinc-
tion between the nerve fibers and the tumor tis-
sue itself, Cheselden seems to have excised the 
tumor “en bloc” with the nerve.

15.3  Incidence and Location

Schwannomas are relatively rare. They can be 
seen at any age but are more commonly diag-
nosed during early and middle adulthood, with 
no apparent racial and gender predilection [19, 
20]. It represents approximately 5% of all 
benign soft tissue tumors in adults and occurs 
sporadically in 95% of cases [7, 21, 22]. The 
remainder of schwannomas are related to 
genetic neurocutaneous syndromes, including 
neurofibromatosis type 1, neurofibromatosis 
type 2, and schwannomatosis [23]. These 
tumors are usually solitary but can be multiple, 
with several lesions located along the nerve 
(Fig. 15.1a and b) or arising in different nerves. 
Multiple tumors should always raise suspicion 

of familial conditions. Owing to its low inci-
dence and its clinical signs and symptoms, 
schwannomas are often misunderstood and 
associated with other soft tissue tumors [24].

Schwannomas are considered the most com-
mon tumor arising from peripheral nerves [3–5, 
7, 23, 25–27], but in a few series, the neurofi-
bromas predominate [28–32]. Schwannomas 
can be found in the cranial, spinal, and periph-
eral nerves and sympathetic nerve roots. The 
most common sites of occurrence, in order of 
frequency, include the spinal roots and periph-
eral nerves in the neck and on the flexor area of 
the upper limbs and the posterior aspect of the 
lower limbs [33, 34]. While more frequent in the 
upper limb (70%) [9, 27, 35] and mostly affect-
ing large nerve trunks [9, 21, 27], ultimately any 
nerve can be affected. Eventually, schwannomas 
may arise from very small and unidentifiable 
nerve branches.

The analysis of 10 large series from the litera-
ture (1261 tumors) demonstrated that in upper 
extremity, the most common locations in order of 
frequency are brachial plexus and ulnar, median, 
and radial nerves. In the lower limbs, the sequence 
was sciatic, peroneal, tibial, and femoral [4, 8, 9, 
26, 27, 36–40].

15.4  Diagnosis

Most peripheral schwannomas are solitary, 
slow- growing small lesions (<3  cm) that are 
incidentally discovered or present with mild to 
moderate sensorimotor symptoms. When symp-
tomatic, the diagnosis is usually straightfor-
ward, based upon physical examination and 
imaging studies.

a b

Fig. 15.1 Multiple tumors arising from the sensory part of the ulnar nerve. (a) Surgical picture. (b) Tumors after 
removal
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15.4.1  Symptoms and Clinical Signs

Clinical presentation is mostly nonspecific. The 
majority of patients complain at admission of a 
slow-growing mass that causes symptoms of 
compression in surrounding tissues and tingling 
sensations in the distribution of the involved 
nerve [5]. The symptoms usually depend on the 
site and size of the lesion. The small size and the 
slow growth pattern of most schwannomas allow 
for adaptation of nerve function to the pressure 
effects, explaining the usual absence of neuro-
logical deficits. But at a certain point of their 
growth (usually when surpassing 25–30  mm in 
diameter), most tumors start to induce neurologi-
cal symptoms due to compression of neighboring 
nerve fibers [41, 42]. In some occasions, smaller 
tumors may also be symptomatic, especially 
when they occur in a confined space. The most 
frequent presentation of schwannoma is a mass 
located over the course of a nerve (Fig.  15.2), 
painful to pressure. The tumor is mobile from 
side to side but not in the axis of the nerve. 
Percussion induces painful paresthesia in the ter-
ritory of the nerve of origin, similar to the Tinel 
sign [30]. As the tumor grows larger and exerts 
local pressure on the nerve of origin, dysesthesia, 
neuropathic pain, sensory loss, and weakness can 

occur [20]. Eventually, the tumor may cause 
severe neuropathic pain, particularly when it 
arises in areas exposed to frequent pressure (i.e., 
the sole of the foot or in the buttock).

15.4.2  Electroneuromyography

The role of preoperative electroneuromyogra-
phy in patients with schwannomas is very lim-
ited. The exam may provide evidence of a nerve 
lesion in advanced cases where it can demon-
strate localized slowing or a block of conduc-
tion on stimulation of the nerve along its course, 
in conjunction with profuse denervation activity 
when a needle electrode is inserted into the 
muscle. However, more commonly, only a few 
fibers are affected by the disease process, such 
that electroneuromyographic studies usually are 
normal [43, 44]. Even so, the exam should be 
made because it provides a baseline for com-
parison in cases of new neurological deficits 
after tumor resection [26, 45].

15.4.3  Imaging Studies

Although meticulous physical examination and a 
history of long symptom duration are often suf-
ficient to point to the diagnosis, an appropriate 
diagnostic imaging study is usually needed for 
confirmation. Several imaging modalities can 
provide useful information for preoperative 
assessment, such as computerized tomography 
scan (CT scan), magnetic resonance imaging 
(MRI), and sonography [23, 46]. However, no 
image is specific of schwannoma [35, 46–48]; the 
non-centered nature of the tumor relative to the 
nerve, which is usually assessed on axial images, 
appears to be the most defining feature of a 
schwannomatous nerve tumor [34].

We usually start the image evaluation with 
ultrasonography. Recent advances in ultrasound 
technology provided higher spatial resolution 
identifying the localization of the nerve tumor, its 
origin from a nerve fascicle, and its relationship 
with non-involved nerve fascicles [42, 49, 50]. 
Ultrasonography can eliminate the vast majority 

Fig. 15.2 Mass painful to pressure located over the 
course of the median nerve, proximal to the wrist, on the 
flexor area of the forearm
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of false tumor lesions and allows for  differentiation 
between lymphadenopathy, neuroma, and liquid 
tumor (hematoma, abscess, or thrombosed aneu-
rysm); however, it is more operator- dependent 
than MRI. As a general rule, peripheral nerves are 
more visible when surrounded by tissues of a dif-
ferent echostructure. Peripheral nerves appear as 
tubular structures made of hypoechoic nerve 
 fascicles embedded in a hyperechoic connective 
 tissue corresponding to the epineurium. 
Longitudinally, ultrasonography images present a 
fascicular pattern, and transversely, fascicles 
appear rounded or oval in shape, giving the nerve 
the typical honeycomb appearance [51, 52]. 
Characteristic sonographic findings of schwanno-
mas include a globoid mass with clearly defined 
margins, off-centered along the nerve, with a 
homogeneous or a more or less heterogeneous 
hypoechoic structure, depending on their cystic or 
solid internal appearance, in direct contact with 
the echogenic nerve structure [51, 53–55] (Fig. 
15.3a). The uniform cellular pattern is responsible 
for the typical homogeneous and decreased echo-
genicity and the moderate to marked sound 
through-transmission [54]. The use of color 
Doppler ultrasound also provides the surgeon 
with valuable information regarding the presence 
of intralesional flow and helps in differentiating 
solid and cystic lesions [50, 55] (Fig.  15.3b). 
Additionally, ultrasound is cheaper, does not 

expose the patient to radiation, and is widely 
available compared to computed tomography and 
MRI [ 38, 50]. Although useful, the ultrasonogra-
phy examination can provoke local pain and 
peripheral paresthesia through the pressure of the 
transducer on the mass and cannot replace MRI 
for determining the topography, the exact extent 
of tumor formation, or the presence of invasion 
[55]. The neural origin of a mass from a small 
nerve (single hypoechoic fascicle) is also very dif-
ficult to determine, particularly in superficial 
lesions [56]. Ultrasound does not allow definitive 
differentiation from a neurofibroma [55].

Owing to its high spatial resolution and multi- 
planar imaging options, the MRI is capable of 
imaging the tumor, its capsule, the nerve from 
which the tumor arises, and its relations with sur-
rounding tissues. Many authors consider MRI the 
most helpful method in confirming the diagnosis 
of schwannoma preoperatively [5, 57–61]. 
However, when they arise from cutaneous or 
other small nerves, the nerve may be obliterated 
by the mass on MR imaging [62]. The appear-
ance of schwannomas in MRI is an eccentric 
globular mass located in relation to a nerve. They 
usually have smooth margins and show iso- or 
hypo-signal intensity to the muscle on 
T1-weighted images (Fig. 15.4a) and high inten-
sity in T2-weighted image, homogeneous or het-
erogeneous, depending on intrinsic changes in 

a b

Fig. 15.3 Ultrasonographic image of a median nerve 
schwannoma in the arm. (a) Longitudinal image showing 
a slightly heterogeneous hypoechoic globoid mass with 
clearly defined margins, connected to a nerve. The nerve 
appears as a tubular structure made of hypoechoic nerve 

fascicles embedded in a hyperechoic connective tissue 
corresponding to the epineurium. (b) Color Doppler ultra-
sound demonstrating deep and peripheral intralesional 
flow. T, tumor (Courtesy of Dr. Renato Sernik)
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the tumor (Fig. 15.4b) [59, 63–66]. Most of the 
time, a well-defined hypointense capsule at the 
margin of the tumor is visible (Fig.  15.4a) [36, 
67]. After infusion of contrast (gadolinium), the 
tumor usually shows an intense and homoge-
neous enhancement (Fig. 15.4c). In tumors with 
necrotic or cystic areas, the enhancement will be 
heterogeneous.

Some signs on MRI can help in the diagnosis 
of schwannomas: the target sign, the tail sign, 
and the split fat signal.

 – Although more common in neurofibromas 
[10, 43], a “target sign” is also present in 
schwannomas. The sign is portrayed on 
T2-weighted images as a central area of low or 
intermediate signal intensity, surrounded by a 
rim of higher signal intensity (Fig. 15.5) [68, 
69]. Postcontrast, there is central enhance-
ment with persistent peripheral hypointensity 
[47]. The pathological basis of the target sign 
in schwannomas is a central distribution of the 
more cellular Antoni type A tissue pattern, 

a b

c

Fig. 15.4 Magnetic resonance image of a schwannoma 
of the median nerve at the cubital fossa. (a) T1-weighted 
image of a homogeneous globular mass with smooth mar-
gins and a slightly hypointense signal in relation to adja-
cent muscles. (b) T2-weighted image showing a high 
intensity heterogeneous sign inside the tumor. (c) 
T1-weighted image after the infusion of contrast (gado-

linium) demonstrating an intense and homogeneous 
enhancement of the lesion. Ba Brachial artery, C Capsule, 
D Distal, DH Distal humerus, fdp Flexor digitorum 
 profundus, fds Flexor digitorum superficialis, 
O Olecranon, P Proximal, pt. Pronator teres, sfs “Split fat 
sign,” T Tumor, TH Trochlea of humerus, ts “Tail sign”
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with a surrounding rim of hypocellular Antoni 
type B tissue pattern [36, 42, 70]. The target 
pattern is usually absent in large masses and in 
tumors with cystic, hemorrhagic, or necrotic 
degeneration [66].

 – The “tail sign” on MR images oriented along 
the long axis of the tumor consists of a linear 
thickening formed from the extremities of 
the lesion, consisting of the nerve entering 
and/or exiting neoplasm, which is contiguous 
with the parent nerve, resembling a tail com-
ing off the tumor [71] (Fig. 15.4c). Virtually 
pathognomonic for peripheral nerve sheath 
tumors (both benign and malignant), this fea-
ture is usually easy to detect in lesions affect-
ing large deep nerves but is often difficult or 
impossible to assess in superficial or in small 
lesions [64].

 – Because neurovascular bundles are normally 
surrounded by fat, benign masses arising in 
relation to these structures usually maintain a 
thin rim of fat about them as they slowly 
enlarge and remodel the surrounding fat plane. 
Usually seen on T1-weighted images, the rim 
separates the tumor from the surrounding 
muscle tissue and appears more prominent at 
the tapering margins (poles) of the neoplasm. 
Known as the “split fat sign,” this configura-
tion is frequent in neurofibromas, but less 
common in schwannomas [ 71] (Fig. 15.4a).

A thin hypointense capsule is occasionally 
identified on T2-weighted images, particularly if 
the tumor is surrounded by fat (Fig. 15.4a). This 
sign is highly suggestive of peripheral nerve 
sheath tumor and slightly more common in 
schwannomas than in neurofibromas [62].

While US is the primary imaging modality, 
due to its ease of use, low price, and accessibility, 
MRI remains the gold standard as it is able—in 
the vast majority of cases—to identify the type of 
tumor and, importantly, determine its resectabil-
ity [64]. However, despite many advances in 
MRI, many authors agree that it is difficult to 
definitively differentiate between malignant and 
benign neoplasms as well as between different 
types of benign tumors solely on the basis of 
MRI findings [21, 72, 73].

On CT scan, a schwannoma seems like a well- 
demarcated round or oval mass that frequently dem-
onstrates prominent cystic degeneration [59, 74]. 
On contrast-enhanced CT, the tumor demonstrates 
homogeneous hypodensity with thin- smooth con-
trast enhancement at the margin and irregular 
enhancement at the centrum. We seldom use the CT 
scan for the diagnosis of a schwannoma.

Eventually radiographs can be performed 
to rule out any bony involvement or abnor-
malities [75].

15.4.4  Biopsy

Although the diagnosis of a soft tissue tumor is 
usually confirmed by a percutaneous biopsy, this 
diagnostic technique is not recommended when a 
peripheral nerve sheath tumor is presumed. 
Besides the moderate sensitivity of these biop-
sies, whether by fine-needle aspiration or by nee-
dle core [76], or even by open biopsy, this 
procedure carries a risk of hemorrhage within the 
tumor, damage to viable fascicles, the seeding of 
cells along the needle track in cases of malignant 
tumors, and possible scarring that distorts the 
pathological anatomy of the tumor-nerve 
 interface and thereby increases the challenge of 
definitive surgical removal [40, 77, 78]. 
Additionally, the patient can have worsening of 

Fig. 15.5 The “target sign.” In a T2-weighted image, the 
sign appears as a central area of low signal intensity, sur-
rounded by a rim of higher signal intensity
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the neurogenic pain and development of new 
neurological deficits, either secondary to hemor-
rhage or from direct trauma to the susceptible 
fascicles stretched by the tumor [8].

15.5  Pathology

Schwannomas are derived from the sheath of 
peripheral nerves and are composed almost 
entirely of Schwann cells. Macroscopically they 
are fusiform or round masses, usually less than 
5 cm in diameter, that are eccentrically located in 
relation to the nerve [40, 49, 79] (Fig. 15.6). The 
tumor is well enveloped by a true capsule which 
consists of fibrous perineurium of the nerve bun-
dle of origin. The frequent epineurial blood ves-
sels coursing over the capsule of the tumor are 
usually engorged and tortuous (Fig.  15.7). The 
capsule is surrounded by a condensation of 
the deepest layers of the epineurium. Eventually 
the remaining intact nerve fascicles are generally 
spread over the capsule of the tumor, instead of 
concentrating in a specific area [29, 80, 81] 
(Fig. 15.8).

The cut surface of a schwannoma is similar to 
that of many mesenchymal neoplasms, with a 
yellowish, “fish flesh” soft appearance (Fig. 15.9). 
In larger tumors, the surface may be cystic. 
Besides the cystic formation, other degenerative 
changes may occur in larger tumors, like hemor-
rhage, calcification, and hyalinization.

Fig. 15.6 Surgical picture of a typical schwannoma: 
rounded mass eccentrically located in relation to the 
nerve, dislocating the fascicles. f Fascicle

Fig. 15.7 Surgical picture of a schwannoma demonstrat-
ing the frequent engorged and tortuous blood vessels 
coursing over the capsule of the tumor

Fig. 15.8 Surgical picture showing a less common distri-
bution of the intact fascicles spread over the entire capsule 
of the tumor

Fig. 15.9 Cut surface of a schwannoma with the typical 
yellowish, “fish flesh,” soft appearance
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Schwannomas contain varying proportions of 
two distinct patterns of cellular architecture in the 
tumors, the so-called Antoni A and Antoni B 
(Fig.  15.10a), described by Nils Antoni, a 
Swedish physician, in 1920, based on analysis of 
30 cases of schwannomas [82]. The Antoni A 
component is a densely cellular area of closely 
packed spindle cells which form rows of elon-
gated nuclei (palisades) and compact parallel 
rows of elongated nuclei alternated with clear 
anuclear zones containing cell processes, the 
Verocay bodies (Fig. 15.10b). The Antoni B area 
has fewer cells loosely arranged in a mucinous- 
like matrix [10, 73, 83–85]. One area is usually 
predominant in every tumor [57].

Apart from the classical type, some rarer his-
tological variants of schwannoma have been 
described including the cellular, ancient, epitheli-
oid, melanotic, and plexiform types [84].

Ancient schwannoma is an uncommon vari-
ant with a course typical of a slow-growing neo-
plasm [57]. This subtype is characterized by 
extensive cystic degeneration, hemorrhage, 
fibrosis, and diffuse hypocellular areas, these 
changes being probably related to the long time 
of development of these tumors [86, 87]. They 
are usually large and, owing to its nuclear atypia 
(large and hypochromatic nucleus), might be 

confused with malignant tumors [36]. This mis-
take can be made also in cases of schwannomas 
formed exclusively from Antoni A tissue type 
(the “cellular” variety). Immunohistochemical 
analysis is useful in the differential diagnosis of 
peripheral nerve tumors. It is performed using 
monoclonal antibodies against proteins: S-100, 
CD31, CD34, and GFAP. The cellular areas of 
schwannomas strongly express the S-100 pro-
tein, which is useful especially in the differen-
tiation of the large tumors from soft tissue 
sarcomas [88].

15.6  Differential Diagnosis

Solitary neurofibromas should always be consid-
ered in the differential diagnosis. Peripheral 
schwannomas and neurofibromas cause virtually 
identical symptoms and signs, and no single 
imaging finding or combination allows definite 
diagnosis to distinguish these tumors [62].

Unlike neurofibromas, the schwannomas are 
typically encapsulated and do not have multiple 
cell types inherent to the tumor [62]. Detection of 
a capsule in the MRI, which causes a low inten-
sity rim at the margin of the tumor, and the pres-
ence of the nerve along one side of the mass 

a b

Fig. 15.10 Microscopic aspects of schwannomas: (a) 
usual low-power microscopic aspect of schwannomas 
showing two distinct patterns of cellular architecture—(i) 
dense cellular area of closely packed spindle cells (Antoni 
A) and (ii) area with fewer cells loosely arranged in a 

mucinous-like matrix (Antoni B). (b) High-power micros-
copy depicting parallel compact rows of elongated nuclei 
called palisades (P) with a clear area without nuclei 
between the two zones of palisades called Verocay bodies 
(V)
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could help to differentiate schwannomas from 
neurofibromas [28, 57].

Besides solitary neurofibroma, the differential 
possibilities for schwannomas should include 
any soft tissue mass that can cause a compressive 
effect, like sarcomas, ganglion cyst, fibroma, 
myxoma, and lipoma [9, 20, 24]. Tumors produc-
ing important motor deficit and pain should 
always raise a high suspicion of malignancy [42].

15.7  Treatment

In the last decades, the majority of papers in the 
literature about schwannomas consisted in case 
reports or small series, and only a few large series 
have been reported [3, 9, 26, 29, 40]. The current 
treatment of these lesions is based on papers 
describing in detail the possibilities of treatment 
and its results.

The treatment of peripheral schwannomas can 
be conservative or surgical. The decision to oper-
ate or observe a patient with schwannoma should 
be based on balancing the risks of surgery against 
those associated with more conservative manage-
ment, always taking into account patient wishes. 
Risks related to the common practice of continu-
ous conservative management of schwannomas 
include the possibility of progressive neurologi-
cal dysfunction, malignant change (albeit rare), 
and increasing complexity of the surgery as the 
tumor grows. On the other hand, patients under-
going surgery for a schwannoma are exposed to 
the risks of anesthesia, wound complications, and 
neurological injury. Experienced nerve surgeons 
have demonstrated that schwannomas can be 
resected completely and safely from major 
peripheral nerves in most cases. However, as 
nerve tumors are relatively rare, the number of 
surgeons with extensive experience in this field is 
small, which explains some of the complications 
related to its treatment that can result in lost func-
tion. Patients with small, incidental, and asymp-
tomatic tumors should be treated conservatively 
with periodic outpatient evaluation and imaging 
studies (at least once a year). However, when the 
lesion is symptomatic, progressing in size, cos-
metically displeasing, or causing pain, the surgi-

cal treatment is indicated [9]. Usually the tumor 
size alone is not an indication for surgery in 
asymptomatic patients [26].

The surgical excision of schwannomas ranges 
from subtotal or partial resection (50% or more) 
to gross total excision (>90% of the tumor) leav-
ing behind the tumor capsule adherent to the neu-
ral fascicles to total excision of the tumor along 
with the tumor capsule. The principal goal for 
surgical treatment of a schwannoma is to excise 
the tumor without inflicting any neurological 
deficit [44].

Surgical Technique—The rationale for surgi-
cal resection of nerve sheath tumors includes the 
preservation, or improvement, of neurological 
function, the treatment of neuropathic pain, and a 
pathological diagnosis [38]. The operation should 
be performed under general anesthesia, avoid-
ing  pharmacological muscle relaxation. 
Magnification (surgical loupes and microscope) 
and the use of microsurgical techniques are of 
paramount importance. A lengthy linear skin 
incision is centered over the tumor and extended 
along the anatomic course of the involved nerve, 
to properly expose the tumor and the proximal 
and distal extent of the affected nerve and local 
vessels. Proximity to a flexion crease demands an 
alternative incision. For tumors not readily pal-
pable, transdermal ultrasound can help localize 
the incision directly over the tumor [60]. A com-
plete exposure of a schwannoma (360°) should 
be achieved before intraneural dissection 
(Fig. 15.11a). During the exposition of a schwan-
noma, important sensory nerves are often encoun-
tered in or near the operative field. Damage to 
these nerves from transection, retraction, cautery, 
or suture misplacement is a significant source of 
avoidable morbidity [80]. By virtue of having 
completely dissected the tumor free of surround-
ing soft tissues and other nerve elements, the 
nerve can be gently rotated, allowing for the 
search of a fascicle-free area [89]. This rotation 
should not exceed 180 degrees, to avoid possible 
nerve injury, and the nerve should be returned to 
its original orientation before closure [60].

At this point, the location of fascicles splaying 
over the tumor surface is carefully noted. Using a 
nerve stimulator on a low setting (e.g., 0.5 mA), 
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it is possible to identify functioning and non- 
functioning fascicles (Fig. 15.11b). An area with 
both the least number of visible fascicles and no 
electrical response to the stimulation is selected 
for the nerve incision. This area is usually the 
most prominent part of the tumor. A longitudinal 
incision parallel to the nerve is made in the epi-
neurium with a number 15 scalpel, until the shiny 
surface of the tumor is exposed (Fig.  15.11c). 
The incision is lengthened with microscissors at 
either end where the tumor tapers into normal 
nerve with care not to damage any fascicles as 
they coalesce here [60]. It should extend along 
the length of the tumor and involved nerve [89, 
90]. Bleeding is controlled with a fine-tipped 
bipolar.

From this point, two main approaches have 
been reported: extracapsular and intracapsular 
enucleation.

 (a) Extracapsular enucleation: The perineural 
connective tissue generates a well-formed 
capsule around the tumor, and usually the 
tumor is not adherent. Gentle dissection 
along the plane of cleavage between the 
tumor capsule and the epineurium should be 
performed, dissecting bluntly and retracting 
extracapsularly the uninvolved nerve fibers 
splayed around the tumor (Fig.  15.11d). In 
this way, the tumor can be shelled out as a 
whole without disturbing the nerve fascicles. 
Filmy adhesions are bluntly dissected with 
the aid of a small dissector or sharply cut as 
needed with microscissors. The plane of dis-
section is maintained by small cottonoid 
strips or pledgettes [89]. In this manner, the 
tumor is completely dissected (360 degrees) 
out from the nerve, leaving the surrounding 
fascicles intact. The violation of the tumor 

capsule is usually heralded by herniation of 
tumor through its capsule followed by tumor 
hemorrhage.

Next, the surgeon should direct the dissec-
tion to the poles of the tumor, where usually 
one (but sometimes two) small fascicle can 
be seen entering and leaving the tumor. An 
interfascicular dissection with magnification 
is performed at the proximal and distal poles 
of the tumor to isolate at least 3 or 4 mm of 
the fascicles (Fig. 15.11e). The entering fas-
cicle is then electrically stimulated and 
should elicit no muscular contraction [89]. 
The entering fascicle and leaving fascicle are 
then coagulated and transected, and the 
tumor is removed (Fig. 15.11e) [44]. In the 
rare occasion of a contraction observed dur-
ing the electrical stimulation, an attempt to 
separate the entering fascicle from the tumor 
should be done. If it is not possible, this 
motor fascicle has to be reconstructed with a 
graft after the removal of the tumor [91]. In a 
few cases, despite meticulous dissection, one 
or more small fascicles can be found to pass 
through the body of the tumor and have to be 
sacrificed to allow a total resection, usually 
without causing additional neurological defi-
cits [38]. At the end of tumor resection, there 
is no need for reapproximation of the epineu-
rial edges (Fig.  15.11f) [89]. Extracapsular 
enucleation is generally believed to be rou-
tinely possible, producing little or no damage 
to the underlying nerve fascicles [3, 5, 77].

 (b) Intracapsular enucleation: When fascicles 
seem unusually adherent to the capsule or the 
bulk of large tumors (Fig.  15.12a) is an 
obstacle for seeing the cleavage planes of 
dissection, the risk of transient or permanent 
neurological damage increases [44, 61, 78]. 

Fig. 15.11 Surgical pictures of a schwannoma extracapsular resection. (a) Complete exposure of the tumor and the 
proximal and distal extent of the affected nerve. (b) Electrical stimulation of the surface of the tumor to find an area 
without functioning fascicles. (c) Longitudinal incision of the epineurium, exposing the tumor capsule. (d) Blunt dis-
section along the cleavage plane between the tumor capsule and the epineurium. Note the uninvolved fascicles splayed 
around the tumor have been gently retracted extracapsularly. (e) After complete dissection of the tumor, leaving the 
surrounding fascicles intact, an interfascicular dissection is made to isolate the fascicle entering the tumor. (f) The enter-
ing fascicle is electrically stimulated, coagulated, and transected, allowing the dislocation of the tumor and dissection 
of the leaving fascicle. (g) After coagulation of the leaving fascicle and “en bloc” resection of the tumor, there is no need 
for reapproximation of the epineurial edges. C Tumor capsule, E Epineurium, ef Entering fascicle, f Fascicle
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In these cases, “en bloc” resection should be 
discarded, and an intracapsular enucleation 
is the best option. The capsule is opened lon-
gitudinally, and the tumor contents are enu-
cleated by using suction, forceps and scissors, 
or an ultrasonic surgical aspirator 
(Fig.  15.12b). The center of the tumor is 
removed piece by piece as much as possible. 
The downside of this internal dissection 
(“debulking”) is the associated bleeding that 
usually accompanies this technique. The 
capsule can then be dissected away from the 
spared fascicles and epineurium and finally 
total or partially removed.

When for some reason, in both techniques, the 
capsule of the tumor (or part of it) remains, it can 
either be left alone as part of the tumor bed or an 
attempt can be made to remove it. Conceptually, 
its presence might contribute to an increased rate 
of recurrence, but this has never been proved [89].

The techniques of extracapsular or intracapsu-
lar enucleation of schwannomas have been 
described by several authors to date, and good 
results have been reported with each technique 
[5, 29, 44, 57, 77, 78, 90]. However, few authors 
[90] found that neurological deficit after enucle-
ation was significantly lower using the intracap-
sular compared with the extracapsular technique. 
To minimize the risk of nerve injury, “en bloc” 
resection should not be used because according 

to these authors, the main purpose of schwan-
noma surgery is the relief of symptoms, not 
tumor resection. We prefer the extracapsular enu-
cleation in most case, performing the intracapsu-
lar enucleation only when the previous technique 
is not possible. Independent of the type of exci-
sion applied, after tumor removal, the tumor bed 
is gently irrigated with saline, and brief applica-
tions of low-power bipolar coagulation with a 
fine-tipped forceps are used to stop any persistent 
bleeding [60]. A perfect hemostasis is very 
important to prevent hematoma formation and 
scarring around the nerves. In general, the 
extremity fascia is not sutured so as not to cause 
secondary nerve compression.

A simple, occlusive dressing is applied and 
maintained for 3  days. There is no need for 
postoperative immobilization by casts, splints, 
or compressive dressings, and patients are 
encouraged to gently use the affected limb 
immediately after surgery, to reduce subsequent 
tethering of the nerve by scar tissue [92]. 
Whenever possible, the involved extremity 
should be elevated above the heart during the 
initial postoperative period, to minimize edema. 
During the first two postoperative weeks, only 
range-of-motion exercises should be per-
formed. After this initial period, a physical 
therapy regimen aiming progressive strength-
ening exercises for both the affected and sup-
portive musculature is started.

a b

Fig. 15.12 Surgical pictures of a schwannoma intracap-
sular resection. (a) The bulk of this large tumor is an 
obstacle to achieve the cleavage planes of dissection. (b) 

The center of the tumor was removed piece by piece to 
allow its dissection
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15.8  Postoperative Course

Often, the patient complains of slight paresthe-
sias in the distribution of the nerve related to the 
tumor that usually disappear in the first or second 
postoperative week.

Patients with subtotal or gross total exci-
sion of a schwannoma should be regularly 
assessed for the detection of complications or 
recurrence of the tumor. Three months after 
surgery, a clinical examination and MRI 
should be done to confirm the extent of tumor 
excision. If the tumor was totally resected, the 
patient should be evaluated clinically and with 
a new MRI every 12 months, for some years. 
In cases of partial resection, this follow-up 
evaluation should be done every 6 months, for 
many years.

15.9  Outcome and Complications

There is a common belief that meticulous dissec-
tion of a schwannoma leads to complete removal 
of the tumor without increasing the neurological 
loss, if present [5]. Careful resection of schwan-
nomas usually resolves the patient’s symptoms, 
and regardless of the nerve from which the tumor 
arose, baseline function after resection can be 
preserved the majority of the time. Although true 
in most cases, even when the tumor is carefully 
dissected from the involved nerve, incomplete 
nerve palsies sometimes occur [3, 5, 41], espe-
cially in patients with large tumors [40, 42, 61, 
78, 79]. The incidence of complications in the 
surgical treatment of peripheral schwannomas 
reported in the literature is extremely variable, 
ranging from 1.5% to 80%, with an average of 
32.4% [3, 5, 9, 26, 30, 38, 40, 44, 61, 78, 79, 90]. 
Although a number of preoperative symptoms 
and signs are mentioned as predictable factors for 
the occurrence of complications, tumor size is the 
most important. The transection of fascicles 
entering the tumor substance is believed to be the 
major cause of postoperative neurological deficit 
[6, 38, 79, 93], but there are other possible rea-
sons for its occurrence: the longitudinal incision, 
employed during dissection of the tumor, can 

damage small fascicles [61], and intact fascicles, 
preserved from the tumor growth, may be com-
pressed during its surgical enucleation resulting 
in a neuropraxic injury [27, 61, 93]. Although in 
a few cases these deficits may be troublesome, 
most of the complications are transient and 
related to sensation. Sensibility should recover 
after a period of a few months to 1 year in most of 
the cases, as largely reported in the literature [5, 
27, 44, 61, 77–79]. Even the persistent residual 
symptoms or signs at final follow-up usually are 
tolerable (i.e., mild hypoesthesia or paresthesia) 
and do not seem to interfere with activities of 
daily living. The uncommon preoperative motor 
weakness usually improves with the surgical 
treatment [26, 44].

The reported incidence of postoperative neu-
rogenic pain following nerve tumor excision 
ranges from 5.7% to 13% [3, 20, 37–39, 89]. The 
severity of the pain is variable and in some cases 
can be quite annoying. It is attributed to edema 
and damage to the peripheral nerve during han-
dling of the nerve for tumor excision.

The incidence of complications in our series 
was acceptable (15.2%) [40], but higher numbers 
of adverse outcomes should be minimized with 
appropriate selection of patients and meticulous 
operative technique. Although transient in the 
majority of cases, permanent neurological defi-
cits can develop in some patients following sur-
gery, and for this reason, all candidates for 
surgical excision of a schwannoma must be 
informed about the potential risk of complica-
tions. Recurrences after schwannoma resection 
are very rare [11, 83], even when it is partially 
enucleated [90].

15.10  Conclusions

. Schwannomas located in extremities arise pre-
dominantly from major peripheral nerves and 
occur mostly in the upper limb, with higher inci-
dence in the brachial plexus and ulnar, median, 
and radial nerves. In the lower limb, the most 
affected nerves are the sciatic, peroneal, and 
tibial. The risk of exacerbation of compression 
neuropathy caused by gradual tumor growth 
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 justifies surgical intervention in symptomatic 
 schwannomas. A schwannoma arising from a 
major peripheral nerve usually can be excised 
with an acceptable risk of nerve injury. 
Improvement of nerve function after the exci-
sion of a schwannoma is usually achieved. 
Meticulous attention to detail is required for 
large-sized schwannomas, because these tumors 
seem to have a higher risk of fascicular injury 
during dissection. As schwannomas are rela-
tively rare, these tumors should be treated at 
specialized centers by an experienced peripheral 
nerve surgeon to achieve the best results with 
less morbidity.

With attention to basic principles, knowledge 
of surgical approaches, and skillful mastery of 
the gentle techniques of nerve tumor resection, 
the surgical treatment of patients harboring intra-
neural tumors can be quite satisfying to the 
patient and the surgeon [ 89].
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Neurofibromas

Lukas Rasulic, Milan Lepić, Andrija Savić, 
and Miroslav Samardžić

16.1  Introduction

Neurofibroma is the second most common and 
most prevalent peripheral nerve tumor. As is the 
case with all tumors of peripheral nerve origin, it 
arises from the Schwann cells of the peripheral 
nerve sheath, but, unlike schwannoma, neurofi-
broma also comprises fibroblasts, perineurial 
cells, and mast cells in a variably myxoid back-
ground [1]. It is typically sporadic, but in 10% of 
cases, it occurs syndromically in the course of 
neurofibromatosis. The deletion in the NF1 gene 
is responsible for the tumor development in both 
sporadic and syndromic cases [2]. The lesions are 
usually in the form of a palpable mass and cause 
no specific symptoms. Surgery is considered 
curative, and malignant alteration is rare in spo-
radic cases [3].

16.2  Classification

According to the WHO classification of tumors 
of the nervous system, neurofibroma belongs to 
the group of tumors of peripheral nerves, along 
with the subgroup of plexiform neurofibroma. 
Morphology codes of the International 
Classification of Diseases for Oncology (ICD-O) 
and the Systematized Nomenclature of Medicine 
(SNOMED) are 9540 and 9550 for the neurofi-
broma and plexiform neurofibroma, respectively. 
Behavior is coded as 0 (benign tumor) [4].

There is no strict clinical classification of neu-
rofibromas, but the localization-based classifica-
tion is usually taken into consideration as a 
starting point (Fig. 16.1).

Localized neurofibroma occurs, as a rule, as a 
sporadic lesion in the absence of neurofibromato-
sis. There are two forms that include cutaneous 
and intraneural neurofibroma. Localized forms 
usually do not interfere with the remaining axons. 
When indicated, surgery is curative and malig-
nant alteration is rare [5].

Cutaneous neurofibroma is the most common 
type of all neurofibromas. It arises from the small 
cutaneous nerves. The tumor grows quickly and 
is well circumscribed, but not encapsulated, and 
therefore diffusely infiltrates the surrounding soft 
tissues. Probably due to the specific tissue char-
acteristics, the cutaneous neurofibroma is often 
positioned in the dermis and subcutis skin layers 
[6]. The lesion will usually remain  asymptomatic, 
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the axons may be identified traversing within it, 
and it will not grow larger than 2 cm [6].

Intraneural neurofibroma is the second most 
common type. It is characterized by segmental or 
fusiform nerve enlargement. Due to the devel-
oped true capsule, adjacent tissues are usually not 
involved, and the residual axons remain within 
the lesion [1].

Diffuse neurofibroma is an ill-defined form, 
which usually occurs in the head and neck regions 
[7]. The main characteristic is a diffuse growth 
pattern with infiltration of the adjacent subcuta-
neous tissues [8]. Only a minority of patients 
bear the NF1 disease. Malignant alteration is 
rare [9].

Plexiform neurofibroma is a third classical 
form. It appears almost exclusively in patients 
with NF1 and is characterized by irregular cylin-
drical or fusiform enlargement of a subcutane-
ous or deep nerve with the macroscopic 
appearance of a “bag of worms” [10]. The tumor 
is constrained to the nervous tissue, but its dif-
fuse component is usually present through the 
extension into the subcutaneous tissues. 
Epineural fibroblasts are the main cells of origin 
of plexiform neurofibromas and are more primi-

tive than Schwann cells; therefore, these tumors 
exhibit more aggressive growth patterns. Their 
sources are several motor and/or sensory fasci-
cles or fascicular groups involving the nerve ele-
ments. Contrary to previous opinions, these 
lesions do contain a capsule [6]. The lifetime 
risk of malignant transformation is considered to 
be 5–10%. It is important to emphasize that the 
plexiform neurofibroma is appropriately diag-
nosed through the histopathological exam only 
in the presence of macroscopic appearance; 
therefore, the microscopic finding of plexiform 
characteristics should not be interpreted alone in 
order to confirm NF1 [11].

Massive soft tissue neurofibromas are consid-
ered a separate form by some authors, but these 
are more likely to represent a variation and com-
bination of the classical forms. The massive 
tumor infiltrates the subcutaneous soft tissues 
and may cause elephantiasis neuromatosa with 
the underlying plexiform and diffuse neurofi-
broma components [12].

In addition to the classical forms, there are 
also numerous variations described in the litera-
ture, as summarized in Table 16.1. These usually 
occur in the localized form but may sometimes 

Localized Diffuse Plexiform 
Massive soft

tissue
neurofibroma 

 

 

 

  

 

Cutaneous Intraneural 

  
 

Fig. 16.1 Classification of neurofibromas
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be present in diffuse neurofibromas. Their sig-
nificance is usually limited to microscopic 
appearance, rather than an alteration in the course 
of the disease [13]. A hybrid form has also been 
described with small schwannoma nodules found 
within a neurofibroma [14]. These too do not 
increase the risk of malignant transformation, but 
their microscopic appearance might arise in the 
differential diagnosis of malignant peripheral 
nerve sheath tumor (MPNST) [13].

16.3  Epidemiology

The reported prevalence of neurofibromas is 
10–24% of all isolated nerve tumors and 5% of 
all soft tissue tumors [15]. Neurofibromas affect 
men and women equally, and there is neither 
racial nor ethnic predilection. The age of onset is 
variable; however, young adult age 20–30 years 
is considered the most commonly associated. 
Localized lesions usually occur in adults aged 
20–40  years, while the diffuse and plexiform 
types occur in small children [12].

16.4  Etiology/Genetics/
Pathophysiology

Neurofibroma arises from the peripheral nerve 
sheath Schwann cells, probably those of non-
myelinated nerve fibers. The genetic origin is 
due to the homozygotic loss of the NF1 gene 
on chromosome 17. This mutation leads to 
hyperplasia of the Schwann cells, which 

involves other cell types, developing ultimately 
into the neurofibroma [3, 16].

16.5  Neurofibromatosis

There are two forms of neurofibromatosis (NF): 
NF1 and NF2. NF1, or Von Recklinghausen dis-
ease, is a syndrome (with clear diagnostic crite-
ria) that includes specific “café au lait” macules 
and additional nerve and musculoskeletal 
changes. The germline mutation of the NF1 
(tumor suppressor gene) on chromosome 17 
presents the genetic basis. Individual mutation is 
considered to cause neurofibroma, while the dis-
ease is caused by the more profound germline 
mutation. Fifty percent of NF1 cases are autoso-
mal dominant, and the rest are a result of a new 
mutation. The importance of the identification of 
patients with NF1 concerns the risk for malignant 
transformation and the development of an 
MPNST [17]. Neurofibromatosis 2 is almost 
never associated with the presence of neurofibro-
mas [3].

Neurofibromin is homologous to the GAP pro-
tein that influences cell cycling by downregulating 
the p21 RAS gene. It is encoded by the NF1 gene 
and is typically present in neurofibromas of 
patients with NF1, while it is absent in neurofibro-
mas that undergo malignant transformation [17].

Solitary neurofibromas are almost never asso-
ciated with NF1, whereas presentation with mul-
tiple neurofibromas should prompt consideration 
of possible NF1. Plexiform neurofibromas are 
almost pathognomonic for NF1 [18].

Table 16.1 The most common variations associated with neurofibromas

Variation Characteristics
Cellular Increased cellularity, but without increase in mitotic activity; atypia may 

be present
Pigmented Melanin production
Atypical/bizarre Hyperchromatic, pleomorphic, atypical nuclei with degenerative 

changes. Lamellar distribution
Epithelioid Cohesive epithelioid tumor cell nests
Granular cell Eosinophilic and similar granular cells to those comprising granular cell 

tumors
Lipomatous Present intrinsic adipocytes
Dendritic cell Dendritic cell morphology with pseudorosettes
Hybrid neurofibroma/schwannoma Schwannoma nodules

16 Neurofibromas
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16.6  Histopathology

Neurofibromas are essentially benign nerve 
sheath tumors. Unlike schwannomas, neurofibro-
mas are composed of differentiated neoplastic 
Schwann cells and an additional mixture of non-
neoplastic components. The most common—
localized—form is characterized by nodular and 
well-demarcated lesions, growing along the 
nerve, confined within the epineurium. Diffuse 
form neurofibromas infiltrate the surrounding 
soft tissues [19]. Plexiform neurofibromas are 
characterized by multiple fascicles involved 
within the tumor (filled with collagen and tumor 
cells) and contain centrally located residual nerve 
fibers [19].

Neoplastic Schwann cells are small, with 
curved or elongated nuclei, while the remaining 
tissue of neurofibroma is composed of fibroblasts 
within myxoid or collagen matrix in variable pro-
portions. The Schwann cell component shows 
expression of S100 and Sox10 proteins [20].

Variations of both localized and diffuse forms 
with increased cellularity, pigmentation, nuclear 
atypia, and occasional mitotic figures may resem-

ble low-grade MPNST and present a significant 
diagnostic dilemma [13].

16.7  Immunohistochemical 
Evaluation

The Schwann cells of neurofibroma are typically 
S100 protein positive. Some admixed perineurial 
cells may be positive for epithelial membrane 
antigen. Generally residual nerve twigs can be 
demonstrated with neurofilament stains. 
Neurofibromas usually contain a significant sub-
population of spindle cells, which are immu-
nopositive for CD34 presenting with the specific 
“fingerprint” [21].

The resemblance of a human fingerprint is due 
to positive staining between whorled collagen 
bundles. If present in more than 60% of the 
lesion, it is useful in diagnosing neurofibroma 
and distinguishing neurofibroma from early des-
moplastic melanoma [22].

Overview of histopathological and immuno-
histochemical characteristics is given in 
Fig. 16.2.

General Localized Diffuse Plexiform Immunophenotype
Cutaneous Intraneural

Loose and haphazard
spindled cells with
poorly defined cell
borders Myxoid to pale
pink collagenous matrix
Coarse collagen
bundles “shredded
carrots” Low to
moderate cellularity
Mast cells within the
lesion Small,
hyperchromatic, wavy
nuclei “diving dolphins”,
“buckled” or
“comma-shaped”
sometimes with nuclear
enlargement and
smudgy chromatin
Multinucleated giant
cells (rare Absent to
minimal mitoses

Arise from small
cutaneous nerves
Typically,
unencapsulated
with a "grenz zone" of
uninvolved dermis
between lesion and
epidermis Overrun
axons may be identified
within May contain fat

Subcutaneous lesions
often have a true
capsule Residual axons
traverse through lesion
Neurofilament
immunohistochemistry
and Bielschowsky stain
show axons within
center of lesion
Often contains coarse,
refractile collagen

Poorly defined,
expansile proliferation
around adnexal
structures, extending
into the subcutaneous
tissue and infiltrating
adipose May entrap
nerves or remain within
Uniform matrix of fine,
fibrillary collagen
Shorter, rounder 
Schwann cells
Pseudomeissnerian
corpuscles, comprised 
of fibrillary and whorled
Schwann cells

Multiple intertwined
hypertrophic nerve
fascicles
Serpentine pattern with
multiple nodules
Predominantly myxoid
or edematous
background with thick
collagen fibers Ma
have atypia (nuclear
enlargement,
hyperchromasia)

S100 (+) in Schwann
cells (approximately
50% of tumor cells)
CD34 (+) in spindled
fibroblasts with distinct
“fingerprint”
immunopositivity.
EMA (+) in occasional
perineurial cells
Myelin basic protein (+)
Neurofilament protein
(+) in intratumoral axons
Acid
mucopolysaccharides
(+) in mucinous stroma

Fig. 16.2 Histopathologic appearances of various forms of neurofibromas with their characteristics
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16.8  Clinical Presentation

Neurofibroma usually presents as a solitary flesh- 
colored papule. Apart from the palpable mass, 
neurofibromas will in most cases remain silent. 
However, pain, disfigurement, and neurological 
deficits are much more common with neurofi-
broma than schwannoma, presumably due to 
infiltrating nature [21]. Discrete neurofibromas 
may sometimes cause discomfort and/or itching 
as they grow. In rare cases, due to the compres-
sion of a motor nerve, distal weakness may 
develop [23].

Multiple and plexiform neurofibromas are 
characteristic of neurofibromatosis in the pediat-
ric age group. Plexiform neurofibromas present 
as superficial masses, with a tendency to occur in 
the head and neck.

The massive soft tissue neurofibroma variant 
is associated with redundant folds of skin and dif-
fuse thickening of adjacent tissue (elephantiasis 
neuromatosa), while the MPNSTs and malignant 
transformed neurofibromas are commonly asso-
ciated with pain [12, 23].

16.9  Imaging

16.9.1  Computerized 
Tomography (CT)

Neurofibromas appear as hypodense circum-
scribed masses with minimal or no contrast 
enhancement on CT, due to the presence of lipids 
in both nervous and fat tissues included in the 
tumor. Reliable differentiation between benign 
and malignant forms is not possible, and the CT 
is usually used for clarification only in cases 
related to bones or blood vessels [25].

16.9.2  Magnetic Resonance 
Imaging (MRI)

On MRI, the characteristic image is hypoin-
tense in T1 sequence and hyperintense in T2 
with heterogeneous contrast enhancement, 

resulting in a target sign (central hypointense 
area in an overall homogeneous hyperintense 
space-occupying lesion in T2). The sign is a 
characteristic presentation of peripheral nerve 
tumors, especially subcutaneous neurofibroma, 
and is attributed to the accumulation of dense 
collagen-rich stroma in the center of the lesion 
[26]. In addition, when neurofibroma involves a 
larger nerve, two more characteristic signs may 
be detected: “fascicular sign,” as a hyperintense 
mass with hypointense central foci presenting 
involved fascicles, and “split fat sign” present-
ing the peripheral rim of fat tissue [24] 
(Fig. 16.3).

Irregular contrast medium enhancement is 
considered characteristic of MPNST, but it may 
also be seen in plexiform neurofibromas due to 
the heterogeneous tumor structure [25].

16.9.3  Ultrasound

Peripheral nerve sheath tumors may be visual-
ized with ultrasound as a mass arising from the 
nerve. Usually, a target sign may be present 
within the central fibrotic, relatively hyperechoic, 
area, surrounded by a hypoechoic rim of myxoid 
tissue. Doppler sonography may be used to dis-
tinguish between neurofibromas and schwanno-
mas, since the former appears as a better 
vascularized lesion, although this technique is 
not very reliable [27].

Localized forms present no challenge to visu-
alize, although in cutaneous neurofibromas, the 
nerve of origin may sometimes be hard to differ-
entiate due to its small size. Multiple neurofibro-
mas are usually found within the skin and 
subcutaneous tissue. Diffuse forms appear as ill- 
defined areas of subcutaneous infiltration and 
thickening, in typical localizations.

Pathognomonic appearance with multiple 
mass lesions arising from the fascicles of a large 
nerve trunk (bag of worms) is seen in plexiform 
neurofibromas. The finding of multiple convo-
luted masses may be followed over a long 
 distance, extending to the terminal nerve branches 
[28] (Fig. 16.4).
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16.9.4  Management

A conservative approach is advocated for small 
tumors with no or minimal clinical manifesta-
tions. However, the fact that a surgical procedure 
is generally easier in small tumors should be kept 
in mind [29]. Neurofibromas should be consid-
ered for surgical treatment with the aim of com-
plete or partial resection only if they are 
symptomatic. Significant discomfort or the local-
ization in exposed or stigmatizing areas is also an 
indication for resection. In most cases, a clinical 
follow-up would be sufficient.

Resection of plexiform neurofibromas is indi-
cated if they cause cosmetic disfigurement, pain, 
or compromise of function. Achieving complete 

resection is difficult due to the frequently present 
diffuse component. The involvement of large 
nerves or nerve roots may sometimes be consid-
ered as a contraindication for surgical treatment 
due to the foreseen deficit [23].

Biopsy should not be considered, except in 
cases highly suggestive of malignancy. To date, 
no successful chemotherapy has been identified, 
although ongoing clinical trials have shown 
promising results, especially with the use of selu-
metinib in the treatment of NF1-related lesions 
[30]. Rather than causing any beneficial effect, 
irradiation may even sometimes stimulate the 
growth of neurofibromas and should therefore be 
avoided. The role of adjuvant therapy in MPNSTs 
is discussed in Chap. 14.

a b

Fig. 16.3 The characteristic appearance of neurofibro-
mas as seen with MRI. (a) Plexiform neurofibroma arising 
from the spinal nerve root (T2W). (b) Solitary neurofi-

broma arising from the intercostal nerve (T2W). The 
arrows indicate (1) the split fat sign and (2) the hypoin-
tense central focus inside a hyperintense mass

a b c

Fig. 16.4 The appearance of neurofibromas of various types visualized with the ultrasound. (a) Solitary neurofibroma. 
(b) Additional Doppler sonographic evaluation with only limited vascularization. (c) Plexiform neurofibroma
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16.10  Surgical Technique 
and Complications

The surgical procedure is planned individually in 
accordance with the physical and neurological 
findings and additional diagnostic procedures. 
Interventional embolization of feeding arteries 
may sometimes be considered, when significant 
bleeding is expected, most often in plexiform 
neurofibromas.

The aim of surgical treatment is the removal 
or the reduction of the tumor and functional pres-
ervation or recovery, depending on the initial sta-
tus. When the tumors are located in exposed 
areas, the aesthetic outcome is most significant, 
with the temptation of complete tumor removal. 
Sometimes, skin expanders or reconstructive pro-
cedures may be used to avoid or minimize visible 
skin defects [12].

16.11  Principles of Surgical 
Treatment

There are some basic principles when planning the 
surgical procedure for the neurofibroma, including 
the following and presented in Fig. 16.5:

 – Lengthy longitudinal incision over the mass 
should expose both proximal and distal 
healthy nerve parts.

 – Incision should extend to the tumor capsule 
with partial excision of the epineurium.

 – Microsurgical dissection is started at one of 
the tumor poles.

 – Interfascicular neurolysis.
 – Displaced and thinned fascicles are dissected 

away from the tumor capsule.
 – Entering and exiting fascicles are sacrificed 

after evaluation using intraoperative 

a b

c d

Fig. 16.5 Surgical procedure for the complete removal 
of the solitary intraneural neurofibroma. (a) Dissected 
tumor. (b) Resected tumor with sacrificed fascicles (in 

situ). (c) Resected and removed tumor with sacrificed fas-
cicles. (d) Dissected tumor

16 Neurofibromas
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 neuromonitoring (this is usually done at about 
1  cm above and 1  cm below the tumor to 
exclude the potential existence of small satel-
lite tumors within the same fascicle).

 – Vascular supply is usually at the proximal 
pole.

 – Tumor is removed as a single mass whenever 
possible. In large tumors, intracapsular enu-
cleation or debulking with the ultrasonic aspi-
rator may be helpful.

 – Tumor capsule is excised at the end of the 
procedure.

Fluorescein-guided surgery, coupled with 
intraoperative neurophysiological monitoring, 
should be implemented in plexiform neurofibro-
mas, to achieve maximally safe resection, consid-
ering both the risks of postoperative deficit and 
the malignant transformation of the residual 
tumor [31]. General anesthesia with short-acting 
muscle relaxants is essential for reliable intraop-
erative monitoring. Continuous monitoring of the 
functional integrity of peripheral nerve during 
surgery is expected to lead to better functional 
preservation with the use of the vagus nerve stim-
ulation electrodes (initially designed for thyroid 
surgery) [32]. Regional anesthetic blocks, if used 
in distal tumors, will also interfere with intraop-
erative EMG; therefore, they should be avoided.

The common complications related to the sur-
gery of neurofibromas (apart from the neurologi-
cal deficits) are mild and include localized pain, 
bleeding, scarring, and local infection.

16.12  Outcome and Prognosis

Neurofibromas are benign tumors. Functional 
preservation is possible in about 80% of cases 
after complete resection of sporadic neurofibro-
mas and in 65–70% of cases associated with NF1. 
The resultant neurological deficit is usually mild 
and may be compensated with physiotherapy [33].

Local recurrence is extremely rare when com-
plete excision of the lesion is performed, at least 
for several years [23]. Malignant transformation 
occurs exceedingly rarely, usually in the setting 
of neurofibromatosis and affecting deeply situ-

ated tumors. Even in the setting of 
 neurofibromatosis, malignant transformation 
occurs in not more than 5–10% of patients [21]. 
It is most common in large, plexiform 
 neurofibromas, followed by other deep neurofi-
bromas associated with NF1, followed by cutane-
ous NF1-associated neurofibromas. The rate of 
malignant transformation is extremely low in 
non-NF1-associated neurofibromas [14].
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Perineuriomas

Christine Brand and Gregor Antoniadis

Perineurioma is a rare tumor entity. Children and 
young adults are particularly affected [1]. There 
is no gender difference in the frequency of occur-
rence [2]. The tumor mainly affects the large 
nerves of both the upper and lower extremities 
with equal distribution [2]. Due to the gradual 
course of the disease, the diagnosis is usually 
made late, if at all [3].

17.1  Symptoms

Typically, a motor mononeuropathy exists. The 
patients show a slowly progressive paralysis with 
muscular atrophy (see Fig. 17.1), but only in rare 
cases is there a sensory deficit.

Pain is often absent. The symptoms are said to 
be caused by compression of the axons due to the 
increase in neoplastic tissue [4].

17.2  Pathology

Perineuriomas are considered benign nerve 
tumors. They can occur within a nerve (intraneu-
ral) or manifest extraneurally as a soft tissue tumor. 
However, these rarely have a direct relationship to 
the nerve. Subtypes are the sclerosing and the 
reticular perineurioma. The malignant perineuri-
oma is very rare and originates exclusively from 
extraneural perineuriomas [1]. Intraneural peri-
neuriomas, on the other hand, do not undergo 
malignant transformation and are very slow grow-
ing. Perineuriomas are associated with anomalies 
of chromosome 22, in particular monosomy or 
deletion of the 22q11–q13.1 bands [5].

Macroscopically, perineurioma appears as a 
distinct hardening and spindle-like thickening 
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Fig. 17.1 Neurogenic clubfoot as a result of a perineuri-
oma of the right sciatic nerve
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of the affected nerve section. Histological find-
ings are long, thin tumor cells with bipolar 
cytoplasmic processes with wavy or tapering 
nuclei [1]. The perineurioma cells infiltrate the 
endoneurium of the affected fascicle and form 
concentric whorls of perineural cells (pseudo-
onion bulbs) around the nerve fiber. 
Immunohistochemically, a positive reaction to 
the epithelial membrane antigen (EMA) is, by 
definition, observed [6]. The perineurioma cells 
show no expression of the Schwann cell marker 
S-100. Claudin-1 and GLUT, however, are 
often expressed. Mitosis can occur, but necrosis 
is absent, as a rule [1].

17.3  Diagnostic

The gold standard in perineurioma diagnostics is 
MRI (ideally 3 Tesla). MRI shows long-distance 
enlargement of fascicles within the affected 
nerves and an intense, homogeneous gadolinium 
enhancement [3, 7, 8] (see Figs. 17.2 and 17.3). 
Affected fascicles appear isointense on T1- and 
hyperintense on T2-weighted images [3, 7, 8]. 
Due to its characteristic appearance, perineuri-
oma can be distinguished from the most common 
differential diagnosis (chronic inflammatory 
demyelinating polyneuropathy/mononeuropa-
thy) on MRI [3]. The high-resolution ultrasound 
can describe the extent of the tumor relatively 
precisely just like the MRI [9]. Both methods are 
also used in follow-up care [10]. In electrophysi-
ological studies, amplitude reductions, conduc-
tion blocks, as well as denervation signs may 
occur in EMG.

17.4  Therapy Options

The therapy of perineuriomas is not undisputed. 
Due to the small number of cases, general recom-
mendations are not available. As there is usually 
no complete loss of function of the affected 
nerve, there is a risk of functional impairment 
through surgery.

However, the risk of malignancy does not 
seem to exist [4].

In addition to the possibility of merely observ-
ing the tumor by performing regular imaging and 
electrophysiological examinations, there is the 
alternative of surgical therapy. Here, too, various 
surgical strategies are available.

In order to confirm the diagnosis, at least one 
biopsy of an affected and non-functional fascicle 
should be taken [11] (see Figs.  17.4 and 17.5). 
Based on the theory that the axons are com-
pressed by the tumor cells, a decompression of 
the fascicle by an epineurotomy makes sense, 
even though there are not yet studies to date able 
to demonstrate its effectiveness.

Another possibility is the complete resection 
of the tumor with subsequent reconstruction by 
nerve grafting [3, 4, 10, 12]. The resection 

Fig. 17.2 Example of an intraneural perineurioma of the 
right sciatic nerve (arrow) in MRI (sagittal) after applica-
tion of gadolinium
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 margins must be tumor-free to prevent re- 
spreading. For this, the possibility of a frozen 
section analysis must be available [10]. However, 
the presence of further tumor cells at other sites 
within the nerve cannot be ruled out either intra-
operatively or by imaging. A complete resection 
of the tumor can therefore not be guaranteed. In 
addition, it should be noted that a complete loss 
of function after resection of the tumor and sub-
sequent transplantation is initially very likely.

A third option is a tendon transfer to improve 
the reduced motor function. The tendon transfer 

can be performed in combination with or without 
tumor resection. Also, in certain cases, a distal 
nerve transfer might be possible to restore func-
tion, for example, distal anterior interosseous 
nerve to ulnar motor transfer if the tumor involves 
the proximal ulnar nerve.

Regardless of the surgical method, the surgi-
cal microscope and intraoperative nerve stimula-
tion as well as micro-instruments should be used 
intraoperatively. The high-resolution ultrasound 
for planning the skin incision and showing the 
tumor extent can be helpful. The determination of 
the nerve conduction velocity can also be useful.

Fig. 17.3 Intraneural perineurioma of the right sciatic nerve (arrow) in MRI (axial) after application of gadolinium

Fig. 17.4 Thickened, non-functional fascicle of the sci-
atic nerve (arrow) before biopsy

Fig. 17.5 Thickened, non-functional fascicle of the sci-
atic nerve (arrow) after biopsy

17 Perineuriomas
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As a rule, it is not necessary to install a drain-
age system. We recommend elastic wrapping of 
the corresponding extremity. The bandage should 
be changed after 2  h. If no transplantation has 
been performed, the extremity can be mobilized 
immediately [10].

17.5  Results

Long-term data are not available due to the small 
number of studies with low case numbers. 
Mauermann et  al. describe in a study of 23 
patients with confirmed perineurioma that no sig-
nificant progress was observed within 45 months. 
Based on these data, they favor a conservative 
approach [11]. In a retrospective study with 20 
patients, Wilson et  al. were able to show that 
intraneural perineuriomas rarely gain length on 
MRI.  In addition, they do not spread to other 
nerves [8]. Restrepo et  al. do not consider a 
biopsy to be necessary in the case of characteris-
tic MRI findings with a suitable clinical course 
and symptoms and recommend regular follow-up 
examinations [3]. Gruen et  al., however, per-
formed a complete resection of the tumor with 
subsequent transplantation in 15 patients [13]. 
Ultimately, a therapy concept must be worked out 
individually after weighing all risks with the 
patient concerned.

17.6  Follow-Up Treatment

After diagnosis, we recommend the next checkup 
3  months later. In addition to a current 3 Tesla 
MRI with gadolinium, an electrophysiological 
examination should be performed. If worsening 
of symptoms should occur, the therapy regime 
must be re-evaluated.
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Non-neurogenic Tumoral 
and Pseudotumoral Lesions 
Affecting Peripheral Nerve

Tomas Marek, Kimberly K. Amrami, 
and Robert J. Spinner

18.1  Non-neurogenic Tumoral 
and Pseudotumoral Lesions

Non-neurogenic entities affecting peripheral 
nerves consist of a heterogeneous group of 
lesions including ganglion cysts, adipose lesions 
of nerve, neuromuscular choristomas, and many 
others. Common features may include neuropa-
thy from mass effect and the benign nature of 
most of them; others may be infiltrative and 
malignant. Clinical presentations differ vastly 
among these lesions. Some of them can include 
overgrowth or undergrowth in the territory of the 
affected nerve.

18.2  Benign Lesions

18.2.1  Ganglion Cysts

Ganglion cysts affecting peripheral nerves are 
relatively common non-neurogenic tumoral 
lesions often presenting with neuropathy due to 
compression or entrapment of the affected nerve. 

These lesions can be intraneural as well as 
extraneural.

18.2.1.1  Intraneural Ganglion Cyst
Intraneural ganglion cysts are mucinous lesions 
of benign character occurring within the epineu-
rium. The most commonly affected nerve is  the 
common peroneal nerve at the level of superior 
tibiofibular joint. Other nerves and sites are 
reported in the medical literature including  the 
ulnar at the elbow or wrist, tibial at the knee or 
ankle, and many others [1].

The pathogenesis of intraneural ganglion cysts 
has long been controversial with many theories 
proposing possible explanations. In recent years, 
the articular theory has become widely accepted 
[2] with many published articles supporting it 
[3]. In fact, this theory has been shown to play an 
important role in the pathogenesis of other simi-
lar conditions such as an adventitial cysts affect-
ing arteries and veins [4]. In this theory, an 
articular branch serves as a conduit through 
which synovial (joint) fluid penetrates into nerve 
from a neighboring joint; propagation is deter-
mined by pressures and pressure fluxes.

MRI is the imaging modality of choice for 
diagnosis [5, 6]. These lesions are best appreci-
ated on T2-weighted images but more completely 
characterized after the administration of intrave-
nous contrast. All of these cysts arise from 
joint(s), but the identification of the individual 
joint connection can be challenging. The desired 
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technical parameters of the MRI examination, 
including in-plane resolution and slice thickness, 
field of view, and the use of 3D imaging, should 
be taken into account when planning the study in 
order to optimize the probability of seeing what 
often are very subtle joint connections. Because 
these cysts are associated with articular branches 
of nerve, they typically follow a recurrent path-
way that can look like a “J” or even a “U.” This 
pattern is commonly seen in intraneural cysts 
affecting the deep branch of the peroneal nerve at 
the superior tibiofibular joint (Fig. 18.1).

Treatment of the intraneural ganglion cysts 
should be focused on identifying and disconnect-
ing the joint connection. After exposing the 
affected nerve, all nerve branches of the affected 
nerve should be clearly marked with vessel 
loops.  The cyst can be decompressed but need 
not to be resected. The joint connection is discon-
nected to prevent recurrence of the lesion. In 
select cases, the joint connection can be difficult 
to identify due to anatomical reasons. At the 
superior tibiofibular joint, the joint can be ablated 
with or without joint disconnection [2].

Outcomes post-surgery are in general very 
positive with return of function soon after the 
procedure. If a lesion is treated long after 
symptoms occurred (several months, years), 
atrophic changes in affected muscles can be 
permanent, and long-standing rehabilitation is 
necessary.

18.2.1.2  Extraneural Ganglion Cyst
Extraneural ganglion cysts are mucinous lesions 
which develop from a synovial joint and second-
arily cause extrinsic compression; the capsular 
defect does not involve the articular branch. MRI 
plays an important role in the diagnosis as in the 
diagnosis of the intraneural ganglion cysts by 
identifying both the origin and extent of the cyst 
and the specific nerve affected. Treatment of 
these lesions consists of resection of the cyst and/
or repair of the defect in the synovium or address-
ing the joint connection or abnormality. Outcomes 
are very positive in  the majority of the cases; 
however, recurrence of the lesion can occur if the 
origin of the cyst at the joint is not addressed.

18.2.2  Adipose Lesions of Peripheral 
Nerve

In recent years, much advancement has been done 
in the understanding of the pathophysiology, 
natural history, and genetics of adipose lesions 
affecting peripheral nerves. This group, once con-
sidered quite homogeneous, ranges vastly in the 
clinical presentation, management, and outcomes 
and therefore can be envisioned as a spectrum of 
lesions. This group consists of intraneural and 
extraneural lipomas and  lipomatosis of nerve. In 
some cases, a clear delineation between typical 
examples can be blurred [7, 8].

a b c

Fig. 18.1 MRI of a peroneal intraneural ganglion cyst 
and operative photo. (a, b) Serial T2-weighted FS (fat- 
saturated) MR images showing an intraneural ganglion 
cyst (arrow) and its joint connection (arrowhead) to the 

superior tibiofibular joint. (c) Operative photo of the intra-
neural ganglion cyst. The articular branch is marked with 
a red vasoloop. The common peroneal nerve is marked 
with a blue loop
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18.2.2.1  Intraneural Lipoma
Intraneural lipomas are relatively rare adipose 
lesions of nerve and can be characterized as an 
encapsulated lipomatous mass within the epineu-
rium of the affected nerve. These lesions are 
probably underreported [8]. They most com-
monly affect the median nerve at the wrist; how-
ever, many other locations besides  the median 
nerve have been reported including ulnar, radial, 
posterior interosseous, common peroneal, super-
ficial peroneal, brachial plexus, sciatic, and tibial 
nerves [8].

Patients with these lesions usually present 
with symptoms of compressive neuropathy. 
Diagnosis of these lesions is most commonly 
confirmed using MRI.  Ultrasonography can be 
also useful; however, this modality does not pro-
vide as much diagnostic information as MRI, 
especially if a neural structure with deep location 
is affected (e.g., lumbosacral plexus). Intraneural 
lipomas have high signal intensity on T1-weighted 
MRI sequence, the same signal as, for example, 
subcutaneous fat, with suppression of the fatty 
elements of the lesions with techniques such as 
STIR (short tau inversion recovery) imaging 
or  frequency-specific fat suppression [8] 
(Fig. 18.2a).

Recently, intraneural lipomas have been sub-
classified into two subgroups: encapsulated and 

hybrid intraneural lipomas. The first group is 
typically resected without much difficulty. On 
imaging, these lesions appear as a high-intensity 
signal encapsulated mass within the epineurium, 
and a capsule can often be identified around the 
lesion on MRI. The goal of the treatment should 
be total resection to achieve nerve decompres-
sion. During surgery, the epineurium is dissected, 
and the lesion “pops out.” If such a lesion is an 
incidental finding, no immediate action is usually 
necessary, and follow-up is recommended. The 
other group (i.e., hybrid lesions) has been shown 
to demonstrate variable degree of interdigitat-
ing  fat between the fascicles. This makes such 
lesions more difficult to dissect, and typically a 
more meticulous approach is needed to resect the 
lesion completely [8] (Fig. 18.2b).

On histopathological examination, these 
lesions consist predominantly of fat [8]; however, 
lesions consisting of mixed tissues (i.e., adipose 
and fibrous [9], adipose and cartilaginous [10], 
and adipose and eosinophilic cells with hyaline 
matrix [11]) have been reported. No intraneural 
lipoma has ever been associated with nerve- 
territory overgrowth, which is in contrast to 
 lipomatosis of nerve. Overall intraneural lipomas 
have good clinical outcomes post-surgery with 
complete recovery in the majority of cases with-
out lesion relapse.

a b

Fig. 18.2 Intraneural lipoma. (a) Axial T1-weighted MR 
image showing an intraneural lipoma (arrowhead) within 
the epineurium of the median nerve (arrow) at the wrist. 
The intraneural lipoma compressed the median nerve and 

caused neuropathy in this particular case. (b) Operative 
photo of the same patient as in (a). Intraneural lipoma 
(arrowhead) was easily resected after dissecting the epi-
neurium of the median nerve (arrow)
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18.2.2.2  Extraneural Lipoma
Extraneural lipomas arise outside of the epineu-
rium and cause compressive neuropathy second-
arily. Extraneural lipomas can arise as a stand-alone 
lesion. However, these lesions may also be associ-
ated with lipomatosis of nerve (LN), typically 
occurring in the territory of the same nerve (see 
below) [7]. MRI is utilized in  the diagnosis of 
these lesions as well both to identify and charac-
terize the lipoma and determine which nerve is 
affected. The aim of treatment is to decompress 
the affected nerve to improve symptoms. These 
lesions typically do not relapse, unless when asso-
ciated with LN or in the case of incomplete resec-
tion. In such cases, they might regrow [7, 12].

18.2.2.3  Lipomatosis of Nerve
Lipomatosis of nerve (LN) is another part of the 
spectrum of adipose lesions affecting nerves. 
Unlike intra- and extraneural lipomas, LN is a 
fascinating pathology with a relatively broad 
spectrum of clinical presentations. It is character-
ized by abundant fibro-adipose tissue within the 
epineurium that splays the individual fascicles 
apart with interposed fat. In about 62%, there is 
associated nerve-territory overgrowth [12].

LN is reported much more frequently than 
other adipose lesions of nerve; however, confu-
sion in terminology surrounds this entity. The 
term lipomatosis of nerve was proposed by WHO 
in 2002 [13]; however, many other terms are used 
in the medical literature. One of the most com-
monly used ones (even though outdated) is fibro-
lipomatous hamartoma followed by 
lipofibromatous hamartoma, neural fibrolipoma, 
and others [12]. When massive nerve-territory 
overgrowth is present, the term macrodystrophia 
lipomatosa is often utilized. This terminology 
inconsistency creates confusion among physi-
cians, and one can think that each term is reserved 
for a different entity despite all being one pathol-
ogy with different phenotypes.

LN presents early in life. Most patients typi-
cally present with symptoms in their first decade 
due to the LN. Family history is negative in all 
cases. The presenting symptoms range from 
compressive neuropathy (including sensory and/
or motor deficit) to associated nerve-territory 

overgrowth, sometimes leading to massive defor-
mities. Men and women are affected equally. A 
slight predominance of right-sided lesions has 
been reported [12]. The most commonly affected 
nerve is  the median at the wrist; however, any 
other nerve can be affected. Interestingly LN 
does not occur or extend intradurally [14].

The diagnosis of LN can be established solely 
based on imaging features which have been long 
considered pathognomonic. The lesion is best 
appreciated on a T1-weighted MRI sequence, as 
are all other adipose lesions of nerve. On the 
axial plane, the abundant adipose tissue dis-
persed between nerve fascicles creates the so 
called co- axial cable-like appearance. On the 
longitudinal plane, the appearance is often 
referred to as spaghetti- like (Fig. 18.3). Similar 
features can be also appreciated using ultraso-
nography. These pathognomonic features obvi-
ate the need for a diagnostic biopsy which should 
be reserved only for very unclear cases with 
atypical features [15, 16].

One of the hallmark of LN is associated nerve- 
territory overgrowth which is present in about 62% 
of cases [12]. Overgrowth can affect soft tissue and 
bony structures. This can be very subtle and only 
present as small skin lesions [7] to very massive 
overgrowth leading to substantial deformities [7, 
17]. Soft tissue overgrowth includes skin lesions 
[7], subcutaneous lipomas [7], deep extraneural 
lipomas [7], and muscle lipomatosis [17]. 
Overgrowth of osseous structures can cause dra-
matic deformities which can result in movement 
restrictions of the affected body part (Fig.  18.4). 
Ostechondromas might also occur as a part of the 
nerve-territory overgrowth features [18].

Recent genetic studies associated somatic 
activating PIK3CA mutations with various over-
growth syndromes, including LN.  The exact 
pathophysiological mechanism remains unknown 
[19]. Interestingly, recent work identified 
PIK3CA mutations in LN cases irrespective of 
overgrowth status (i.e., mutation present in cases 
with and without overgrowth), suggesting that 
other factors are necessary for overgrowth to 
develop [20]. The type of nerve affected by LN 
seems to also play an important role in 
LN-associated overgrowth and might be one of 
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a b

Fig. 18.3 Pathognomonic MRI of lipomatosis of nerve 
(LN). (a) Axial T1-weighted MR image demonstrating 
pathognomonic MRI features of LN affecting the median 
nerve (arrowhead) as well as the ulnar nerve and its 
branches (arrows) at the wrist. The so-called co-axial 

cable-like appearance can be appreciated in both the 
median and ulnar nerves. (b) T1-weighted MR image of 
the same patient as in (a) showing the so-called spaghetti- 
like appearance of the median nerve (arrowheads) in the 
longitudinal plane

a b

Fig. 18.4 Clinical photographs of two patients with lipo-
matosis of nerve and associated nerve-territory over-
growth. (a) A patient with LN of median nerve who has 
associated nerve-territory overgrowth in the distribution 

of the median nerve. (b) A patient with LN of the right 
lumbosacral plexus and the right sciatic nerve with mas-
sive overgrowth affecting the right lower limb
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the missing pieces of the pathogenesis puzzle. 
Cases where only the so-called predominant sen-
sory nerves were involved were found to be free 
of associated overgrowth. This is in contrast to 
cases with affected motor (mixed) nerves where 
overgrowth is present in the majority of cases. 
Some sort of unknown growth factor or signaling 
might explain this observation [21].

The treatment of LN is symptomatic as no 
therapy to prevent overgrowth exists. Treatment 
approaches vary depending on presenting symp-
toms and the presence and degree of overgrowth. 
Cosmesis is also a very important factor when 
planning the surgery. Nerve decompression is the 
treatment of choice when compressive neuropa-
thy is the predominant feature. This is a carpal 
tunnel release in the majority of cases as median 
nerve LN is the most common site involved. 
Other relatively common sites of decompression 
are the common peroneal nerve at the fibular 
neck and ulnar nerve at the elbow. Extraneural 
lipoma(s), associated with LN, might be another 
reason for compressive neuropathy. Resection of 
the lesion is recommended in such cases. When 
massive overgrowth is present, soft tissue debulk-
ing procedures along with bone reduction surger-
ies might be pursued. In many cases, especially 
in children and the adolescent population, the 
overgrowth is often progressive and recurrent. It 
is not uncommon for patients to undergo several 
debulking procedures. Amputation surgeries can 
be considered as well to improve function. 
Several reports of nerve resection and grafting 

exist, however, with mixed results. This modality 
remains controversial [22].

None of the LN cases reported in the medical 
literature has ever been reported to undergo malig-
nant transformation. This is very important as 
patients can be assured about the benign nature of 
this condition [22]. Some cases, however, require 
repeated procedures. This can be both for recurrent 
compressive neuropathy and recurrent overgrowth.

18.2.3  Neuromuscular Choristoma

Neuromuscular choristoma (NMC) is a rare 
peripheral nerve lesion which is characterized by 
the presence of heterotopic muscle tissue within 
the nerve. Typically it affects major nerves with 
the sciatic nerve being the most commonly 
affected one [23].

NMC may be associated with undergrowth in 
the territory of the affected nerve [23]. This usu-
ally affects both bony and soft tissue structures. 
Another common feature is progressive neuropa-
thy. MRI features of NMC include fusiform 
enlargement of the affected nerve with a 
 combination of fatty and soft tissue elements. The 
soft tissue elements have signal characteristics of 
skeletal muscle and are generally easily differenti-
ated from soft tissue elements seen in liposarcoma 
(Fig. 18.5). Subtle enhancement after administra-
tion of gadolinium contrast is common, similar to 
the muscle; however, visualizing the enhancement 
depends to some degree on the imaging techniques 

a b c

Fig. 18.5 MRI and clinical images of a patient with 
NMC. (a) Axial T1-weighted MR image showing NMC 
of the right sciatic nerve (arrow) in the upper thigh. The 
lesion has similar signal intensity as the surrounding mus-
cles. (b) Axial T1-weighted MR image of the same patient 

showing interval development of a desmoid-type fibroma-
tosis (arrowhead) after surgery. Sciatic nerve (arrow) is 
located anterior to the desmoid lesion. (c) Clinical photo-
graph of the same patient showing undergrowth of the 
right leg
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and may not always be appreciated. Generally the 
lesions contain less than 50% of fat which distin-
guishes these lesions from LN and intraneural 
lipomas [24] (Fig. 18.6). Patients with diagnosis of 
NMC can develop associated desmoid-type fibro-
matosis either spontaneously or more commonly 
as a response to intervention such as surgery or 
even a biopsy. The desmoid component is often 
progressive and recurrent and can cause significant 
worsening of the symptoms [25]. Mutations of the 
catenin beta 1 gene (CTNNB1) have been identi-
fied in about 85% of the NMC cases with associ-
ated desmoid- type fibromatosis [26].

The treatment of NMC is controversial. Once 
identified and characterized with MRI, the lesion 
should be followed, and surgery should be pur-
sued only with significant progression of symp-
toms associated with the development of 
desmoid-type fibromatosis [26].

18.3  Malignant Lesions

18.3.1  Perineural Spread of Cancers

Perineural spread (PNS) is a relatively uncom-
mon metastasis mechanism when compared to 

other routes of metastasis such as hematogenous, 
lymphatic or direct, contiguous spread of a 
malignant tumor. In recent years, however, PNS 
has become more commonly appreciated as one 
of the ways of tumor spread and should be 
included in the differential diagnoses when 
appropriate.

Perineural invasion (PNI) plays an important 
role in the pathogenesis of PNS [27]. PNI should 
not be confused, however, with PNS as an inva-
sion of a nerve does not necessarily lead to 
PNS. These two terms are often confusing in the 
medical literature. The propagation of a tumor 
along the nerve itself is probably a combination 
of a “route of the least resistance” and neurotro-
pism [28].

The most common cancers that tend to dem-
onstrate PNS are malignancies of the head and 
neck [29], breast [30], and skin [31] and various 
pelvic malignancies including prostate, bladder, 
vaginal, and rectal [32]. PNS can occur after 
many years of initial diagnosis and for this reason 
is oftentimes not suspected as the source of the 
patient’s symptoms. Reports of cases presenting 
10 or more years after the treatment of primary 
tumors are not uncommon. This feature of 
delayed presentation can make the diagnosis very 

a b

Fig. 18.6 Perineural spread of breast cancer to the bra-
chial plexus. (a) Coronal T1-weighted fat-saturated SPGR 
(spoiled gradient recalled) acquisition post-gadolinium 
image shows fusiform enlargement and enhancement of 
the left brachial plexus (arrowheads). The diagnosis of 

breast cancer was confirmed with biopsy. (b) Coronal 
FDG (fluorodexoyglucose) PET (positron emission 
tomography)/CT (computerized tomography) image of 
the same patient as in A shows FDG avidity in the left 
brachial plexus, supporting the diagnosis of malignancy
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challenging as other potential sources of pain and 
other symptoms are often considered and acted 
on before the definitive diagnosis of PNS is 
made. PNS is often incorrectly diagnosed as radi-
ation induced neuropathy. In the case of tumor 
involving the brachial plexus leading to hand and 
arm pain, this can lead to interventions such as 
carpal and cubital tunnel release and even cervi-
cal laminectomies before PNS is considered as 
the source of symptoms.

Imaging is an important tool in establishing 
the diagnosis of PNS.  MRI and PET are the 
modalities of choice. MR imaging can demon-
strate fusiform enlargement of the affected 
nerve; however, the nerve might have normal 
appearance on non-contrast sequences. Nodular 
appearance of the nerve and the so-called skip 
lesions can be appreciated as well [32]. When 
gadolinium- based contrast is utilized, the nerve 
usually demonstrates enhancement which is 
often nodular or mass-like extending along the 
nerve. PET imaging with FDG (or, in the case of 
prostate cancer, choline) tracer can be used to 
confirm the diagnosis but in cases involving 
nerves can show less avid uptake [33] (Fig. 18.6). 
For this reason, the radiologist evaluating such 
studies should be experienced in peripheral 
nerve imaging as changes on PET can be very 
subtle and identifying abnormal patterns might 
be challenging. Awareness of the possibility of 
PNS based on the clinical history is the most 

critical aspect of evaluating and treating these 
patients.

The next step in diagnosis is biopsy to prove 
or disprove the suspected diagnosis. An image- 
guided targeted approach is always preferred. 
Depending on the site of involvement, the biopsy 
can be of major neural structures [34] or a distal 
branch when possible [35]. Treatment should 
then be directed based on the exact diagnosis and 
can include radiation therapy, chemotherapy, bio-
logic treatment, and/or surgery.

18.3.2  Peripheral 
Neurolymphomatosis

Neurolymphomatosis of peripheral nerves can be 
a rare manifestation of a known lymphoma; how-
ever, isolated nerve involvement has also been 
reported. Patients present with neuropathy and/or 
pain. The diagnosis can be oftentimes challeng-
ing. MRI and FDG-PET are very important imag-
ing tools.

MRI usually demonstrates nerve enlargement, 
but the appearance is variable and can merely 
show mild T2 hyperintensity without enlarge-
ment or, alternatively, more tumefactive, mass- 
like lesions [36]. PET can show uptake of FDG 
tracer, but this depends to some degree on the 
size of the nerves involved and the extent of the 
nerve involvement (Fig.  18.7). If the nerve 

a b

Fig. 18.7 MRI of neurolymphomatosis. (a, b) Axial and 
oblique coronal T2 fast spin echo images with fat suppres-
sion showing the enlarged, hyperintense, and indistinct 

right sciatic nerve (arrows) in a patient with biopsy-proven 
neurolymphoma. The left side is normal (arrowheads)
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involvement is the sole manifestation of lym-
phoma, targeted biopsy should then be pursued to 
confirm the diagnosis followed by appropriate 
treatment [37].

18.4  Miscellaneous Non- 
neurogenic Tumoral 
and Pseudotumoral Lesions

18.4.1  Chronic Inflammatory 
Demyelinating 
Polyneuropathy (CIDP)

CIDP is an inflammatory disease affecting periph-
eral nerves predominantly in proximal locations; 
however, distal locations can be affected too. The 
patients usually present with progressive weak-
ness which develops over several weeks. When 
only distal nerve involvement is present, it is often 
referred to as distal acquired demyelinating sym-
metric neuropathy (DADS). The exact pathogene-
sis of CIDP is not known; however, autoimmune 
processes are thought to be the underlying cause, 
resulting in demyelination. Patients with CIDP can 
have predominantly sensory or predominantly 
motor deficits [38].

The diagnosis is established using EMG, 
MRI, and biopsy. MRI can demonstrate enlarge-
ment of the affected nerves which are hyperin-
tense on fluid-sensitive sequences but rarely 
show significant enhancement after contrast. The 
enlargement can give this pathology a tumor-like 
appearance which has been confused with plexi-
form neurofibromas in some cases (Fig.  18.8). 
The “classic” appearance of smoothly enlarged 
nerves with T2 hyperintensity and little or no 
enhancement in the appropriate clinical setting is 
nearly pathognomonic of this entity. If there are 
equivocal imaging findings, a targeted biopsy can 
be performed, but this should be reserved for 
cases where the diagnosis is ambiguous. CIDP is 
treated with intravenous immune globulin, corti-
costeroids, or plasmapheresis [39]. Follow-up 

imaging may not change even with successful 
response to treatment.

18.4.2  Amyloidosis

Amyloidosis is an umbrella term covering rela-
tively wide spectrum of diseases which all have 
in common deposition of an abnormal amyloid 
protein. This leads to damage and impairment of 
the function of the organ systems/tissue where 
the amyloid is deposited. Peripheral nerve is one 
such site; however, isolated nerve involvement is 
very rare with only a few cases reported in the 
literature [40].

The patients present with progressive neu-
ropathy. MRI should be the imaging modality of 
choice. The affected nerves demonstrate diffuse 
fascicular enlargement, often with a nodular or 
irregular appearance. Mass-like lesions have 
also been reported. The lesions are typically 
hypointense on T1- and hyperintense on 
T2-weighted sequences with irregular enhance-
ment after contrast which helps to distinguish 
this from lesions such as CIDP [40]. Targeted 
nerve (fascicular) biopsy can confirm the 
diagnosis.

18.5  Conclusion

The heterogeneous group of non-neurogenic 
tumoral and pseudotumoral lesions affecting 
peripheral nerve includes many pathologic enti-
ties. The diagnosis of these lesions might be chal-
lenging at times due to their rarity. Imaging, 
especially MRI, is an important part of the diag-
nostic process as many of the lesions have char-
acteristic imaging features. Targeted biopsy 
might be necessary to establish the final diagno-
sis; however, in select cases, such as NMC, this 
should be avoided. The treatment should be tai-
lored for each individual case and should always 
be as conservative as possible.
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19.1  Introduction

Peripheral nerves may be subject to the develop-
ment of different types of malignant tumors, the 
most common being the malignant peripheral 
nerve sheath tumors (MPNST), with up to 50% 
arising in the setting of neurofibromatosis type 1 
(NF1) [1–3]. In this chapter, the features and 
management of these aggressive tumors will be 
discussed. Nonetheless, there are some rare 
malignant tumors to affect peripheral nerves, and 
we provide a brief overview of them below.

19.1.1  Malignant and Melanotic 
Schwannoma

Schwannomas are peripheral nerve sheath tumors 
(PNST) that in rare occasions may undergo 
malignant transformation. Vestibular schwanno-
mas have been shown to undergo malignant 
transformation into MPNST after radiation ther-
apy [4]. Melanotic schwannomas, on the other 

hand, although usually benign, may also present 
with an aggressive behavior (Fig. 19.1). They are 
usually located along the paraspinal sympathetic 
chain and the gastrointestinal tract and may be 
also misdiagnosed as malignant melanomas 
[4–8].

19.1.2  Ewing Sarcoma

Ewing sarcoma is the second most frequent osse-
ous tumor to present in pediatric patients, and it 
may also arise from soft tissues, including rarely 
peripheral nerves. They have a probable origin 
from mesodermal or neural crest-derived cell 
types, and given their initially insidious clinical 
course, with the absence of B symptoms (i.e., 
moderate fever and night sweat), they may be 
diagnosed very late in the progression of the dis-
ease. Lastly, intraneural Ewing sarcomas may be 
indifferentiable from PNST on clinical and imag-
ing grounds [9–13].

19.1.3  Desmoid Tumors 
and Desmoplastic Small 
Round Cell Tumors (DSRCT)

Desmoid tumors are neoplasms characterized by 
proliferation of fibroblasts. Although benign, 
they may have an often unpredictable clinical 
course. Rarely they arise from or in close 
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 proximity to peripheral nerves [14–16]. There is 
no consensus concerning their management in 
these instances, and treatment should be individ-
ualized. Nonetheless, given their high local recur-
rence rates, some authors advocate that radical 
surgical excision is usually recommended [14].

DSRCT are rare tumors with an aggressive 
behavior and a poor 5-year survival rate of 15% 
[17]. Although they usually present as a large 
abdominal or pelvic mass, there have been few 
reports of DSRCT affecting the brachial plexus. 
Similar to desmoid tumors, there is not a consen-
sus as to how to manage these neoplasms. Some 
authors have employed complete resection, 
whereas others, subtotal resection with preserva-
tion of neurological function and adjuvant che-
motherapy and local radiotherapy [17–19].

19.1.4  Metastases

Metastases may also rarely affect peripheral 
nerves. There have been reports of intraneural 
growth of different neoplasms such as melano-
mas, lymphomas, and adenocarcinomas. 
Management is invariably dependent of the 
metastasis histotype and may include surgical 
resection and adjuvant treatment [20].

19.1.5  MPNST

By definition, the term MPNST includes any 
malignant tumor that arises from or differentiates 
toward cells intrinsic to the peripheral nerve 
sheath, excluding tumors of epineurial soft tissue 
and endoneurial tumors originating from the 
peripheral nerve vasculature [21]. This term was 
introduced by the World Health Organization 
(WHO) to replace other older and confusing ter-
minologies used for this tumor, such as malignant 
neurilemmoma, neurofibrosarcoma, and neuro-
genic sarcoma [22–25]. Although MPNST may 
originate from any peripheral nerve sheath cell, 
there is histological, immunohistochemical, 
ultrastructural, and genetic evidence that most 
MPNST originate from Schwann cells or their 
precursors [21, 26, 27].

MPNST are classified as soft tissue sarcomas, 
i.e., a soft tissue malignant neoplasm. Soft tissue is 
defined as a non-epithelial extra-skeletal tissue of 
the body exclusive of the reticuloendothelial sys-
tem, glia, and supporting tissue of various paren-
chymal organs [28]. Therefore, it includes the 
peripheral nervous system since tumors arising 
from nerves present as soft tissue masses and pose 
similar problems in differential diagnosis and ther-
apy [28]. Nevertheless, embryologically, soft tis-

a b

Fig. 19.1 A 50-year-old male patient presenting with a 
later diagnosed melanotic schwannoma. (a) Coronal 
T2-weighted MRI with fat suppression without contrast 

and (b) coronal T1-weighted MRI without contrast of a 
lesion affecting roots C7–C8. T tumor
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sues are derived from mesoderm, although they 
may have contribution from neuroectoderm [28].

MPNST are quite rare neoplasms and repre-
sent only 5% of all soft tissue sarcomas [21, 27, 
29]. MPNST may appear de novo (from a normal 
nerve) or arise from the malignant transformation 
of a benign neural lesion, especially a neurofi-
broma, which usually happens in NF1 individu-
als [30]. Localized as well as diffuse 
neurofibromas which may occur sporadically or 
in association with NF1 do not possess a malig-
nant potential [21]. On the other hand, plexiform 
neurofibromas, which are a distinct clinical and 
histological variant, are the most common pre-
cursors of MPNST [21]. Plexiform neurofibro-
mas tend to affect sizable nerves and occur in 
NF1 individuals, but there are a few reports in 
individuals with no NF1 features [31–34]. 
Plexiform neurofibromas occur in 25–50% of 
NF1 individuals, and 5% of them transform into 
MPNST [35–37]. Localized intraneural neurofi-
bromas, which are tumors that grow within 
peripheral nerves and are outlined by a fibrous 
border derived from the epineurium, may also 
undergo malignant change, but this occurs less 
frequently compared with plexiform neurofibro-
mas [21, 38]. Rapid increase in size and unex-
plained pain (especially at rest) are considered 
signs and symptoms of malignant transformation 
of neurofibromas [30, 35, 39]. Most MPNST 
arise in association with large nerve trunks, 
including the sciatic nerve, brachial plexus, and 
sacral plexus. Consequently, the most common 
anatomical locations are the upper and lower 
limbs and the trunk [29]. Few cases occur in the 
head and neck region [28].

It has been shown, in several series, that up to 
50% of the cases occur in individuals with neuro-
fibromatosis 1 (NF1), an autosomal-dominant 
genetic syndrome caused by mutations in the 
NF1 gene and that a small portion of MPNST 
arises secondary to radiotherapy, after a latency 
period, often 10–15  years after radiation [1–3, 
40–45]. Nonetheless, MPSNT is the most com-
mon malignant neoplasm that occurs in NF1 with 
a prevalence of 4.6–16%, while in the general 
population, its prevalence is only 0.001% [27, 
46–48].

Many studies have shown that the presence of 
NF1 has a negative influence on other clinical 
features of MPNST, such as local recurrences, 
metastases, tumor size, and survival, although 
there is still controversy on this matter [44, 46, 
47, 49–56]. Nonetheless, a meta-analysis con-
ducted in 2012, with >1800 patients, showed that 
survival was poorer in NF1 patients when consid-
ering studies from 1962 to 2012 [57].

MPNST appear to affect men and women 
equally, although some studies showed a slight 
predilection for females, whereas two large stud-
ies showed the opposite [46, 49, 55, 58–60]. 
MPNST are typically neoplasms of adulthood, 
commonly occurring between 20 and 50 years of 
age. In NF1, these tumors are usually diagnosed 
at an earlier age (28–36  years) compared with 
those that occur sporadically (40–44 years) [23, 
43, 46, 58, 61, 62]. However, a large study from 
the Mayo Clinic found that 12.8% of cases of 
MPNST occurred in children 16 years of age or 
younger [63]. This study showed that most 
MPNST in the pediatric population arose in asso-
ciation with NF1 and had a contiguous neurofi-
bromatosis component [63]. Another large study 
based on the “Surveillance, Epidemiology, and 
End Results” (SEER) program database identi-
fied 1315 MPNST, and 128 of these cases (9.7%) 
were pediatric. The significant predictors of sur-
vival for pediatric tumors were sex (males had 
better survival), race (non- Hispanic black ethnic-
ity had worse survival), and radiation therapy, 
while for adult cases, these predictors were not 
significant for MPNST survival. When only cases 
of recurrence of MPNST in children were 
selected in a study of 73 patients younger than 
21 years old, the factors with the greatest impact 
on prognosis were the degree of initial invasion 
of the neoplasm, time to recurrence, and com-
plete surgical resection (the latter, the same con-
clusion as Friedrich et  al. in MPNST of 
NF1-affected children) [64, 65].

Amirian et  al., in their study based on the 
SEER database, identified that tumors located in 
the “trunk” and presenting higher grades were 
negatively correlated with survival. This study, 
however, was not able to discern among patients 
with or without a diagnosis of NF1 [58]. A 
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nationwide cohort study conducted in the 
Netherlands demonstrated on multivariate analy-
sis, in 741 patients diagnosed with non- 
retroperitoneal MPNST, that the following 
patients’ and tumors’ characteristics had a nega-
tive impact on overall survival (OS): diagnosis of 
NF1, older age (>60 years old), R2 (macroscopi-
cally positive) margins on resection, large 
(>5  cm), and deep-seated tumors. Indeed, R2 
margins, larger size, deep location, as well as 
higher histological grade have been described as 
negatively influencing both disease-specific sur-
vival (DSS) and OS in different studies [1, 3, 44, 
45, 66].

19.2  History of MPNST

MPNST have had many names in the history of 
medical literature, such as “neurofibrosar-
coma,” “neurogenic sarcoma,” and “neurosar-
coma” [40, 67–72]. This clinicopathological 
entity has always been studied in the context of 
soft tissue tumors, as the identification of its 
peculiarities in contrast to other sarcomas is 
indeed very recent. The first reports that distin-
guish MPNST from other sarcomas, as well as 
describe some of its clinical properties, proba-
bly date from the nineteenth- century German 
literature. Some surgeons at that time were 
aware of the individuality of this tumor, and of 
interest is the fact that in the late 1880s, Fedor 
Krause showed that MPNST are often related to 
NF1 (at the time called von Recklinghausen’s 
disease) and that apparent metastases in these 
patients were actually new tumors. This obser-
vation was one of the first insights in that NF1 
increases the odds of developing one or more 
MPNST [73]. Later, in the beginning of the 
twentieth century, surgeons such as Fleming 
and Marvin also started to show the individual-
ity of MPNST, based on its histological and 
clinical characteristics [74–76]. In 1931, 
Stewart and Copeland acknowledged that 
MPNST were different among themselves, 
naming a subset with less aggressive histologi-

cal characteristics “low-grade neurosarcomas.” 
At the time, they inferred that these tumors also 
possessed an unfavorable prognosis, although it 
is not clear if the tumors they referred to were 
actually ones that we would now call “low-
grade” [67].

Today, the World Health Organization still 
classifies MPNST as sarcomas but, in its latest 
series of books WHO Classification of Tumours, 
recognizes that the cell of origin is probably a 
precursor of Schwann cells, as well as the exis-
tence of a subset of this tumor, called low-grade 
MPNST. This subset exhibits a remarkably dif-
ferent clinical course, which allows for a less 
aggressive surgical approach and for the preser-
vation of structures and function, resulting in a 
much better prognosis [29].

19.3  Diagnostic Criteria

Since MPNST have histopathological features 
reminiscent of other spindle cell sarcomas, their 
histopathological features may not allow diagno-
sis when analyzed in isolation [21]. The widely 
accepted criteria for the diagnosis of MPNST are 
described in Table 19.1, and at least one of these 
criteria must be present to establish the 
diagnosis.

Table 19.1 Diagnostic criteria for malignant peripheral 
nerve sheath tumor [21]

The tumor must meet at least one of the following 
criteria:
1.  Originate from a peripheral nerve
2.  Originate from a benign peripheral nerve sheath 

tumor (neurofibroma, schwannoma, 
pheochromocytoma, or ganglioneuroma/
ganglioneuroblastoma)

3.  Develop in a patient with NF1 and exhibit the same 
histopathological features as most MPNST that 
originate from the nerves

4.  Develop in patients without NF1 but exhibit the 
same histopathological features of most MPNST 
and show immunohistochemical and/or 
ultrastructural characteristics of differentiation into 
Schwann cells or perineural cells

F. Guedes et al.
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19.4  Oncogenesis and Genetic 
Profile of Malignant 
Peripheral Nerve Sheath 
Tumors

Loss of heterozygosity of the NF1 gene has been 
demonstrated by several authors in NF1- 
associated MPNST as well as sporadic MPNST 
[43]. Although mutation of the two alleles of the 
NF1 gene is believed to be sufficient for the 
emergence of neurofibromas, many studies have 
shown that the development of MPNST is a mul-
tistep process, with not only biallelic inactivation 
of the NF1 gene but also other molecular changes 
[72, 77–81]. However, the mechanisms involved 
in the oncogenesis of these tumors are still poorly 
understood.

Compatible with a disease caused by a muta-
tion in a tumor suppressor gene, the development 
of neoplasms in individuals with NF1 occurs 
when the two alleles of the NF1 gene are mutated.

19.4.1  NF1 Gene

The NF1 gene is located at chromosome locus 
17q11.2 and is considered a tumor suppressor 
[80]. It encodes a protein called neurofibromin 
that is expressed in a variety of cells including 
neurons, Schwann cells, astrocytes, oligodendro-
cytes, keratinocytes, adrenal medullary cells, and 
leukocytes [35].

To date, the only region of neurofibromin that 
has a well-defined and well-known function is the 
region encoded in the central portion of the NF1 
gene [82, 83]. This region is homologous to the 
catalytic domain of the GTPase-activating protein 
(GAP) and is known as the GAP-related domain 
(GRD). GAP is a protein that has the function of 
inactivating Ras protein. Because neurofibromin 
has the GAP homologous region, it also functions 
to inactivate the Ras protein [82, 84].

Ras proteins are members of the G protein 
superfamily and represent a converging point of 
many cell signaling pathways [85]. They are tran-
siently activated in response to various extracel-

lular signals, such as growth factors, cytokines, 
hormones, and neurotransmitters, which stimu-
late tyrosine kinase receptors [85]. Ras proteins 
are activated when bound to GTP (Ras-GTP) and 
inactivated when bound to GDP (Ras-GDP).

In the cell, there are two classes of signaling 
proteins that regulate Ras protein activity, influ-
encing the transition between its active (Ras- 
GTP) and inactive (Ras-GDP) states. Nucleotide 
guanine-releasing proteins (GNRP) stimulate the 
loss of GDP and subsequent activation of cyto-
plasm GTP, thereby activating Ras [86, 87]. GAP 
protein, as well as neurofibromin, in turn, inter-
acts with Ras-GTP, increasing the GTP hydroly-
sis rate in GDP, inactivating Ras [35]. When 
activated, Ras proteins play an important role in 
activating the MAP kinase signaling pathway, 
which is important in controlling proliferation, 
differentiation, cell survival, and apoptosis [85, 
88]. Other pathways are also activated by Ras, 
such as the phosphatidylinositol 3-kinase (PI3-k) 
and the phospholipase C signaling pathway [89, 
90]. In cells with mutations in both alleles of the 
NF1 gene, neurofibromin is defective or absent, 
and therefore increased levels of Ras-GTP occur, 
which leads to tumor development.

To explain the occurrence of NF1-associated 
and sporadic MPNST, since the NF1 gene is a 
tumor suppressor, the “two-hit” hypothesis of 
oncogenesis of retinoblastoma proposed by 
Knudson can be used as follows [91]:

Two mutations (hits), involving both alleles of 
NF1, are required to produce neurofibromas and 
MPNST.  In NF1 individuals, in all cells, with 
exception of patients with mosaic NF1, one 
defective allele of the NF1 gene is inherited 
(germline mutation: the first hit), and the other 
allele is normal. Neurofibroma develops when 
the normal NF1 allele is mutated in Schwann 
cells or their precursor as a result of a spontane-
ous somatic mutation (the second hit). In case of 
MPNST, beyond NF1 mutations, other molecular 
alterations are needed. In sporadic cases of neu-
rofibroma and MPNST, both normal NF1 alleles 
must undergo somatic mutation in the same 
Schwann cell or their precursors (two hits). Of 

19 Malignant Peripheral Nerve Sheath Tumors



198

course, the probability of this event is lower and 
explains why neurofibromas and MPNST are less 
common in the general population than in NF1 
individuals.

19.4.2  Other Molecular Changes 
in MPNST

Mutation in the TP53 gene is one of the most 
common molecular abnormalities found in 
MPNST [81, 92, 93]. Consistent with the role of 
the TP53 gene in MPNST development, experi-
mental animals that harbor mutations in both 
NF1 alleles and TP53 mutations develop MPNST 
[84, 94, 95].

Beyond NF1 and TP53 mutations, most 
MPNST exhibit CDKN2A mutations [96, 97]. 
CDKN2A deletion is possibly an early event in 
the development of MPNST, occurring during 
progression of MPNST from an atypical neurofi-
broma [96]. Over the past few decades, several 
other growth factors and their receptors have 
been suggested as candidates for promoting the 
development of MPNST and neurofibromas, 
such as epidermal growth factor (EGF) and hepa-
tocyte growth factor (HGF), among others 
[98–101].

Inactivation of the polycomb repressive com-
plex 2 (PRC2), as a result of mutually exclusive 
inactivating mutations of its constituents EED 
and SUZ12, is observed in the majority of 
MPNST [96, 97, 102–104]. PRC2 is composed 
of EED, SUZ12, EZH1, and EZH2; this complex 
is related to epigenetic silencing by post- 
translational modification of histones through di- 
and tri-methylation of Lys27 of histone H3 
(H3K27me2/3) [102, 105, 106]. Therefore, PRC2 
inactivation leads to loss of methylation at 
H3K27. It has been suggested that PRC2 inacti-
vation potentiates the effects of NF1 mutations 
by amplifying Ras-driven transcription through 
effects on chromatin [107].

Cytogenetic studies have shown complex 
karyotypes in MPNST [108]. In a study with 51 
MPNST, significant loss was observed in the 
chromosomal regions 1p3, 9p1, 9p2, 11p1, 11q1, 

11q2, 12q2, 17p1, 18p1, 18q1-q2, 19p1, 22q1, X, 
and Y. Gain of chromosomal material was found 
in chromosome 7, especially 7q1. Most involved 
breakpoints were 1p13, 1q21, 7p22, 9p11, 17p11, 
17q11, and 22q11 [108, 109].

19.5  Macroscopic Features

MPNST macroscopy depends on its origin [21]. 
Those that originate from a nerve present as fusi-
form to globular lesions and range from white and 
firm to soft and yellow lumps, depending on the 
absence or presence of necrosis [21, 29, 46]. Those 
MPNST that originate from a neurofibroma may 
be macroscopically inapparent or multifocal. 
Therefore, sectioning of the entire plexiform neu-
rofibroma is recommended [21, 29].

Most tumors are larger than 5 cm and appear 
as well-circumscribed lesions surrounded by a 
pseudocapsule of varying sizes formed by the 
compaction and invasion of adjacent soft tissues, 
as well as reactive fibrosis [21, 28, 29, 46]. 
Generally, heterologous elements, when present, 
are not macroscopically identifiable, and exten-
sive macroscopic representation is required to 
define the appropriate histological grade [21].

Most MPNST arise deeply, from a major 
nerve under the superficial fascia, along its 
course, forming a large fusiform, globoid, or 
eccentric mass. The consistency varies from soft 
and fleshy to hard, and the cut surface may be 
cream-colored or gray. Areas of necrosis and 
hemorrhage are common and may be extensive 
[21, 28, 29, 43].

High-grade tumors (of which definition is pre-
sented below) tend to present as expansile or 
globular masses, of soft consistency, measuring 
>10 cm, entirely unencapsulated and infiltrating 
surrounding structures [21, 28, 29].

It is very important to identify a nerve of 
origin and recognize if it overlays or enters 
the tumor. It also must be observed if the 
nerve is thickened proximally and distally to 
the main mass, as it suggests the spread of the 
neoplasm along the epineurium and perineu-
rium. Given the natural growth of MPNST 
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within nerve fascicles, frozen sections to ver-
ify proximal and distal nerve margins may be 
useful [21, 28].

19.6  Histopathological Features

Most MPNST have highly cellular spindle cell 
proliferation [21]. Tumor cells usually have 
hyperchromatic nuclei, are mitotically active, 
and have a mild amount of weakly eosinophilic 
cytoplasm with indistinct borders [21, 110]. 
Tumor cell nuclei usually have rounded or more 
tapered ends, but in most cases are not pointed 
[21, 29]. In less cellular areas, the nuclei have a 
wavy or comma-like appearance similar to nor-
mal Schwann cells [28, 29]. The neoplastic cells 
may be arranged in large fascicles, but there is 
great variation. Densely cellular fascicles alter-
nate with hypocellular, myxoid zones, where par-
allel orientation of cells is absent [28]. In some 
cases, a “herringbone” pattern may be seen [21]. 
Some tumors may have nodular or spiral cell 
arrangement (Fig.  19.2a). The latter suggests 
rudimentary tactoid differentiation [28]. Nuclear 
palisading, as observed in Antoni A areas of 
schwannomas, is rare in MPNST and was 
observed in only 6.7% of the 120 cases studied 
by Ducatman et  al. [46]. In fact, these tumors 
may show a very heterogeneous microscopic 
appearance [43].

Most MPNST are high-grade neoplasms, and 
most have an abrupt transition from low- to high- 
grade areas (Fig.  19.2b) [46]. High-grade 

MPNST show prominent nuclear atypia, mitotic 
indices >10/10 high-power fields (HPFs) 
(Fig.  19.2c), and, frequently, tumor necrosis 
[111]. Areas of geographic necrosis with or with-
out pseudopalisade are seen in approximately 
50–75% of all cases of MPNST (Fig. 19.3a, b) 
[21, 29]. Low-grade MPNST may be defined as 
Schwann cell neoplasms with no necrosis and at 
least two of the following features: hypercellular-
ity, loss of neurofibroma architecture, cytologic 
atypia and mitotic index between 3 and 9 mito-
ses/10 HPFs (Fig. 19.3c) [111]. In the study by 
Ducatman et al. [46], only 18% of the cases were 
classified as low-grade lesions.

Intermediate lesions between neurofibromas 
and MPNST in NF1 patients have been classified 
as “atypical neurofibromatous neoplasm of 
unknown biological potential” (ANNUBP). 
ANNUBP may be defined as having the same 
aforementioned histological characteristics of a 
low-grade MPNST but with a lower mitotic index 
between 1/50 HPFs and 3/10 HPFs [111].

In general, soft tissue tumors, measuring 
<5  cm in diameter and superficial, should be 
excised en bloc, and biopsy is not required. 
Peripheral nerve sheath tumors (PNSTs) are an 
exception, and resection should not be performed 
en bloc in order to preserve the nerve [27]. For 
larger masses, the main biopsy problem is micro-
scopic evaluation, as it shows a small amount of 
the tumor that can be very heterogeneous. 
Evaluation of several criteria is required to deter-
mine the diagnosis of MPNST, tumor architec-
ture, mitosis, necrosis, myxoid areas, etc., and it 

a b c

Fig. 19.2 (a) Hematoxylin and eosin, 200×: high-grade 
MPNST with cells in nodular arrangement. (b) 
Hematoxylin and eosin, 100×: MPNST with an abrupt 

transition between low- and high-grade areas (arrows). (c) 
Hematoxylin and eosin, 400×: high-grade MPNST with 
evident mitosis
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is usually not possible to evaluate them all on one 
biopsy [27]. However, it is important to try to 
answer the following questions: Is it a neoplasm? 
Is it malignant? Is it low-grade or high-grade? Is 
there an adequate amount of tissue to make other 
tests? If a variant of MPNST is suspected, the 
analysis may be arduous. Also, most MPNST 
have shown an abrupt change from low- to high- 
grade areas, and low-grade areas are similar to 
many other soft tissue tumors surrounding the 
nerves, such as fibrosarcomas [46, 106, 112]. 
Thus, the tumor may be classified as low-grade 
on a biopsy specimen, and, when analyzed in the 
complete specimen, it is a high-grade one. 
Therefore, even if made by an experienced 
pathologist with complete tumor resection, the 
definitive diagnosis can be challenging [106]. 
Biopsies can be more effective if analyzed or 
reviewed by experienced pathology sites [27]. 
There is no preferred method for biopsy, but a 
few studies indicate that open biopsy is more 
accurate than core needle biopsy, even though it 
has a higher rate of complication, including con-
tamination of surrounding tissue with neoplastic 
cells. Additionally, fine-needle aspiration has 
been shown to be the least effective technique 
[113, 114].

19.6.1  Histopathological Grading

The primary purpose of histopathological 
graduation is to separate malignant neoplasms 
associated with a good prognosis from tumors 
with a poor prognosis [115]. Moreover, the 

value of any histopathological grading system 
is related not only to the ability to predict 
patient survival but also to identify patients 
who may benefit from adjuvant therapy [115]. 
Due to the relative rarity of sarcomas, the study 
of large groups of individual tumor types is 
problematic [115]. Therefore, the histopatho-
logical graduation systems of sarcomas are not 
histotype specific [115]. Currently, the two 
most commonly used systems for histopatho-
logical grading of sarcomas are the NCI 
(National Cancer Institute) and the FNCLCC 
(Fédération Nationale des Centres de Lutte 
Contre le Cancer) systems [54, 116].

The NCI system was proposed in 1984 and is 
based on a study of 163 patients with soft tissue 
sarcomas treated at the NCI [117]. In this study, 
six histopathological factors were analyzed (his-
topathological type, mitosis, necrosis, pleomor-
phism, cellularity, and presence of matrix). In 
NCI system, tumors were classified into three 
grades (Table 19.2).

The FNCLCC system was also proposed in 
1984 and was based on a study of 155 soft tissue 
sarcomas [118]. Seven histopathological charac-
teristics were evaluated: degree of tumor differ-
entiation, cellularity, presence of atypical nuclei 
and giant tumor cells, mitotic activity, necrosis, 
and vascular embolus. Multivariate statistical 
analysis identified three independent prognostic 
factors: tumor differentiation, mitotic index, and 
degree of tumor necrosis. In this system, a score 
is independently assigned to each parameter, and 
the degree is obtained by summing the three 
scores as in Table 19.3.

a b c

Fig. 19.3 (a) Hematoxylin and eosin, 40×: high-grade 
MPNST exhibiting geographic necrosis. (b) Hematoxylin 
and eosin, 100×: high-grade MPNST with palisade of 

neoplastic cells (arrows). (c) Hematoxylin and eosin, 
400×: low-grade MPNST with a slight increase in cellu-
larity, increase in nuclear size, and hyperchromatism
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In 2001, a study performed with 1240 patients 
with sarcomas aimed to evaluate the predictive 
value of the FNCLCC system for metastasis 
[119]. Although the histologic grade appeared as 
an independent predictor of metastasis develop-
ment in most histologic types of soft tissue 
 sarcomas, it did not occur in patients with 
MPNST. In contrast, in another study, comparing 
 NF1- associated vs. sporadic MPNST, histopatho-
logical grade based on the FNCLCC system did 
not correlate with prognosis or outcome in NF1- 
associated MPNST [120]. On the other hand, 
FNCLCC grading parameters were useful for the 
evaluation of sporadic MPNST.

Therefore, since sarcomas represent a hetero-
geneous group of neoplasms which differ widely 
in their potential biological behavior and, more-
over, MPNST are of neuroectodermal origin, 
more studies with a large series of cases should 
be performed to evaluate the value of the current 
grading systems in patients with MPNST and 

maybe propose a new grading system specifically 
for this tumor. Moreover, due to the differences in 
clinical behavior of sporadic and NF1-associated 
MPNST, they should be studied and compared as 
different groups of tumors.

19.6.2  Immunohistochemical 
Characteristics

When MPNST does not originate in patients with 
NF1, has no evidence of origin from a nerve, nor 
arises from the transformation of a benign neural 
tumor, immunohistochemistry (IHC) plays an 
important role in diagnosing this neoplasm [21, 
29, 62].

Table 19.2 National Cancer Institutes (NCI) system for 
sarcoma graduation [117]

Grade Histopathological parameter
Grade 
1

Well-differentiated liposarcoma

Myxoid liposarcoma
Subcutaneous myxoid malignant fibrous 
histiocytoma
Well-differentiated malignant 
hemangiopericytoma (with <1 mitosis over 
10 high-power fields)
Well-differentiated fibrosarcoma (with <6 
mitoses per 10 high-power fields)
Well-differentiated leiomyosarcoma (less than 
6 mitoses per 10 high-power fields)
MPNST (neurofibroma-type) with less than 6 
mitoses per 10 high-power fields
Myxoid chondrosarcoma with no mitotic 
activity

Grade 
2

Any sarcoma that is not included in grade 1 
and has ≤15% necrosis

Grade 
3

Extra-skeletal Ewing’s sarcoma/PNET 
(peripheral neuroectodermal tumor)
Extra-skeletal osteosarcoma
Chondrosarcoma mesenchymal
Malignant triton tumor
Any other grade 1 sarcoma with >15% 
necrosisa

aBased on microscopic examination only

Table 19.3 FNCLCC histopathological grading system 
(Fédération Nationale des Centres de Lutte Contre le 
Cancer) [118]

Tumor differentiation
Score 1
Sarcomas resembling normal adult mesenchymal 
tissue (e.g., low-grade leiomyosarcoma)
Score 2
Sarcomas for which the histopathological type is right 
(e.g., myxoid liposarcoma)
Score 3
Embryonal or undifferentiated sarcomas, dubious 
sarcomas, synovial sarcomas, osteosarcomas, 
primitive neuroectodermal tumors
Mitosis count
Score 1 0–9 mitoses per 

10 high-power 
fields

Score 2 10–19 mitoses for 
10 high-power 
fields

Score 3 ≥20 mitoses per 
10 high-power 
fields

Tumor necrosis
Score 0 Without necrosis
Score 1 <50%
Score 2 ≥50%
Histopathological grade
Grade 1 Total score 2 and 

3
Grade 2 Total score 4 and 

5
Grade 3 Total score 6, 7, 

and 8
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Since S-100 protein is expressed by Schwann 
cells, IHC screening for this protein is widely 
used for neural tumors. Nevertheless, immu-
nopositivity for S-100 is not seen in all MPNST; 
it is found in 30–70% of the cases and depends on 
tumor grade [21, 29]. Widespread S-100 expres-
sion is usually seen in low-grade MPNST, but in 
high-grade tumors, S-100 immunostaining, when 
present, is usually focal and limited to a small 
number of cells [21, 121, 122]. The lack of S-100 
immunoreactivity observed in many high-grade 
MPNST probably reflects the low degree of 
tumor differentiation [21, 29, 121]. Since syno-
vial sarcomas can also express S-100, immu-
nopositivity for this protein must be interpreted 
with caution [123].

Schwann cells also express CD57 (Leu-7), 
and therefore, positivity for this protein con-
firms the neural origin of MPNST. Nevertheless, 
like S-100 protein, expression of CD57  in 
MPSNTs is also variable. Therefore, the use of 
both anti- S- 100 and anti-CD57 antibodies 
maximizes the identification MPNST [61]. 
Moreover, only a subset of MPNST express 
other neuronal markers such as SOX10 or glial 
fibrillary acidic protein (GFAP) [29, 43, 124]. 
Depending on the degree of differentiation, 
MPNST may be positive for collagen type 4 
and laminin [21]. MPNST are also immunore-
active for vimentin, but the use of this immu-
nomarker for the diagnosis of MPNST is of 
little validity since it is expressed in virtually 
all soft tissue tumors [21].

Immunopositivity for p53 protein occurs in 
the majority of MPNST [52, 125–127]. Loss of 
neurofibromin expression is commonly observed 
in both NF1-associated and sporadic MPNST, 
while it is retained in other spindle cell tumors 
[124, 128]. H3K27me3 loss may also serve as a 
useful diagnostic marker in the distinction of 
MPNST from other benign and malignant spin-
dle cell neoplasms, although it shows low sensi-
tivity in low-grade and modest sensitivity in 
intermediate-grade tumors [106, 112, 129, 130]. 
MPNST with perineural differentiation are 
immunopositive for epithelial membrane antigen 
(EMA).

19.6.3  Differential Histopathological 
Diagnosis

The histopathological spectrum of MPNST pres-
ents great variability, being more varied than any 
other soft tissue sarcoma [21, 46, 62]. The histo-
pathological differential diagnosis of conven-
tional MPNST includes several spindle cell 
malignancies, such as fibrosarcoma, leiomyosar-
coma, spindle cell melanoma, monophasic syno-
vial (spindle cell sarcoma), and malignant fibrous 
histiocytoma [21, 29, 46].

Fibrosarcoma should be considered in the dif-
ferential diagnosis of MPNST, especially when 
the latter presents a fasciculate growth pattern. 
However, MPNST often exhibit more specific 
characteristics of neural origin, including a larger 
proportion of longer, slender spindle cells in a 
less remarkable fascicular pattern [21, 28]. Also, 
spiral and palisade tumor cell arrangements are 
favorable characteristics for MPNST diagnosis. 
Besides, MPNST feature a more prominent myx-
oid matrix and high- and low-grade transition 
areas. Cartilaginous metaplasia is more frequent 
in MPNST than in fibrosarcomas. In fibrosar-
coma, bizarre cells and multinucleated giant ones 
are rarely observed. The immunopositivity for 
S-100 and CD57, found in many MPNST, helps 
differentiate both lesions, as fibrosarcomas are 
immunonegative for them [21, 28].

The fasciculate pattern of certain MPNST 
may also confuse them with single-phase syno-
vial sarcoma and leiomyosarcoma [62]. 
However, monophasic synovial sarcoma con-
tains a more uniform fasciculate pattern and 
presents more crowded cells with larger and 
more symmetrical nuclei. There is also a lack of 
neural differentiation characteristics often pres-
ent in MPNST [21, 28]. Synovial sarcoma 
stroma typically presents bands of dense colla-
gen of various thicknesses, irregularly distrib-
uted, and occasional calcifications. About 50% 
of synovial sarcomas have cells that express 
cytokeratin and EMA, which are not commonly 
seen in MPNST [21, 62]. Approximately one-
quarter of synovial sarcomas present S-100 pro-
tein immunopositivity [21, 28, 62].
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As for leiomyosarcoma, for Enzinger and 
Weiss [28], this differentiation can be done with-
out major difficulties. Leiomyosarcoma cells 
have a more abundant distinct eosinophilic cyto-
plasm with spindle nuclei, more rounded ends 
(“cigar” type), and occasional juxtanuclear vacu-
oles [21, 28, 62]. Leiomyosarcomas may some-
times have immunoreactivity for the S-100 
protein [21, 28]. Usually, leiomyosarcomas are 
immunopositive for muscle markers, which is not 
the case with MPNST, except for MPNST that 
present heterologous differentiation into rhabdo-
myosarcoma [28, 62].

MPNST differentiation from spindle cell mel-
anoma can be difficult, especially since both can 
express the S-100 protein. Melanoma cells are 
generally more pleomorphic and have evident 
nucleoli and nuclear pseudo-inclusions [62]. In 
contrast to MPNST, S-100 protein immunoposi-
tivity is strong and diffuse [21]. MPNST does not 
express HMB45, tyrosinase, melan A, or keratin, 
as melanomas do [21, 29, 131].

Histopathological differentiation of low-grade 
MPNST from ANNUBP and cellular or atypical 
neurofibromas is important. Cellular neurofibroma 
is a term used for rare neurofibromas with hyper-
cellularity but without mitotic activity, cytologic 
atypia, or loss of neurofibroma architecture [111]. 
ANNUBP has the same histopathological features 
of low-grade MPNST but with a lower mitotic index 
(>1/50 HPF and <3/10 HPF) [111]. Atypical neuro-
fibromas are those with only nuclear atypia and can 
be sporadic or NF1- associated [111]. The presence 
of focal or more pronounced nuclear atypia in a neu-
rofibroma should not be worrisome for malignancy 
when there is no increased mitotic activity [111]. 
Nuclear atypia may include nuclear enlargement 
two- to threefold or more, hyperchromatism, irregu-
lar chromatin distribution, and multinucleated or 
“bizarre cells” [111]. These features are interpreted 
as “degenerative atypias,” and, analogous to the term 
ancient schwannoma, the term “ancient neurofi-
broma” may be used in these cases [111].

The Ki-67 antigen, an immunohistochemical 
marker widely used in the study of cell prolifera-
tion, has been of great value in differentiating 
low-grade MPNST from neurofibromas. Ki-67 

immunostaining has been reported in 5% to 65% 
of MPNST cells, while neurofibromas typically 
have less than 5% of immunopositive cells [125]. 
It has also been suggested that the p53 protein 
IHC demonstration supports the diagnosis of 
MPNST [125, 132].

19.7  Histopathological Variants

19.7.1  Epithelioid Variant

The ability of MPNST to undergo mesenchymal 
or epithelial differentiation is well known [62]. In 
addition to the usual fusiform components, 
MPNST can be composed, in part, by cells with 
large, polygonal, or round nuclei, resembling epi-
thelial cells, being known as epithelioid variant 
(Fig. 19.4) [28, 133, 134]. The nuclei have one or 
occasionally more than one evident nucleoli 
[133, 134]. Certain authors use the name epithe-
lioid MPNST (MPNSTE) for those tumors that 
are predominantly or exclusively composed of 
epithelioid cells. Approximately 5–17% of 
MPNST are epithelioid in nature [28, 43, 131, 
133, 135]. Unlike other MPNST, this variant is 
rarely (in less than 2% of cases) associated with 
NF1 [134, 136].

Most MPNSTE represent high-grade neo-
plasms, but cases of low-grade MPNSTE have 
been reported [136]. Regarding immunohisto-

Fig. 19.4 Hematoxylin and eosin, 400×: epithelioid 
MPNST
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chemical findings, approximately 80% of 
MPNSTE express S-100 protein in the cytoplasm 
and nucleus in a diffuse and strong form [21, 28, 
29]. In some cases, cytokeratin or EMA expres-
sion may occur [21].

The histopathological features of MPNSTE 
are similar to other lesions. Amelanotic mela-
noma and clear cell sarcoma (or malignant soft 
tissue melanoma) can be differentiated from 
MPNST by the absence of a melanin marker 
such as HMB45 [21, 29, 131]. Also, the pres-
ence of the junctional component is useful for 
differentiating melanoma from MPNST [131]. 
Exclusion of carcinoma can be done by immu-
nopositive for S-100 and, in most cases, by the 
absence of cytokeratin and EMA immunoex-
pression in MPNSTE. Epithelioid sarcoma dif-
fers by increased cytoplasm density and dense 
collagen stroma and lack of myxoid matrix. 
Besides, epithelioid sarcoma has no immu-
nopositivity for S-100 protein and a positive 
cytokeratin reaction [21].

19.7.2  Divergent Differentiation

About 12–15% of MPNST have heterologous 
elements, and this is believed to occur due to 
divergent heterologous differentiation [21, 60, 
131]. Most heterologous mesenchymal elements, 
when present in MPNST, are malignant and 
include areas of rhabdomyosarcoma, chondrosar-
coma, osteosarcoma, and rarely angiosarcoma 
[21, 43].

Heterologous differentiation in rhabdomyo-
sarcoma is most frequently observed in MPNST, 
and these tumors are termed “malignant triton 
tumors” [21, 28, 137]. The presence of muscle 
elements in these tumors occurs by neoplastic 
Schwann cell metaplasia [21]. Malignant triton 
tumors can occur in patients with and without 
NF1 [28, 29, 137]. Histopathologically, among 
the spindle cells, cells resembling those of the 
embryonic rhabdomyosarcoma are seen; they are 
round, with prominent central and hyperchro-
matic nucleus and with abundant eosinophilic 

cytoplasm [21, 137]. The distribution of rhabdo-
myoblasts is focal in most cases [137].

The morphological suspicion of rhabdomyo-
sarcoma differentiation can be confirmed by 
immunopositivity for desmin, myogenin, muscle- 
specific antigen (HHF35), myoglobin, and alpha- 
sarcomeric actin [21, 62, 137]. Areas of additional 
mesenchymal or epithelial differentiation (multi-
directional differentiation) can be observed in 
15% of malignant triton tumors [21]. The two 
main lesions that make differential diagnosis 
with this variant of MPNST are rhabdomyosar-
coma and leiomyosarcoma. Studies have shown 
that rhabdomyosarcomas can express S-100 pro-
tein, as well as leiomyosarcomas, presenting 
more difficulty in the differentiation of these 
lesions from MPNST. The presence of cells with 
classic rhabdomyosarcomatous characteristics 
and immunoreactivity to myoglobin and sarco-
meric alpha-actinin are sufficient to rule out the 
diagnosis of leiomyosarcoma [62].

19.8  Clinical Considerations

As previously stated, MPNST has a strong cor-
relation with NF1, such that around 50% of these 
tumors arise in this setting. Therefore, the pres-
ence of clinical signs compatible with NF1 
should be thoroughly investigated, as patients 
with NF1 have been shown, in some studies, to 
present worse prognosis as well as higher rates of 
local recurrence and metastases, which must all 
be taken into account in the decision-making pro-
cess [44, 46, 47, 49–52, 54, 55].

Pain must be carefully evaluated in patients with 
PNT, as benign tumors are generally painless or the 
pain is established in a slow, gradual manner. In 
malignant lesions, though, the noxious experience 
occurs prematurely and progresses very rapidly, 
usually worsening at night, thus halting the ability 
of the patients to sleep and take care of his/her own 
hygiene and activities of daily living. The presence 
of nocturnal pain or even continuous pain which 
increases over short periods of time (1, 2 months) 
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must be interpreted as a red flag for the possibility 
of malignant transformation [138].

Tumors with diameters over 3 or 4 cm, with 
the following characteristics (especially when 
subfascial) should alert to possible malignancy: 
fast growth, hard consistency, pain at percussion 
or spontaneous, possible traversing of joints, and 
which are not mobile laterally. In some cases, the 
tumor may present spontaneous bleeding [138]. 
Schwabe et al. demonstrated how clinical param-
eters could be used in conjunction with imaging 
findings and proposed positive (PPV) and 
 negative predictive values (NPV) for the pres-
ence of pain, mass growth, and neurological 
symptoms. However, the prevalence of MPNST 
in relation to all tumors in their studies is around 
50%, so these findings should be applied judi-
ciously as the calculated PPVs and NPVs might 
be different from what would be applicable in 
common practice [139]. Also, benign tumors 
usually do not cause motor deficits, therefore, 
when facing a patient with a PNT, in which a pro-
gressive motor deficit is established, accompa-
nied by the aforementioned characteristics, this 
should also raise suspicion of malignancy.

19.9  Complementary Exams

19.9.1  Magnetic Resonance Imaging 
(MRI)

The crucial complementary exam for the proper 
study of a presumed MPNST is the MRI, with and 
without contrast, in which the following features 
must be evaluated in order to guide decision: the 
anatomic site and location of the lesion (compre-
hending not only the neural element of origin but 
also its neighboring anatomy) and evaluation of its 
relationship to soft tissue, vascular, osseous, and 
visceral structures. MRI T1 sequence without con-
trast is usually not accurate to distinguish the 
lesion from adjacent tissue. On the other hand, T2 
sequence, short T1 inversion recovery (STIR) 
sequences, as well as sequences with contrast are 
valuable to discern the lesion from adjacent struc-

tures (Fig. 19.5) [140]. MRI alone cannot tell with 
certainty if a lesion is indeed a MPNST. However, 
imaging features that raise suspicion of malig-
nancy are intratumoral hemorrhage, involvement 
or invasion of the surrounding soft tissue, the pres-
ence of perilesional muscular edema, heterogene-
ity, intratumoral necrosis, irregular margins, and 
larger size of the tumor (Fig. 19.6a) [141–145]. In 
addition, low values of apparent diffusion coeffi-
cient (ADC) (<1.1  ×  10−3  mm/s2) on diffusion- 
weighted imaging (DWI) also indicate malignancy 
with high sensitivity and specificity [146, 147], 
and new techniques, such as the diffusion tensor 
imaging (DTI), may help evaluate the relationship 
of the tumor with the fascicles of the nerve of ori-
gin (typically, MPNST present with partial of total 
disruption of fascicles) [148] (Fig. 19.6b).

19.9.2  Computed Tomography (CT)

Although the standard imaging exam for pre-
sumed MPNST is the MRI, CT is also able to 
evaluate the size of the lesion and its relationship 
to neighboring structures. Its utility in differenti-
ating the lesion from its surrounding soft tissue is 
limited. However, CT may assist in cases in 
which the tumor infiltrates osseous structures or 
promotes bone remodeling.

19.9.3  Positron Emission 
Tomography (PET)

PET, particularly 18F-FDG PET/CT (fluorodeox-
yglucose positron emission tomography), is use-
ful to predict malignancy with high sensitivity 
and can help in the decision of whether or not to 
perform biopsy [139, 143, 144, 149–155] 
(Fig. 19.6c). 18F-FDG PET/CT may also be used 
in order to assess for metastatic lesions and to 
guide percutaneous biopsies into hypermetabolic 
areas of the tumor. A summary of the sensitivity 
and specificity of 18F-FDG PET, as well as of the 
SUVmax cutoff point adopted in different stud-
ies, is provided in Table 19.4.
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a c

b

Fig. 19.5 Sagittal (a) and axial (b) T1-weighted MRI 
with contrast of a female, 55 years old, non-NF1 patient 
presenting with excruciating pain in the left leg. The 
tumor arises from the left tibial nerve. Note the extension 
of the lesion (>10 cm in the proximal-distal axis), its het-
erogeneity, and the peritumoral edema. T tumor, * peritu-
moral edema. The final histopathological diagnosis was of 

a high-grade MPNST. (c) STIR MRI with contrast of a 
male, 23 years old, NF1 patient presenting with pain in the 
left leg and M4 flexion of the foot. The lesion arises from 
the left tibial nerve. Note that the lesion is large (>5 cm) 
and heterogeneous. The final histopathological diagnosis 
was of a benign neurofibroma
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19.9.4  High-Resolution 
Ultrasonography (HRUS)

HRUS may also be useful in superficial lesions 
(i.e., extremities), but it is heavily dependent on 
the experience of the operator. On HRUS, 

MPNST usually appear as hypo- to isoechoic het-
erogeneous masses, with unclear margins. 
Sometimes, hypoechoic cystic components may 
occur, and round hypoechoic satellites can be 
seen in the tumor. Vascularization is also usually 
higher than what is expected for benign PNT 
[156–158].

a b c

Fig. 19.6 (a) Axial T2-weighted MRI with contrast 
showing a large lesion inside the substance of the left glu-
teus medius muscle in a NF1 patient, probably arising 
from a branch of the inferior gluteal nerve 
(133  ×  115  ×  57  mm). Note the contrast enhancement, 
heterogeneity of the lesion, areas of cystic degeneration, 

and discrete perilesional edema. T tumor. (b) Diffusion 
tensor imaging (DTI) MRI in the same case demonstrat-
ing the relationship with the fascicles of the nerve of ori-
gin. T tumor. (c) Axial 18FDG-PET CT of the same lesion 
with a high SUVmax of 8.2. T tumor

Table 19.4 Quantitative studies on the predictiveness of 18F-FDG PET for the discrimination of benign peripheral 
nerve sheath tumors and MPNST in NF1 patients

Author

Number of 
patients with 
NF1

Number of 
lesions Method

SUVmax cutoff 
point Sensitivity Specificity

Cardona et al. 
[149]

13 25 18F-FDG
PET/
(CT + MRI)

1.8 100 83

Warbey et al. 
[150]

69 85 18F-FDG
PET/CT

3.5 97 87

Benz et al. 
[151]

13 out of 34 40 18F-FDG
PET/CT

6.1 94 91

Tsai et al. 
[152]

35 27 18F-FDG
PET/CT

4 100 94

Derlin et al. 
[143]

31 75 18F-FDG
PET/CT

3.5 100 74.4

Combemale 
et al. [153]

113 145 18F-FDG
PET/CT

T/L* < 1.5 97 76

Chirindel 
et al. [154]

41 93 18F-FDG
PET/CT

4.3 96 93

Salamon et al. 
[144]

36 36 18F-FDG
PET/CT

5.5 95 85

Broski et al. 
[155]

23 out of 38 43 18F-FDG
PET/
(CT + MRI)

6.1 90 78

Schwabe 
et al. [139]

41 70 18F-FDG
PET/CT

5.3 91.2 70

T/L (tumor/liver uptake ratio)
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19.9.5  Electrophysiological Studies

Electrodiagnostic studies consist of nerve conduc-
tion studies (NCS) and needle electromyography 
(EMG) and may help identify MPNST. In general, 
benign PNT do not generate neurological deficit. 
Therefore, the presence of denervation on electro-
neuromyography (ENMG) is highly suggestive of 
a more aggressive lesion. These exams are also 
able to identify subclinical lesions and possible 
concomitant neuropathies (i.e., diabetic polyneu-
ropathy) that may confound the diagnostic workup 
[140]. EMG may also identify myokymic dis-
charges, differentiating post- radiation from 
tumoral plexopathy, as it is only present in the for-
mer [159]. Intraoperative electrophysiological 
monitoring is also important when operating plex-
ual tumors, mainly in the sacral region [160].

19.10  Preoperatory Biopsy

It is important to stress that tumors that are pre-
sumed to be benign ought not to be biopsied, 
given the risk of nerve injury that may cause neu-
rological deficit and/or may initiate or increase 
pain [161–163]. On the other hand, potentially 
malignant lesions, according to the aforemen-
tioned clinical and imaging criteria, must have a 
preoperative biopsy.

Biopsy should be performed in an image- 
guided percutaneous fashion (CT, MRI, HFUS, 
or PET) by a radiologist. Core needle biopsy 
should be the preferred technique, as it is usually 
able to provide a reliable preoperative diagnosis 
[122, 164, 165]. Some surgeons opt to perform 
incisional biopsies in quadrants, as a more repre-
sentative sample of the tumor is obtained. 
However, the risk of spillage of neoplastic cells 
must be considered and thoroughly avoided. The 
decision of which of these techniques should be 
employed is still a matter of debate, although our 
policy is to perform core needle image-guided 
biopsy in the majority of cases. If malignancy is 
confirmed, the needle tract must be excised along 
with the lesion during the definitive surgical pro-
cedure. Analysis of the collected material must 
always be performed by a specialized neuropa-

thologist. Given the complexity of neural sheath 
tumor’s histological features, the intraoperative 
frozen section biopsy diagnosis is often not con-
firmed after the evaluation of the entire lesion.

The first step after the identification of the 
probably malignant lesion is to stage it. This is 
troublesome concerning MPNST, as no staging 
system has yet been tailored to reliably stratify 
the risk to these patients. We therefore rely on 
The American Joint Committee on Cancer 
Staging System for Soft Tissue Sarcoma updated 
in 2017 (AJCC 8) [166]. Indeed, recent data 
seems to validate its use for prognostic purposes 
in head and neck MPNST, although this does not 
yet hold true to trunk and extremities’ lesions 
[167]. As stated above, the FNCLCC histopatho-
logical grading parameters are also useful for the 
evaluation of sporadic MPNST, but not for those 
arising in the setting of NF1 [120].

19.11  Adjuvant Therapy

Although the level of evidence is not high and 
prospective studies are yet to be performed, adju-
vant radiation therapy has been shown to be 
effective in achieving local control, as demon-
strated by a consensus achieved by a group of 
clinicians and scientists [145, 168]. However, 
some studies diverge over its efficacy in improv-
ing overall survival [24, 169–171]. Neoadjuvant 
radiotherapy may also help in  local control, 
although further studies are necessary to demon-
strate its impact in overall survival [172]. There is 
still no pharmacological treatment for MPNST, 
although several drugs have shown promising 
results in preclinical trials [173]. Nonetheless, 
selumetinib has been shown, in a phase 2 trial, to 
decrease the size of inoperable plexiform neuro-
fibromas in NF1 patients, thus apparently halting 
their progression into MPNST [174].

19.12  Surgical Considerations

Patients should be referred to a center specialized 
in the treatment of PNT whenever they are con-
sidered, after clinical and imaging evaluation, to 
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harbor potential MPNST. An important aspect of 
this treatment is the participation of clinical and 
surgical oncology experts, as well as radiothera-
pists, clinical geneticists, and specialized neuro-
pathology consultation. All patients should pass a 
routine thoracic and abdominal screening with 
CT in order to verify the presence of secondary 
lesions. A complete clinical and laboratory evalu-
ation also must be done, and the case must be 
discussed in a multidisciplinary fashion.

Surgical decision should be made utilizing the 
aforementioned clinical and imaging criteria and 
the preoperative biopsy result. From a practical 
standpoint, for all lesions considered to be 
MPNST, complete resection of the tumor with 
negative margins is the cornerstone of treatment. 
This is unfeasible in several occasions, without 
major deficits, depending on the location and vol-
ume of the lesion [175].

The surgeon must trace clear preoperative 
plans, although he/she must be prepared to face 
unexpected findings, even with good preopera-
tive indicators of the tumor’s histological type. 
The patient is operated under general anesthesia, 
without the use of neuromuscular blocking 
agents and/or tourniquets, as they interfere in 
intraoperative neurophysiological monitoring. 
The surgery of MPNST follows the steps of a 
wide approach to the lesion, using an incision 
that will be centered over the tumor, along the 

anatomical track of the nerve, with wide margins, 
as it reduces the risk of damaging superficial 
nerve structures and provides good exposure of 
the nerve from which the tumor arises (Fig. 19.7) 
[161, 176, 177]. The surgeon should palpate the 
tumor before and during exposure as it may aid in 
surgical trajectory, and US may help localize 
non-palpable tumors [178]. Linear incisions 
should not cross joints. It is preferable to design 
curved incisions following cutaneous grooves. 
Constant evaluation of the presence of other 
peripheral nerves in proximity of the tumor is 
important, for they may be damaged by transec-
tion, retraction, and suture, resulting in pain and/
or deficits [179]. During dissection, which should 
be performed under the surgical microscope or 
magnifying loupes/glasses, the surgeon must 
avoid at all cost the rupture of the tumoral cap-
sule. Using neurophysiological techniques to 
assess functional or silent areas of the nerve of 
origin and at the tumor surface, the surgeon can 
define the true extent of the lesion [177]. The sur-
geon should observe frequently the distal muscu-
lature during stimulation or perform evoked 
EMG to evaluate the viability of fascicles. The 
relationship of the tumor with its vascular supply, 
its consistency, and the possibility of tissue inva-
sion should be all evaluated. Dissection is con-
ducted parallelly to the nerve and tumor. The 
proximal and distal poles of the nerve of origin 

a b c

Fig. 19.7 Female, 16  years old, non-NF1, presenting 
with large mass in the anterior aspect of the left thigh, 
with intense pain and no motor deficit. A preoperatory 
biopsy was conducted elsewhere and was inconclusive. 
(a) Sagittal STIR MRI with contrast and (b) axial 
T1-weighted MRI without contrast showing a very large 
lesion arising from a branch of the left femoral nerve 

(>16 cm in the proximal-distal axis). Note that the tumor 
is heterogeneous and presents areas of cystic degenera-
tion. (c) Complete exposition of the tumor during surgical 
resection along with the nerve of origin (branch of the 
femoral nerve). The final histopathological diagnosis was 
of a high-grade MPNST
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should be exposed and isolated with vessel loops, 
and the lesion dissected from all surrounding soft 
tissue (360°) and isolated with cottonoids embed-
ded in saline solution. Any traction of the nerve 
and tumor should be avoided. Small vessels that 
enter or leave the tumoral mass are coagulated 
with bipolar device in low set. Any other major 
vessel can be isolated and protected with 
cottonoids.

After exposure of the tumoral mass and isola-
tion of the nerve of origin, without penetrating 
the tumor capsule, a decision should be taken to 
sacrifice or not the nerve of origin. This is a criti-
cal decision the surgeon must take, and it should 
be based in some previous information he or she 
must have in advance:

• Clinical and imaging information
• Result of preoperative biopsy
• Discussion of the case with patient and 

family

Patients harboring MPNST confirmed via 
preoperative biopsy should generally have the 
nerve of origin sacrificed, since the goal of 
MPNST surgery is to obtain gross total resec-
tion (GTR) and guarantee a surgical safe mar-
gin. The definition of what is such a margin is 
still evolving during the limb preservation era. 
Many surgeons state that the nerve of origin 
should be indeed sacrificed when the lesion is 
confirmed to be a MPNST, guaranteeing resec-
tion of proximal and distal segments of the 
nerve devoid of malignant infiltration 
(Fig. 19.8) [176, 180–182]. Also, all the com-
promised soft tissue around the tumor must be 
resected until negative margins are found, as 
negative margin status has been shown to 
improve overall survival both in the setting of 
NF1 and in sporadic cases [2, 169, 183]. We 
consider a negative margin of 2  cm, 360° 
around the tumor, to be adequate [70]. 
Nonetheless, GTR has been shown to be signifi-
cantly less likely to be achieved in MPNST, 
when compared to its benign counterparts 
(OR = 0.22) [184].

In cases in which the preoperative biopsy 
was inconclusive, the surgeon may opt to repeat 

it or to proceed to surgery and conduct an intra-
operative biopsy in quadrants, with care not to 
spill tumoral cells. Needless to say, a neuropa-
thologist with experience in PNT is vital in 
order to arrive at the correct diagnosis. This fact 
is extremely important because the decision to 
continue with the surgical procedure or to stop it 
and wait for the final diagnosis will depend on 
the conclusion of the neuropathologist. This 
critical issue for the decision-making process is 
often unreliable, mainly in large tumors which 
may present different grades of malignancy in 
different regions of the mass. It is generally not 
advisable to proceed to an aggressive technique 
based on the frozen section diagnosis. We thus 
usually close the incision and wait for the defin-
itive pathology result.

Some surgeons decide, after sacrificing a 
nerve compromised by MPNST, to reconstruct 
the gap with nerve grafts or sometimes to pro-
ceed to distal nerve transferences [185–187]. 
However, it is important to point out that:

 1. If the patient has NF1, there is a risk that the 
graft will also be compromised by the 
disease.

 2. If the patient should be submitted to radiother-
apy for the malignant lesion, probably the 
graft will not survive or the transference will 
not function.

Nevertheless, these are some possibilities that 
should be kept in mind in patients with low-grade 
MPNST or even BPNST in which some motor 
deficit developed after surgery.

In lesions presenting in the brachial or lum-
bosacral plexus, the need for negative margins 
should be analyzed in a very specific way. 
What means a negative margin in such regions? 
Should the surgeon resect vascular elements 
and most of the plexus together with the tumor 
mass? Clearly in this type of situation, a case-
by-case decision should be made. This is 
important because the decision taken may 
result in the complete functional disabling of 
the limb. In proximal high- grade limb tumors 
without metastatic spread, or in a setting that 
after resection of the lesion, the limb would 
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become useless, amputation is considered by 
some [188, 189]. Nonetheless, amputation 
appears to be associated with higher rates of 
postoperative complications (up to 44%), 
including phantom limb pain; it also causes a 
huge negative impact in quality of life and has 
not been shown to improve survival, when 
compared to other techniques [187, 190, 191]. 

Figure 19.9 shows an unfavorable evolution of 
a high-grade MPNST.

It is important to stress that the aforemen-
tioned principles for the treatment of MPNST 
also hold true for the pediatric population. We 
found, in a small series of surgically treated 
pediatric patients for MPNST in our institution, 
that the following symptoms should be taken as 

a b

Fig. 19.8 Female, 55 years old, non-NF1 patient present-
ing with excruciating pain in the left leg. (a) Exposition of 
the lesion arising from the left tibial nerve. (b) Photograph 
of the lesion and of the apparently healthy proximal and 

distal poles of the nerve after resection of the tumor and 
sacrifice of the nerve of origin. The final histopathological 
diagnosis was of a high-grade MPNST
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red flags for possible malignancy: pain, even 
with subtle onset; growth of the lesion; refusal 
to perform normal activities of daily living, 
such as bathing; and refusal in permitting that 

the region where the lump lays is touched. For 
high-grade lesions, the surgical goal is the 
same: to achieve gross total resection with wide 
margins [13].

a b

c d

Fig. 19.9 Male, 31  years, non-NF1 patient presenting 
with a solitary mass in the left infraclavicular brachial 
plexus with intense pain and no neurological deficit. A 
preoperative biopsy was inconclusive. (a) Wide exposure 
of the infraclavicular and axillar region on the left, with 
visualization of the tumor and dissection of neural and 
vascular elements without rupture of the tumoral capsule: 
mc musculocutaneous nerve, M median nerve, ba brachial 
artery. (b) Surgical aspect after resection of the lesion: Lc 
lateral cord of the brachial plexus, R radial nerve, u ulnar 
nerve, mc musculocutaneous nerve, M median nerve, ba 
brachial artery. The excisional biopsy confirmed the diag-

nosis of a high-grade MPNST. The patient was referred to 
clinical oncology and underwent radio- and chemother-
apy. After 1 year, he was surgically approached again due 
to local recurrence. Section of the plexus was not an 
option because of the patient’s desire. (c) After 1 year and 
9  months from the first operation, the patient returned 
with a large local recurrence, presenting with pain and 
cutaneous lesions due to infiltration of the tumor. (d) 
Exposition of the lesion. Amputation was not considered, 
given the thoracic invasion by the mass. The patient died 
3 months after the last surgery due to bilateral pulmonary 
metastases
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19.12.1  ANNUBP and Low- Grade 
MPNST

Whenever a tumor is considered to be a MPNST 
upon clinical and imaging criteria and the preoper-
atory biopsy result, the lesion should be approached 
as a high-grade MPNST until proven otherwise. 
Any preoperative diagnosis of an ANNUBP or 
low-grade MPNST should be evaluated with care, 
and it should only be considered trustworthy in 
order to justify a less aggressive approach if it is 
given by a neuropathologist experienced in 
PNT. Nonetheless, the literature is showing a ten-
dency to support less invasive approaches to these 
lesions. Bernthal et al. demonstrated, in low-grade 
MPNST (at the time classified as having <5 
mitoses/10HPF), a disease-specific survival (DSS) 
of 100% after a median follow-up of 47  months 

after surgery, independently of margin status [175]. 
It is not clear, however, how many of these lesions 
would now be termed ANNUBP (<3 
mitoses/10HPF). Watson et  al. showed a DSS of 
100% after a follow- up of 5 years in 12 patients 
with low-grade MPSNT; 4 patients presented R1 
(microscopically positive ≤1 mm) or R2 (macro-
scopically positive) surgical margins [192]. Nelson 
et  al. presented a series of 16 surgically treated 
atypical neurofibromas, ANNUBP, and low-grade 
MPNST in which a safe marginal resection tech-
nique was conducted with overall little morbidity 
and no recurrence after a median follow-up of 
2.45 years [193]. Positive surgical margins, subto-
tal resection of the tumor, and preservation of the 
nerve of origin of the mass are some accepted goals 
by certain clinicians in the surgical process for low-
grade lesions (Fig. 19.10). Differently from high-

a b

c d

Fig. 19.10 Male, 37  years old, NF1, presenting with a 
large mass in the anterior aspect of the right thigh. The 
patient presented excruciating pain in the thigh and medial 
aspect of the leg, without neurological deficit. A preopera-
tive biopsy was conducted elsewhere and was inconclu-
sive. (a) Exposition of the large tumor arising from the 
branch of femoral nerve to the vastus medialis. (b) 

Resection of the tumor in block, white arrow indicates the 
branch from which the tumor arises. (c) Surgical aspect 
after tumor removal, white arrows indicate the femoral 
nerve with the typical plexiform aspect of NF1. (d) Tumor 
resected in one block along with the nerve of origin. The 
final histopathological diagnosis was of a low-grade 
MPNST
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grade MPNST, it is possible to reach long survival 
without metastatic spread with this policy in low-
grade MPNST (Fig. 19.11) [175, 192]. It is neces-
sary, though, that further studies are conducted, in 
order to consolidate our understanding about this 
difference in prognosis and the possibility of a less 
aggressive approach for these premalignant and 
low-grade lesions [175, 192, 193].

19.13  Conclusion

MPNST comprise a group of very rare and 
aggressive tumors, and NF1 predisposes the 
patient to their development. Each case should 
be discussed along with a multidisciplinary 
team. This includes the peripheral nerve sur-
geon,  clinical and surgical oncology experts, 
radiotherapists, clinical geneticists, and neuro-

pathologists. The diagnosis should be made by 
the conjunction of clinical aspects, imaging 
exams, and preoperatory histopathology. Further 
studies are necessary in order to improve the 
diagnostic accuracy of non-invasive imaging 
exams. To date, however, 18F-FDG PET/CT and 
DWI are the best non-invasive tools to evaluate 
for malignancy. It is crucial not to biopsy lesions 
with clinical and imaging characteristics that do 
not denote malignancy. Preoperative biopsy 
should be performed in an image-guided core 
needle fashion, although some may use fine-nee-
dle aspiration cytology as well. Sometimes an 
incisional in quadrants biopsy may also be used, 
but utmost care must be taken not to spill neo-
plastic cells in the field.

For high-grade MPNST, surgery should be as 
aggressive as possible, aiming at total resection 
of the lesion, which implies the sacrifice of the 

a b

dc

Fig. 19.11 Female, 28 years old, NF1 patient presenting 
with a mass in the right arm with pain and no neurological 
deficit. (a) Large mass in the medial aspect of the right 
arm presenting with spontaneous pain. (b) Angio-CT of 
the tumor. Note that it is highly vascularized. (c) Surgical 

resection of the lesion. White arrow indicates the nerve of 
origin (medial cutaneous nerve of the arm). (d) The tumor 
was resected in block without rupture of the tumoral cap-
sule (>20 cm in its longest axis). The final histopathologi-
cal diagnosis was of a low-grade MPNST
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nerve of origin. In some regions (i.e., brachial 
and lumbosacral plexus), this is not always pos-
sible. For low-grade MPNST, which represent 
the minority of these lesions, it is possible to 
strive for both a complete resection and preserva-
tion of function. It is of the utmost importance to 
have a pathologist with experience in PNT to 
analyze the material during preoperative and 
transoperative biopsy studies and after the defini-
tive surgical procedure. Other treatment modali-
ties such as radiotherapy and chemotherapy have 
had controversial results. Yet, radiotherapy is 
used for local recurrence control.
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Management of Brachial Plexus 
Tumors
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and Eric L. Zager

20.1  Clinical Presentation

Patients with brachial plexus tumors (Table 20.1) 
can present with variable symptoms ranging from 
an asymptomatic, palpable mass to focal or radi-
ating pain and sensory or motor deficits. Huang 
and colleagues found that pain was the most 
common presenting symptom followed by sen-
sory changes and weakness. Severe pain was 
typically associated with malignant features [1]. 
Important features to note on history and physical 
exam include the size and location of the mass, 
its mobility, pain at rest, with movement, or on 
palpation, paresthesia or dysesthesia, and associ-
ation with other findings such as characteristic 
café au lait spots, axillary freckling, other masses, 
or cutaneous neurofibromas [2, 3]. Tumors that 
affect the C8-T1 lower roots can present with an 
ipsilateral Horner syndrome, classically described 
as ptosis, anhidrosis, and miosis. Additionally, 
due to the proximity of the brachial plexus to the 

subclavian artery and vein, vascular changes such 
as a weak pulse, discolored, swollen, or cool limb 
can occur from mass effect.

20.2  Diagnostic Evaluation

20.2.1  Radiographic Imaging

Diagnostic imaging studies, such as MRI 
(Figs. 20.1 and 20.2) and ultrasound (Fig. 20.3a–c), 
are indispensable to denote the relationship of the 
lesion to the surrounding nerves and vascular 
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Table 20.1 Common brachial plexus tumors [1–3]

Peripheral nerve sheath tumors (PNSTs)
Benign Schwannoma

Neurofibroma
Perineurioma

Malignant MPNSTs (formerly referred to as 
malignant schwannoma, neurogenic 
sarcoma, and neurofibrosarcoma)

Peripheral non-neural sheath tumors (PNNSTs)
Benign Lipoma

Hemangioma
Desmoid tumor
Ganglioneuroma
Meningioma
Osteochondroma

Malignant Metastasis (breast, pulmonary, 
lymphoma, melanoma)
Pancoast tumor
Sarcomas (fibrosarcoma, synovial 
sarcoma, osteosarcoma)
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structures. Plain X-rays and CT are useful in 
some cases to evaluate for bony changes second-
ary to lesions adjacent to the spine, causing 
foraminal enlargement or vertebral body erosion. 
Patients in whom malignant lesions are suspected 
undergo chest and abdominal CT scans or PET 
studies [4]. CT of the chest with 3D reconstruc-
tion can be helpful for patients with tumor involv-
ing C8-T1 to determine the position and 
relationship of the first rib to the tumor. However, 
MRI has long been considered the preferred 

imaging modality for brachial plexus tumors [5], 
providing details on location, margins, and adja-
cent structures (Figs.  20.1 and 20.2). Short T1 
inversion recovery (STIR) sequences and con-
trast sequences are particularly useful in charac-
terizing nerve sheath tumors from adjacent 
structures [6]. Abnormal findings on MRI include 
loss of fat planes along the plexus, diffuse or 
 nodular enlargement of the plexus, T2 hyperin-
tensity, or T1 contrast enhancement (Fig. 20.2a, 
b) [7]. Unfortunately, these findings can all be 

a b c

d e

f

Fig. 20.1 MRI of brachial plexus anatomy. T1-weighted 
images with a sagittal view demonstrating spinal nerves 
(a) (red arrows) in the interscalene triangle, (b) divisions 
(red arrows) in the retroclavicular space, and (c) cords 
(red arrows). Coronal view (d) demonstrates trunks out-
side the interscalene triangle and cords surrounding the 
axillary artery. Axial view (e) shows the relationship of 
the subclavian artery to the brachial plexus, best visual-
ized on the oblique coronal plane (f) which can visualize 

most of the roots (red arrows) and distal elements of the 
plexus. The yellow line demarcates the oblique axial plane 
to visualize the entire plexus. AA axillary artery, AV axil-
lary vein, LC lateral cord, LT lower trunk, MC medial 
cord, MT middle trunk, PC posterior cord, PMA pectoralis 
major muscle, PMI pectoralis minor muscle, SA subcla-
vian artery, SV subclavian vein, UT upper trunk. 
(Reproduced from, Mikityansky et al. 2012)
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a

d e

b c

Fig. 20.2 Specialized MRI sequences of the brachial 
plexus. MRI coronal (a) view shows a well-defined 
3 × 2 cm ovoid T2 hyperintense mass in the right intersca-
lene triangle. The C7 nerve root is enlarged, and contigu-
ous with the mass. T1-weighted post-contrast image (b) 

shows enhancement of the mass. The C7 nerve fibers are 
shown by DTI (c) to be splayed both dorsally and ven-
trally around the mass. MRI with region of interest (green 
circle) (d) shows an ADC value to be 1.7 × 10−3 mm2/s (e), 
which is indicative of a less aggressive tumor

a b

c

d

Fig. 20.3 Supplementary imaging modalities of the bra-
chial plexus. Transverse view of ultrasound at the outlet of 
the interscalene triangle showing normal anatomy (a). 
Posterior scapular artery (open arrow) separates the mid-
dle and lower trunk (long arrows) from the divisions of 
the upper trunk (short arrows). The small suprascapular 
nerve marked by small open arrow. Longitudinal view of 
ultrasound showing large nerve sheath tumor (b) (thick 
arrow) arising from the upper trunk (thin arrows) of the 
brachial plexus. The trunk is thickened and in continuity 

with the tumor. The tumor has marked cystic degeneration 
with hyperintensity posteriorly (open arrow). Transverse 
view of ultrasound (c) showing solid, well-defined meta-
static deposit (arrows) from breast cancer located poste-
rior to clavicle. The brachial plexus is indistinguishable 
from the metastasis. PET scan (d) showing mild FDG 
avidity (red arrow) corresponding to a mass at the pulmo-
nary apex and base of the right neck. SA scalenus anterior, 
SM scalenus medius. (a–c are reproduced from Griffith 
et al. 2018)
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found in lesions as different as benign and malig-
nant peripheral nerve sheath tumors (PNSTs), 
metastatic disease, or post-radiation neuritis [8]. 
While no MRI sequence can definitely distin-
guish a benign from malignant PNST, features on 
MRI that suggest more malignant lesions include 
heterogeneous contrast enhancement, irregular 
margins and perilesional edema, bony destruc-
tion, necrosis, and hemorrhage [3, 7]. 
Additionally, low values of apparent diffusion 
coefficient (ADC) on MRI favor malignant 
lesions, and higher values favor benign lesions 
(Fig. 20.2d, e) [8]. MRA or CTA may also add 
important information regarding tumor relation-
ships with major vascular structures.

Plain MRI T1 sequences, however, may not 
distinguish a benign nerve lesion from other soft 
tissue lesions. Additionally, standard MRI is lim-
ited in differentiating tumor and normal nerve 
structures. Diffusion tensor tractography (DTT) 
is a relatively new MRI technique that has been 
able to improve the specificity of MRI in differ-
entiating tumor and normal nerve structures. 
Previously used to track degeneration and regen-
eration of nerves, there are groups that have eval-
uated the utility of DTT in peripheral nerve 
tumors [9, 10]. DTT can provide valuable infor-
mation about the relationship of normal nerve 
fascicles to PNSTs and improve preoperative 
planning (Fig. 20.2c). However, DTT is limited 
for lesions that are close to large vessels or lesions 
that extensively split nerve fibers [10]. 
Furthermore, applying DTT to smaller lesions or 
intralesional nerves may yield less accurate 
imaging [9].

For patients with breast cancer who have 
received radiation, radiation plexopathy is a con-
dition that can be clinically difficult to discern 
from an infiltrative, metastatic plexus lesion [6, 
11, 12]. MRI and PET-CT, in such a case, can be 
useful in distinguishing tumor from radiation 
fibrosis. Particularly, positron emission tomogra-
phy (PET) (Fig.  20.3d) would show increased 
uptake in metastatic plexopathy or a malignant 
nerve sheath lesion, whereas it would have 
decreased uptake in radiation plexopathy [13]. 
The finding of myokymia on electromyography 

(EMG), while rare, may also indicate radiation 
plexopathy [12].

Another useful advanced imaging technique 
is magnetic resonance neurography (MRN) 
which uses STIR sequences to selectively image 
spinal and peripheral nerves and enable better 
characterization of the nerves [14, 15]. MRN can 
detect fascicle enlargement and perilesional 
edema. High signal intensity in nerve fascicles 
on MRN correlates to abnormal findings on elec-
tromyography (EMG) and nerve conduction 
studies (NCS) [16]. MRN can be beneficial when 
standard MRI and EMG studies are inconclu-
sive. Du et al., in particular, found that MRN can 
be useful in detecting brachial plexus tumors in 
patients who had received prior radiation to the 
plexus and differentiate among metastasis, 
radiation- induced tumors, and radiation-induced 
fibrosis [15].

20.2.2  High-Resolution Ultrasound

High-resolution ultrasonography (HRU) for the 
brachial plexus is a technically complex but a 
reliable and cost-effective method to visualize 
individual nerves and lesions in the plexus. 
Technical considerations of HRU include a good 
understanding of the anatomy and an understand-
ing of the technology to work with the patient’s 
body habitus. The spinal nerves can be first iden-
tified based on morphology of the transverse pro-
cess and then traced out to the trunks in the 
supraclavicular fossa (Fig. 20.3a) [17]. The cords 
and proximal nerves can be identified in the 
infraclavicular fossa. Normal brachial plexus fea-
tures include homogeneous and hypoechoic 
appearance of the nerves as tubular structures in 
the longitudinal view and oval structures on axial 
view [17]. A benign nerve sheath tumor appears 
as a hypoechoic, well-defined ovoid mass along 
the parent nerve (Fig.  20.3b). Unfortunately, 
while HRU can localize the nerve sheath tumors, 
it cannot reliably distinguish between benign 
schwannomas and neurofibromas. Typically, 
schwannomas may be more eccentrically located 
lesions, while neurofibromas often consist of 
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multiple lesions [18]. During ultrasound 
 assessment, paresthesia with either pain or numb-
ness may be elicited with pressure from the trans-
ducer [19]. A metastatic lesion on ultrasound also 
appears as a well-defined, hypoechoic mass but 
generally will be larger and hyperemic and have 
an irregular margin (Fig. 20.3c). Segmental neu-
ral thickening may also be present suggesting 
metastatic infiltration of adjacent nerves. This is 
in contrast to radiation fibrotic plexopathy which 
shows more diffuse disease as well as thickened 
and stiff soft tissue [19].

One unique diagnostic application of ultra-
sound is evaluation for diaphragmatic paralysis 
or paresis in situations where there is concern for 
damage to the phrenic nerve due to mass effect or 
an intraneural lesion. In cases of paralysis, ultra-
sound can show either absent diaphragmatic 
motion or paradoxical movement of the hemidia-
phragm where inspiration causes cranial move-
ment and expiration causes caudal movement 
[20]. Phrenic nerve function can also be assessed 
with fluoroscopic sniff test during which the 
movements of the hemidiaphragms are observed 
with inspiration and expiration [21].

There are caveats in relying on ultrasound for 
diagnosis. First, the quality of the study is 
operator- dependent and necessitates that the 
operator understands the anatomy and potentially 
subtle findings [22]. There can be anatomical 
variation, especially in the relationship of the 
upper trunk to the anterior scalene muscle [19]. 
Secondly, the choice of US probe affects resolu-
tion or depth. Probes with higher frequency will 
provide more optimal imaging with improved 
resolution but at the cost of depth penetration 
[23]. Lapegue et  al. recommends using a high- 
frequency probe with at least 10  MHz [17]. 
Alternatively, Griffith et al. recommend changing 
the transducer to assess different areas of the bra-
chial plexus depending on the patient’s habitus, 
depth of the brachial plexus, and ability of the 
transducer to access the area of interest [19]. 
Ultrasound is limited in its visualization of the 
nerve roots located in the neural foramina and 
visualization of the lower nerves at C8 and T1 if 
the patient has a short neck [24].

HRU does have the advantage of spatial reso-
lution compared to other imaging modalities. 
Using ultrasound, nerves can be characterized 
over a long distance and also dynamically [17]. 
HRU also has a Doppler component which 
allows evaluation of the vascular structures rela-
tive to the nerves [24]. Additionally, HRU is 
much more cost-effective compared to MRI 
[22]. When patients have contraindications to 
MRI such as implants or claustrophobia, HRU 
can become valuable in assessing brachial 
plexus lesions [24].

20.2.3  Electrodiagnostic Studies

Standard electrophysiologic studies include nee-
dle electromyography (EMG) and nerve conduc-
tion studies (NCS) which can evaluate the 
functional integrity of sensory and motor nerves. 
Needle EMG records electrical activity from 
muscle fibers both at rest and during contraction. 
The potentials generated by the muscle fibers, 
called motor unit action potentials (MUAPs), are 
evaluated by their appearance, size, duration, and 
firing pattern to gain information about the func-
tional integrity of the nerves. EMG is able to 
obtain information on proximal muscles where 
NCS recordings cannot be done. In particular, 
needle EMG is helpful in localizing lesions along 
the brachial plexus although a nerve that is 
severely compromised is easier to localize than 
one that is partially or mildly affected [25]. EMG 
or NCS can also determine the severity of impair-
ment or reveal subclinical deficits of involved 
nerves that do not have a clinical correlate [1, 6].

Nerve conduction studies can measure electri-
cal activity of either motor or sensory nerves by 
detecting a sensory nerve action potential (SNAP) 
or a compound muscle action potential (CMAP) 
due to activation of cutaneous sensory nerves or 
muscle fibers distal to the site of stimulation. 
Gradually increased voltages are applied to acti-
vate axons and to induce a SNAP or 
CMAP. Information such as the area, amplitude, 
duration, latency, and conduction time of sensory 
and motor nerves can be obtained. Focal tumors 
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can cause a conduction block, which is a CMAP 
reduction and is considered to be one of the most 
reliable signs of compressive neuropathy [26].

The primary utility of electrodiagnostic stud-
ies is to confirm a clinical diagnosis or to help 
localize lesions when the clinical exam or imag-
ing is non-localizing [27]. Additionally, EMG 
can differentiate non-cancerous pathology as 
radiation plexopathy has characteristic myoky-
mia and fasciculation potentials [4, 28]. 
However, given that most electrodiagnostic 
studies will be normal with a benign tumor, 
these studies should not replace the history and/
or examination of a patient. Unfortunately, 
EMG and NCS cannot detect pure sensory nerve 
root pathologies, and the information measured 
on motor units can depend on length of symp-
toms [15]. Electrodiagnostic studies can also 
identify other neuropathic conditions that may 
cloud the clinical picture, such as a generalized 
sensorimotor polyneuropathy, entrapment neu-
ropathy, or a discrete radiculopathy. In general, 
electrodiagnostic studies are not mandatory in 
the evaluation of brachial plexus tumors. 
However, we consider intraoperative neuromon-
itoring to be an essential component of opera-
tive resection of most plexus tumors.

20.2.4  Role of Biopsy

The role of biopsy for brachial plexus lesions 
largely depends on whether the lesion is thought 
to be malignant or benign [6]. If a lesion is 
thought to be a malignant peripheral nerve sheath 
tumor (MPNST) (by both clinical and imaging 
criteria), there are stronger arguments for a nee-
dle biopsy. Patients who present with severe pain, 
rapidly enlarging masses, and progressive neuro-
logical deficits have a presumed malignancy and 
require expedited tissue sampling for planning a 
multimodality treatment regimen. Unfortunately, 
there is still an overlap between radiographic 
findings of a malignant versus benign peripheral 
nerve tumor. Tissue evaluation by histology is the 
only definitive way to confirm malignancy, which 
would then affect further management [4, 6]. A 
metastatic workup is recommended to gauge 
extent of disease [29].

Biopsy, in patients with suspected MPNSTs, 
can be performed either as a fine-needle aspira-
tion (FNA) or percutaneous core biopsy. Open 
biopsy is considered by some to be a contraindi-
cation for MPNSTs as biopsy can lead to seeding 
of tumor cells into the surrounding tissue. FNA 
and core biopsies are more limited in tissue sam-
pling but significantly less invasive. FNA can 
only obtain individual cells for histocytology, 
while a core biopsy allows for a larger sample. 
The downsides of biopsies are that they occasion-
ally have a low yield as sensitivity is not high, 
functional nerves or vessels can be damaged, 
and/or resultant scarring can only make subse-
quent surgeries more difficult [3, 4, 6, 30]. 
However, for patients with MPNSTs, biopsy- 
confirmed diagnosis can allow for appropriate 
counseling and discussion of the necessary surgi-
cal approach and pre- and post-surgical manage-
ment. On the other hand, most authors do not 
recommend needle or incisional biopsy for 
BPNSTs as biopsy is often extremely painful, 
leading to neuropathic pain or functional nerve 
damage, scarring, and loss of tissue planes that 
can make subsequent operations more difficult 
and less successful [29, 31]. Furthermore, in the 
case of a heterogeneous tumor, a biopsy could 
lead to a sampling error [4].

20.3  Surgical Management

20.3.1  Indications

Detailed preoperative evaluation, selection of 
patients, and timing of surgery for patients who 
are diagnosed with tumors of the brachial plexus 
are key in achieving good outcomes and avoiding 
complications. An important factor in manage-
ment of brachial plexus tumors depends on a care-
ful history and physical examination. Relevant 
factors in the history include growth rate of the 
lesion, development or progression of symptoms 
such as pain and neurologic deficits, prior radia-
tion therapy, and family history or personal his-
tory of other diseases such as neurofibromatosis 
[1, 29]. Unfortunately, very little data exists on the 
natural history of peripheral nerve tumors and the 
rates of malignant transformation. While the inci-
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dence of MPNSTs has ranged from 0.001 to 4% 
in patients without neurofibromatosis- 1 (NF1) 
[32, 33], the risk of malignancy in patients with 
NF1 increases up to 13% [33]. Furthermore, 
malignant lesions are more likely to present with 
severe pain and rapidly progressive neurologic 
symptoms. As such, clinical indications for sur-
gery include increase in symptoms such as pain, 
paresthesia or weakness, growth of the lesion to 
over 3 cm in diameter, other radiographic indica-
tors of possible malignancy, and the patient’s con-
cern for malignancy [3, 29]. If a tumor grows 
slowly but remains asymptomatic, these lesions 
are monitored conservatively with serial radio-
graphic imaging [3]. In the case of patients with 
NF1, also known as von Recklinghausen disease, 
surgery may be offered even when lesions are 
small given that surgery for larger lesions can be 
more complicated [29]. Additionally, the thresh-
old for surgery for neurofibromas associated with 
NF1 is lower as these lesions have a 10–15% risk 
of malignant transformation [2].

In discussing surgery, beyond the standard 
risks of anesthesia, postoperative infections, or 
wound complications, patients with PNSTs are at 
risk for new neurologic deficits or worsening 
neurologic dysfunction. In a series by Donner 
et  al., 11% of patients developed worse motor 
deficits, 15% developed new motor deficits, and 
10% developed painful paresthesia [34]. Risk 
factors that predispose to a postoperative neuro- 
deficit include tumor size, proximal tumor loca-
tion, history of NF1, prior biopsy or surgery, and 
preoperative irradiation [35]. Frank discussion 
and detailed counseling of the potential compli-
cations are mandatory with each patient prior to 
surgery. The alternatives of continued conserva-
tive management or empiric radiation therapy 
must also be presented.

20.4  Surgical Approaches

Surgical approaches to lesions of the brachial 
plexus depend primarily on location of the lesion 
in relationship to the clavicle and the involved 
segment(s) of the brachial plexus. Preoperatively, 
the surgeon should discuss the goals of nerve 

monitoring with both the anesthesiologist and the 
electrophysiologist for the best possible neuro-
monitoring and to ensure that the appropriate 
muscles will be sampled with the electrodes.

20.4.1  Anterior Approach

The most common surgical approach is anteri-
orly, either supra- or infraclavicular approach 
(Figs. 20.4 and 20.5) with rates up to 72.7% in 
Huang et  al. [1]. For the anterior approach, the 
patient is supine on the operating table with the 
ipsilateral base of the neck and shoulder blade 
elevated by pads and the head turned to the con-
tralateral side. For a supraclavicular lesion, the 
arm is placed alongside the body and draped so 
that the arm and hand can be moved and observed 
for muscle contractions following stimulation. 
For an infraclavicular lesion that extends into the 
axilla, the arm can be placed in abduction.

The anterior supraclavicular approach is most 
useful for lesions of the spinal nerves, trunks, and 
divisions of the brachial plexus (Fig. 20.4). Either 
a transverse incision parallel to the clavicle or 
L-shaped incision is made over the posterior tri-
angle of the neck (Fig.  20.4d). Supraclavicular 
nerves and major veins are preserved as much as 
possible during transection of the platysma, 
development of subplatysmal flaps, and mobili-
zation laterally of the supraclavicular fat pad. The 
lateral border of the sternocleidomastoid muscle 
is retracted medially and may be partly divided 
from the clavicle inferiorly to enhance exposure 
if needed. Care should be taken not to damage the 
supraclavicular medial nerve. The posterior belly 
of omohyoid can be retracted but may also be 
divided to enhance visualization and retraction. 
Under omohyoid lies the phrenic nerve within the 
thin fascia anterior to the anterior scalene muscle. 
The phrenic nerve travels in an oblique manner 
from lateral to medial position and is stimulated 
to confirm its identity, with brisk contraction of 
the hemidiaphragm. The crossing of the phrenic 
nerve with the lateral border of the anterior sca-
lene muscle is a reliable landmark for the identi-
fication of spinal nerve C5, which runs just below. 
When bleeding is encountered around the phrenic 
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nerve, either gentle tamponade or judicious, low- 
current bipolar coagulation with constant irriga-
tion should be used to prevent thermal injury. 
Due to the presence of a tumor, brachial plexus 
elements may have a different course. Generally, 
lateral and posterior to the anterior scalene mus-
cle will be the trunks of the brachial plexus sur-
rounded by a fat pad. Typically, the first 
component of the brachial plexus that is encoun-
tered is the C5 spinal nerve [36]. Careful dissec-
tion around the upper nerves is needed to protect 
the long thoracic nerve, which lies posterior to 
C6, and the suprascapular nerve, which arises lat-
erally from the distal upper trunk. To gain access 
to the lower spinal nerves and/or lower trunks, a 
portion of the anterior scalene muscle must be 
excised.

The anterior infraclavicular approach is tar-
geted for lesions involving the cords of the bra-
chial plexus and terminal nerves to the upper 
extremity (Fig. 20.5). The incision is made below 
the clavicle along the deltopectoral groove 
(Fig. 20.5b, c). We usually preserve the cephalic 

vein within this groove. The deltoid and pectora-
lis major muscles need to be separated and 
retracted (Fig. 20.5d), while the pectoralis minor 
muscle is typically transected at the coracoid pro-
cess. Alternatively, the different elements can be 
dissected free through a transpectoral approach, 
working superior and inferior to the pectoralis 
minor. After exposure of pectoralis minor, tran-
section of the muscle will expose the axilla and 
the cord level of the brachial plexus (Fig. 20.5e–
g) [37]. The lateral cord is typically encountered 
first in the infraclavicular space. The terminal 
branches of the lateral cord include the musculo-
cutaneous nerve to coracobrachialis, biceps and 
brachialis muscles, and the lateral cord contribu-
tion to the median nerve. The latter can be traced 
distally to the median nerve and then later used to 
identify the medial cord. The axillary artery is 
palpated and mobilized for control as needed. 
The posterior cord is dissected if involved with 
the lesion and is located lateral to the lateral cord 
but in a deeper plane. Typically, in the presence 
of a tumor, all the involved neural elements must 
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Fig. 20.4 Anterior supraclavicular approach. MRI show-
ing T1 coronal (a), T2 coronal (b), and T2 axial (c) scans 
of a supraclavicular plexiform neurofibroma. A transverse 
incision parallel to clavicle (d, solid line) marks the most 
cosmetic incision for a supraclavicular approach, whereas 
the dotted line represents an incision for a combined 

supraclavicular and infraclavicular approach. 
Intraoperative resection (e) shows the neurofibroma 
extending from the nerve fibers (yellow loops). The 
resected lesion (f) is shown with an enlarged solitary 
nerve fiber (*). (d is reproduced from Kline et al. 2001)
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be dissected out to reveal anatomical relation-
ships before each element can be identified, both 
by anatomic inspection and electrical stimula-
tion. Upon closure of the infraclavicular 
approach, the pectoralis minor muscle can be 
repaired if dissected, but does not require reap-
proximation. In contrast, the pectoralis major 
muscle must always be reapproximated if tran-
sected, although it is rarely required.

Major complications from the anterior 
approach can include injury to adjacent neural or 
vascular structures. The phrenic nerve is com-
monly encountered en route to the brachial 
plexus, and transient phrenic palsy may occur. 
We prefer not to loop or retract this delicate nerve 
and always keep it within view while dissecting. 
Excessive manipulation, traction, or inadvertent 
sharp, blunt, or coagulation injury to elements of 
the brachial plexus can cause new or worsened 
motor and/or sensory deficits postoperatively. 
Notably, injury to nerves from the tumor itself or 
iatrogenic injury from surgery can lead to postop-
erative complex regional pain syndrome (CRPS) 
with worsening of pain and changes in appear-
ance, temperature, and sensation of the extremity 
[38]. Bleeding intraoperatively or development 

of a postoperative hematoma can occur due to the 
abundance of traversing vessels. Injury to the 
subclavian artery or vein can lead to severe hem-
orrhage, and an intraoperative consult to vascular 
surgery may rarely be needed for repair. On the 
left side, injury to the thoracic duct or its tributar-
ies may result in a chylous effusion that on rare 
occasions may require a chest tube, wound re- 
exploration, or endovascular embolization [39]. 
With rare cases of anomalous lymphatic drain-
age, this may occur on the right side as well. 
Lastly, pleural injury can lead to a pneumo-, 
hemo-, or chylothorax. A pleural injury can be 
investigated by filling the surgical site with saline 
and asking the anesthesiologist to perform a 
Valsalva maneuver to assess for an air leak.

20.4.2  Posterior Approach

The posterior subscapular approach is an alterna-
tive surgical approach to the brachial plexus 
(Fig. 20.6). Indications for this approach include 
lesions involving proximal roots and spinal 
nerves of the lower levels (i.e., C8 or T1) or lower 
trunk lesions that extend into the chest 
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Fig. 20.5 Anterior infraclavicular approach. Coronal and 
axial views of T1-weighted, post-contrast MRI (a) show-
ing an infraclavicular neurofibroma in a patient with NF1. 
The incision is made below the clavicle along the delto-
pectoral groove (b) or can be extended above the clavicle 
(c) for a combined approach. (d) The pectoralis major 

muscle (*) needs to be retracted, while pectoralis minor is 
transected to visualize the lesion (e), axillary vessels (f) or 
brachial plexus (g). LC lateral cord, PC posterior cord, RN 
radial nerve, AN axillary nerve. (b and c are reproduced 
from Kline et al. 2001)
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(Fig.  20.6a–c) [40]. It is particularly useful for 
patients with lesions that have a dumbbell-shape 
with both an intra- and extraforaminal compo-
nent [41]. Additionally, the posterior approach 
may be preferred for patients with prior radiation 
to the neck or anterior chest, prior neck surgery, 
bony abnormalities (cervical ribs or large C7 
transverse processes), or morbid obesity [42, 43].

The patient is positioned prone with chest 
rolls and padding on all pressure points [42, 43]. 
The ipsilateral arm is flexed forward at the shoul-
der and elbow and placed on a padded Mayo 
stand so that the height of the arm can be lowered 
below the operating table to externally rotate the 
scapula (Fig. 20.6d) [41–43]. Recently, Crutcher 
et  al. described a minimally invasive modifica-
tion of the posterior subscapular approach which 
likely reduces the morbidity of the exposure 

through the paraspinal muscles [42]. The skin 
incision is made centered over the posterior 
aspect of the first rib, halfway between the medial 
border of the scapula and the spinous processes 
[42]. The trapezius muscle is the first muscle 
encountered under which lies levator scapulae, 
rhomboid minor, and rhomboid major in a cranial 
to caudal fashion. When dissecting through these 
muscles, it is important to divide away from the 
medial edge of the scapula to avoid the dorsal 
scapular nerve and ascending branch of the trans-
verse cervical artery [44]. Deep to the rhomboid 
minor is the posterior chest wall and T1 costo-
transverse joint which can be used as a reference 
point for resection. The extent of bony resection 
to improve visualization depends on the pathol-
ogy. Scalene muscles and intercostal muscles 
need to be dissected off the cranial and caudal 
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Fig. 20.6 Variety of surgical approaches for the lower 
trunk. Coronal (a), sagittal (b), and axial (c) MRI showing 
an enlarging paraspinal nerve sheath tumor involving the 
lower trunk of the brachial plexus. In this location, this 
lesion may be approached through the posterior subscapu-
lar approach (d). Alternatively, the minimally invasive 
modification of this posterior approach may be used to 
minimize muscle dissection by centering incision over the 
first rib and confirmed with fluoroscopy. Some surgeons 

would choose the trap-door incision shown in Fig. 20.7. 
This region may also be approached thoracoscopically 
with the assistance of thoracic surgery (e) for direct visu-
alization of a tumor (T) (f, image courtesy of Dr. Pechet 
from UPenn Department of Thoracic Surgery). We were 
able to resect this lesion completely without deficit 
through an anterior supraclavicular approach. (d is repro-
duced from Kline et al. 2001)
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sides of the rib, respectively, to clear the rib prior 
to resection. With the posterior and middle 
 scalene muscles dissected off the transverse pro-
cesses, the lower spinal nerves and trunk will be 
exposed. Tracking the spinal nerves medially and 
retraction of the paraspinous muscles will reveal 
the intraforaminal course of the roots [41]. The 
dissection can be extended cranially up to the C7 
spinal nerve or even caudally down to the third 
rib [42].

While the posterior approach can expose 
proximal segments such as the intraforaminal 
roots, the surgery does require more muscle dis-
section [41]. Complications from this approach 
can include a winged scapula from muscle dis-
section or injury to the long thoracic nerve, injury 
to phrenic nerve or brachial plexus, cervical spine 
instability, and pneumo- or hemothorax [41, 42]. 
To minimize the risk of a winged scapula, it is 
key to close the muscles in anatomic layers. To 
prevent either pneumo- or hemothorax, pleural 
rents can be evaluated by filling operative cavity 
with saline and asking the anesthesia team to per-
form a Valsalva maneuver. Pleural rents can be 
repaired primarily, and hemostasis can be 
achieved with bipolar cautery. A chest tube can 
be placed in the operative field, as needed [43]. 
From the posterior approach, fortunately, major 
vessels lie deep to the brachial plexus. The verte-
bral artery lies anterior to the nerve roots, while 
the subclavian artery is anterior and inferior to 
the lower trunk of the brachial plexus [41].

20.5  Unique Approaches

20.5.1  Combined

Larger tumors that span a significant portion of 
the brachial plexus can be approached through a 
combined technique or transclavicular approach, 
using incisions of both the supra- and infracla-
vicular approaches. For lesions involving the 
plexus posterior to the clavicle, anterior-inferior 
clavicular mobilization can be performed. The 
clavicle can be wrapped with moist sponges and 
retracted either cranially or caudally depending 
on access needs [36].

20.5.2  Transclavicular

Occasionally, retraction of the clavicle may not 
be sufficient, and complete visualization of the 
entire brachial plexus is necessary. In such cases, 
a transclavicular approach can be used to access 
the supra-, retro-, and infraclavicular aspects of 
the brachial plexus. An oblique vertical incision 
is made along the posterior border of the sterno-
cleidomastoid that curves posteriorly parallel to 
the clavicle before extending into the deltopec-
toral groove [45]. Osteotomy of the middle third 
of the clavicle is performed after which the sub-
clavius muscle and suprascapular vessels are dis-
sected. Tumors involving the divisions of the 
brachial plexus can then be exposed [46]. The 
clavicle can then be realigned with screws and a 
plate that is typically pre-contoured to fit the 
S-shape anatomy of the clavicle [45].

20.5.3  Thoracic Surgery-Assisted 
Procedures

Video-assisted thoracoscopic surgery (VATS), 
performed by thoracic surgery, has been pro-
posed as an alternative surgical corridor to the 
proximal lower nerve roots and trunks 
(Fig.  20.6e). The endoscopic camera allows 
direct visualization of the thoracic apex and the 
presence of any lesions (Fig. 20.6f).

A trap-door approach (Fig. 20.7) involving a 
partial sternotomy/thoracotomy may be needed 
for lesions involving tumors located in the C8-T1 
inferior trunk trajectory. Commonly used by tho-
racic surgery to gain access to the lesions invad-
ing or abutting the brachiocephalic and subclavian 
vessels, these same vessels unfortunately can 
affect resectability [47].

20.6  Surgical Technique

Regardless of the approach, certain strategies are 
key in minimizing neural complications. Surgery 
is not performed under paralytics so that intraop-
erative nerve stimulation can be performed to 
gauge the functional status of the nerve. Planning 
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of the skin incision is crucial with manual palpa-
tion and ultrasound to minimize the length but 
still allow for adequate exposure of normal nerves 
proximal and distal to the lesion. PNSTs can inte-
grate layers of nerve fascicles into a pseudocap-
sule of connective tissue that is distinct from the 
true schwannoma capsule of the tumor. 
Identifying the pseudocapsule is crucial as the 
first step in the resection of a schwannoma. Stone 
and Spinner identify the boundary between the 
pseudocapsule and true tumor capsule by relying 
on color differences where the pseudocapsule 
appears grayish white in contrast to the yellow 
appearance of the true capsule [35]. Accurate 
identification of this border can facilitate the sub-
sequent intraneural dissection and tumor enucle-
ation while preserving nerve integrity and 
function. Repetitive nerve stimulation also plays 
an important role in identifying motor (but not 
sensory) nerve fascicles along the pseudocapsule 
and a safe zone for dissection.

20.6.1  Gross Total Versus Subtotal 
Resection

Gross total resection is the goal for treatment of 
benign brachial plexus tumors without neuro-

logic compromise [1]. Schwannomas typically 
displace most surrounding nerve fascicles which 
can be dissected free and preserved, thus aiding 
in complete removal of the schwannoma. In 
BPNST, tumors need not be resected en bloc. For 
larger lesions, internal debulking, occasionally 
with the CUSA, decreases the tension on the 
overlying and outstretched fascicles. Thereby, the 
risk of an iatrogenic traction injury to the fasci-
cles while developing the plane with the tumor is 
diminished. Neurofibromas, on the other hand, 
can have multiple fascicles entering the tumor or 
incorporated into the capsule. Plexiform neurofi-
bromas can have more infiltrative features and 
are inseparable from important nerve fibers, 
necessitating a subtotal resection and leaving 
residual tumor to preserve function [6]. Non- 
plexiform neurofibromas, similar to schwanno-
mas, can usually be completely resected with 
sparing of the parent nerve [30].

Benign non-neural peripheral nerve sheath 
tumors (BNNPNSTs), such as lipomas, heman-
giomas, and desmoid tumors, are extrinsic lesions 
that grow adjacent to the brachial plexus and 
cause symptoms through compression. However, 
these lesions can adhere to or invade into the epi-
neurium, making complete resection extremely 
difficult without associated neurologic compro-

Fig. 20.7 Unique surgical approaches: trap-door incision. 
Axial and coronal CT scans (a, b) demonstrate a chondro-
sarcoma (outlined in red) arising from the first two ribs and 
involving the lower trunk of the brachial plexus. Incision (c) 
demarcating trap-door approach for thoracosternotomy and 
neck dissection with thoracic surgery. The tumor (outlined 

in white) is visualized after lung deflation (d). Exposure of 
the brachial plexus trunks (yellow arrows) above clavicle 
(**) with the mediastinum below and rib resection (*) after 
tumor resection (e). View of the surgical cavity (f) after 
repair of the manubrium and lung re-expansion. Final skin 
closure (g) for trap-door approach
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mise [2]. Lipomas can be incompletely resected 
and still allow for relief of symptoms. 
Hemangiomas may be extremely vascular, and, 
in some cases, preoperative angiography and 
embolization may be needed to allow safe resec-
tion (Fig. 20.8) [28]. More commonly, complete 
resection of BNNPSNTs is not necessary, and 
decompression and/or neurolysis of the brachial 
plexus is sufficient to improve symptoms [2].

For MPNSTs, the best chances for patient sur-
vival involve aggressive, complete en bloc tumor 
resection and adjacent tissue preceded or fol-
lowed by radiation therapy. However, while 
MPNSTs can invade the nerve and cause neuro-
logic impairment, full resection is often difficult 
or impossible to achieve depending on the loca-
tion along the brachial plexus. Occasionally, 
MPNSTs extend into the neural foramen requir-
ing a posterior approach first, with laminectomy 
and intradural section of the involved root fila-
ments. Subsequently, the resection is continued 
in the supine position with an anterior approach 

of the extraforaminal tumor mass. Complete 
resection can lead to significant functional and 
neurovascular loss. Amputation of the limb is a 
surgical option that comes with high morbidity 
when wide excision is not possible and patients 
already have compromised limb function [4]. For 
MPNSTs of the distal brachial plexus, amputa-
tion would entail removal of the scapula, clavicle, 
and shoulder along with transection and ligation 
of the subclavian vessels [4]. While limb amputa-
tion has been cited to decrease local recurrence 
rates, more studies are finding no survival differ-
ence in limb amputation compared to a limb- 
sparing approach. As such, more surgeons are 
approaching MPNSTs with the goals of wide 
local resection of the tumor, decompression of 
the neural elements, and pre- or postoperative 
radiation and/or chemotherapy [2, 4, 48, 49]. 
Surgical management for metastatic disease to 
the brachial plexus tends to be more individual-
ized depending on severity of symptoms and 
extent of systemic metastases [2]. Similar to 
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Fig. 20.8 Unique tumors of the brachial plexus: 
Hemangioma. T1-weighted coronal (a) and sagittal (b) 
MRI sequences showing a left brachial plexus hemangi-
oma with homogeneous contrast enhancement (arrow). 
Digital subtraction angiography (c) which revealed a vas-
cular tumor with intratumor aneurysm with multiple feed-

ing vessels. Post-embolization imaging revealed reduced 
flow to the lesion. Subsequent surgery through anterior 
supraclavicular approach (d, e) revealed the vascular mass 
displacing the trunks of the brachial plexus. (Reproduced 
from Ranalli et al. 2009)

20 Management of Brachial Plexus Tumors



236

MPNSTs, surgical approach for malignant non- 
neural sheath tumors must also be individualized, 
with en bloc resection if possible, but subtotal 
resection for nerve decompression may be appro-
priate in certain cases [2, 4].

20.6.2  Nerve Grafts

Nerve reconstruction may be necessary in cases 
where resection of a brachial plexus tumor 
requires sectioning of a functional nerve fascicle 
or an iatrogenic injury occurred to a parent nerve 
during resection of a benign PNST.  An autolo-
gous nerve graft may be interposed to mitigate 
any deficit. Patients will have best results if graft-
ing occurs at the time of tumor resection and no 
later than 6 months after injury [50]. An excep-
tion to this rule is for plexiform neurofibromas. 
While the lesion is technically benign, it has a 
relatively higher risk of malignant transformation 
and also grows both circumferentially and along 
the length of the parent nerve. As such, graft 
repair is more controversial for this diagnosis.

When the diagnosis is MPNST, some authors 
argue that nerve grafts are relatively contraindi-
cated given that tumor can spread along the graft 
and there is a higher rate of graft failure. 
Furthermore, patients with MPNSTs usually 
undergo postoperative radiation which reduces 
the chance of functional nerve recovery [50]. 
Unfortunately, the prognosis of this aggressive 
tumor is typically so poor that effective re- 
innervation is not possible for many patients with 
MPNSTs [6]. However, there are cases in which 
nerve reconstruction, especially distal nerve 
transfers, is a reasonable approach following 
resection of a MPNST.

There are general principles necessary to 
optimize graft healing. The nerve graft should 
not be under tension. It is important that the graft 
covers the entire caliber of the nerve stump and 
that the proximal and distal stumps are healthy, 
tumor- free tissues [50]. Kretschmer et  al. even 
recommend sending frozen sections of the 
stumps to confirm tumor-free margins prior to 
grafting [50].

The sural nerve is the most common nerve 
graft donor. In patients with systemic diseases 
such as NF1, the sural nerve may also be a site of 
tumor burden and should be assessed [50]. The 
sural nerve is more easily accessible when the 
patient is positioned for a posterior approach; 
however, the leg can be positioned internally 
rotated and flexed at the knee and hip so that the 
posterolateral calf is exposed. Plexus reconstruc-
tion with distal nerve transfers can also be con-
sidered in certain cases, especially when the 
nerve stumps are not in optimal condition follow-
ing tumor resection.

20.7  Intraoperative Adjuncts

20.7.1  Ultrasound

Intraoperative ultrasound (IUS) was first used by 
Fornage to look at the appearance of peripheral 
nerves under ultrasound and validated by Gofeld 
in cadaveric studies [51]. IUS can be helpful in 
incision planning, localizing lesions that are 
small or deep, minimizing surgical exploration, 
and confirming resection of all lesions in cases of 
multiple tumors [23]. Additionally, IUS can help 
in understanding complex anatomy where large 
tumors distort normal anatomy and mask the 
location of important vasculature such as the sub-
clavian vessels. Lastly, in the case of multifocal 
tumors, resection of one lesion may alter the sur-
gical area so that the other tumors become hid-
den. IUS can then be helpful to localize the 
remnant tumors.

20.7.2  Intraoperative 
Neuromonitoring

Intraoperative neuromonitoring (IONM) can 
involve electromyography (EMG) to record com-
pound muscle action potentials (CMAPs), nerve 
action potentials (NAPs), motor evoked poten-
tials (MEPs), and somatosensory evoked poten-
tials (SSEPs). The main purpose of IONM 
includes differentiating lesional from normal 
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nerve fascicles and preventing iatrogenic injury 
from surgery. Although the techniques for stimu-
lating and recording intraoperatively are similar 
to preoperative electrodiagnostic studies, special 
stimulating and recording electrodes may be nec-
essary, and resultant data can be more varied due 
to anesthesia and the challenging electrical envi-
ronment in the OR [26].

Direct nerve stimulation through monopolar 
or bipolar electrodes can help identify nerve from 
other tissues especially when the lesion has dis-
torted normal anatomy. Multiple types of data are 
typically recorded including MEPs, SSEPs, 
NAPs from the nerve, or CMAPs from the distal 
muscles. It is important to stimulate at multiple 
sites within the surgical field to help define base-
line nerve function and to characterize areas of 
damage [26]. Nerve stimulation with absent or 
low-amplitude NAP recordings may suggest non-
functional fascicles that can be sacrificed to opti-
mize tumor resection [52]. Otherwise, nerve 
stimulation allows surgeons to map out the path 
of functional nerve fascicles along the surface of 
the lesion. While malignant lesions may invade 
into nerves, benign lesions typically displace 
adjacent functional nerves and fascicles. As such, 
direct stimulation is an important intraoperative 
adjunct to identify and preserve normal nerve 
function during resection [3, 53]. Schwannomas, 
for example, often have one or a few nonfunc-
tional nerve fascicles entering and leaving the 
lesion. These fascicles can be identified with 
stimulation and sacrificed for gross total resec-
tion. In contrast, neurofibromas often have more 
functional nerve fascicles adherent to the tumor 
capsule and within the tumor itself, and repetitive 
stimulation may thus dictate tumor debulking 
and capsule residual along the nerves [3, 31]. 
Electrophysiology thus allows intraoperative 
real-time decision-making on the extent of resec-
tion to minimize a functional deficit [30].

For tumors that have an intraforaminal com-
ponent and the proximal segment of nerves can-
not be stimulated, motor evoked potentials or 
sensory evoked responses are an alternative to 
measure nerve response. MEPs are evoked 
through transcranial electrical stimulation and 
recorded from the target muscle. SSEPs record 

the response of the brain or spinal cord to sensory 
fiber stimulation and can assist with localizing 
lesions in the sensory system [37, 54]. Changes 
in MEPs and/or SSEPs may indicate injury to the 
parent nerve and if severe enough may prompt a 
surgeon to consider nerve grafting to ameliorate 
any functional deficit. More often, these modali-
ties serve as reassurance to the surgeon that the 
plexus elements remain functional throughout 
the tumor resection.

20.7.3  Frozen Histology

Intraoperative tumor histology is key as many 
malignant PNSTs are not identified until the 
time of surgery, unless a prior biopsy was per-
formed. Waiting intraoperatively for pathology 
to process, frozen sections is important as sub-
sequent operative strategies are dependent on 
the diagnosis and become complicated with a 
malignant diagnosis. However, we generally do 
not make irreversible nerve-sacrificing deci-
sions based on a frozen section diagnosis alone. 
It is preferable to close the incision and wait for 
permanent pathology to make management 
decisions in cases of malignancy. If aggressive 
tumor resection is opted by the patient, frozen 
sections are also important in evaluating the 
extent of invasion of nearby structures and 
determination of tumor-free margins, as patients 
with clean margins have improved disease-free 
survival [2].

20.8  Postoperative 
Considerations

Historically, after anterior approaches to the bra-
chial plexus, the arm was placed in a sling for 
4–6  weeks [36]. Now postoperatively, patients 
typically do not have any physical restrictions, 
and early mobilization is encouraged to preserve 
range of motion. Early motion with passive and 
active range of motion can actually help decrease 
the formation of adhesions to the surrounding tis-
sue [36]. An exception occurs for surgeries 
involving nerve repair where limitations on 
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mobilization are recommended to avoid tension 
on the repair site for 3 weeks with gradual return 
of mobilization.

Long-term patients with MPNSTs require 
serial screening for potential relapse. Patients 
who had subtotal resection of even benign lesions 
need to be monitored for growth. Particularly for 
patients with a genetic predisposition such as 
NF1, monitoring for malignant transformation of 
residual lesions is needed. Lastly, for patients 
who had preexisting motor deficits or developed 
new postoperative dysfunction, occupational and 
physical therapy can be beneficial to maximize 
functional status.

20.9  Alternatives to Surgery

Stereotactic radiosurgery, particularly the frame-
less CyberKnife system, has been investigated 
for use in treating benign paraspinal PNSTs with 
demonstrations of safety and efficacy [55, 56]. 
Shin and colleagues evaluated radiosurgery in 
both benign and malignant spinal neurogenic 
tumors and found that radiosurgery provided a 
95.4% local control rate in benign tumors [57]. 
Other studies have replicated similar or better 
local control rates [55, 58]. Further studies are 
needed to determine benefit of single or multi- 
session radiation and the prescribed dose needed 
for symptom resolution.

Surgical resection nonetheless is usually con-
sidered the treatment of choice for benign periph-
eral nerve tumors given that most lesions are 
well-circumscribed and surgery can provide a 
cure with gross total resection. However, stereo-
tactic radiosurgery may be favored as a treatment 
modality for patients who are poor surgical can-
didates due to advanced age or serious medical 
comorbidities. Additionally, radiosurgery can be 
beneficial for patients with multiple peripheral 
lesions due to genetic conditions such as neurofi-
bromatosis, difficult to access lesions, or recur-
rent lesions [59].

Patients with MPNSTs are recommended to 
undergo radiotherapy given evidence that radia-
tion can reduce local recurrence [60]. 
Chemotherapy, on the other hand, has not been 

proven to be beneficial. MPNSTs are thought to 
be poorly responsive to chemotherapy so it is 
given only in patients with systemic metastasis 
[2]. Chou and colleagues demonstrate the chal-
lenging nature of treating MPNSTs as they found 
adjuvant therapy with radiation, chemotherapy, 
or combination had no significant influence on 
recurrence or survival [61]. Some sarcomas and 
Pancoast tumors, however, represent the types of 
non-neural malignant tumors for which induction 
chemoradiotherapy is initiated 4–6  weeks prior 
to surgery. Induction chemoradiotherapy can sig-
nificantly shrink tumor size and burden making 
subsequent surgery more likely to preserve nerve 
function [62].
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21.1  Introduction

LSPT are rare and heterogeneous, such that only 
in the last decades there have been studies con-
ducted to analyze these lesions as a distinct group 
[1]. The published material dealing specifically 
about LSPT in the literature is still scarce and 
limited to a few case series [1–3]. Some larger 
surgical series of peripheral nerve tumors (PNT) 
include LSPT in its casuistry, and some do not 
discriminate the location of the lesions with 
enough specificity in order to assess which 
lesions are indeed LSPT [4–12].

Lumbosacral plexopathy is less frequent than 
brachial plexopathy and, in opposition to the lat-
ter, is more frequently caused by non-traumatic 
etiologies. Lumbosacral plexopathy secondary to 
neoplastic infiltration has indeed been found to 
be around eight times more common than trau-
matic plexopathy [13]. Tumors may arise from 
the lumbosacral plexus (LSP) or damage it via 
direct compression and/or infiltration from 
nearby soft tissues or bones, or via perineural, 
lymphatic, or hematogenic spread [14–16].

The clinical presentation of LSPT is unspe-
cific, usually with subacute diffuse abdominal or 

lumbar pain. In some instances, however, it is 
similar to those of radiculopathies or peripheral 
nerve injuries. In general, its diagnosis cannot be 
made solely based on clinical parameters, and 
imaging exams are frequently necessary [1, 13, 
17, 18].

These patients will often be referred to the 
specialist with a concluded diagnosis or with 
inconclusive imaging exams that ought to be 
reevaluated and eventually repeated with clear 
specifications for the visualization of the LSP.

The prognosis of patients harboring LSPT 
invariably depends on the type of tumor that is 
causing the plexopathy, given the heterogeneity 
of the group of lesions that may inflict the 
LSP.  Surgical treatment, whenever indicated, 
should be discussed in a multidisciplinary man-
ner, with the general surgery, oncology, radiol-
ogy, pathology, and clinical genetic teams.

21.2  Anatomical Considerations

The LSP is formed from the roots T12 to S3 and 
is divided into two anatomical regions: the lum-
bar plexus and the sacral plexus.

The lumbar plexus originates from the roots 
T12-L4, which bifurcate into an anterior and poste-
rior division inside the psoas major substance and 
give rise to six terminal branches. The iliohypogas-
tric, ilioinguinal (T12-L1), and genitofemoral 
nerves (L1-L2) provide motor and sensory innerva-
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tion to the lower abdomen and inguinal region. The 
iliohypogastric and the ilioinguinal nerves are usu-
ally formed from the bifurcation of a single trunk 
arising from T12 to L1 roots. However, there is one 
common anatomic variation in which both nerves 
arise only from L1 ventral ramus. The genitofemo-
ral nerve is normally formed from roots L1 to L2 
and usually bifurcates into its genital and femoral 
branches after leaving the substance of psoas major. 
In some instances, however, this bifurcation occurs 
inside the muscle. The femoral, obturator, and lat-
eral cutaneous nerves of the thigh arise from roots 
L2 to L4 and provide motor and sensorial innerva-
tion to the thigh.

The sacral plexus is formed by the ventral rami 
of roots L4-S4 which also bifurcate into an anterior 
and posterior division. S1-S4 roots arise from the 
ventral sacral foramina, whereas branches from L4 
and L5 roots form the lumbosacral trunk, which 
travels medially to the obturator nerve and joins the 
other structures of the sacral plexus. Mainly all 
anterior divisions coalesce to form the tibial divi-
sion of the sciatic nerve and give branches to qua-
dratus femoris and muscles of the leg (L4-L5-S1). 
The pudendal nerve also arises from the anterior 
divisions of the roots S2-S3-S4. The posterior divi-
sion, with the exception of S3 and S4, forms the 
fibular division of the sciatic nerve and emit the fol-
lowing branches: superior gluteal nerve (L4-L5-S1), 
inferior gluteal nerve (L5-S1-S2), and posterior 
cutaneous nerve of thigh (S1-S2-S3) [19, 20].

21.3  Etiology

Various types of tumors may affect the LSP. They 
can be classified as neurogenic or non- neurogenic, 
as well as in benign or malignant. The neurogenic 

lesions include the benign schwannomas, neuro-
fibromas, and perineuriomas and the malignant 
peripheral nerve sheath tumor (MPNST). The 
benign non-neurogenic lesions may be tumoral, 
such as leiomyomas [21], or non-tumoral, such 
as abscesses, hematomas, and vascular or inflam-
matory lesions [16]. The LSP may also be 
affected by direct malignant invasion from many 
pelvic organs, such as colon, cervix, ovaries, uri-
nary bladder, and prostate glands as well as lym-
phomas and retroperitoneal sarcomas [1, 16, 17, 
22, 23]. Malignant infiltration from adjacent 
organs appears to be more common than primary 
tumors of the LSP [13, 24]. A summary of the 
most common LSPT is presented in Table 21.1.

Pelvic tumors may often be classified as retro-
peritoneal, and some of these also affect the 
LSP. They can be further classified by histopatho-
logical type, with sarcomas accounting for more 
than 90% (i.e., liposarcoma and leiomyosarcoma) 
[25, 26] or as “solid” or “cystic” concerning their 
appearance on imaging exams [25, 27]. Solid ret-
roperitoneal tumors include liposarcomas, leio-
myosarcomas, and lymphomas, whereas cystic 
masses include cystic lymphangioma, cystic tera-
toma, cystic mesothelioma, and others [27].

21.3.1  Benign Neurogenic Lesions

It is hard to evaluate what is the most common 
benign neurogenic tumor to affect the LSPT, as 
both neurofibromas and schwannomas are corre-
lated to different genetic syndromes, respectively, 
NF1 and schwannomatosis. The variable fre-
quency of these syndromes among different 
series presented in the literature may distort the 
available clinical and surgical findings.

Table 21.1 Common types of tumors to affect the LSP

Neurogenic Non-neurogenic
Benign Schwannomas

Neurofibromas
Perineuriomas
Ganglioneuromas

Leiomyomas
Pseudo-tumoral lesions (abscesses, hematomas)

Malignant MPNST Metastases (colorectum, uterus, cervix, prostate, bladder)
Lymphomas
Sarcomas
Chordomas
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In one series, schwannomas accounted for 18 
of 20 presented LSPT (90%), 5 of these in the 
setting of schwannomatosis [4]. Alderete et  al. 
also presented a high prevalence of these tumors 
among LSPT: 14 out of 42 (37%). However, there 
is no mention in the study if some of these 
patients presented schwannomatosis [3].

In another surgical series, neurofibromas 
accounted for 30 of all 44 tumors (68%) affecting 
the “pelvic plexus”; 12 of these were associated 
with NF1 [2]. Tonsgard et al. showed, in a series 
of 91 CT imaging exams conducted in NF1 
patients, that around 40% of these patients had 
neurofibromas (mostly asymptomatic) in the 
abdominal and pelvic region, with the sacral 
plexus as one of the most common sites of these 
lesions [28]. Furthermore, Zacharia et  al. 
 demonstrated, in a series of 43 patients with some 
form of abdominopelvic involvement due to 
NF1, that 27 (63%) presented lesions to the LSP 
[29].There have also been reports of perineurio-
mas affecting the LSP, although its occurrence is 
notoriously rare [30].

21.3.2  Malignant Neurogenic Lesions

MPNST are virtually the only malignant neuro-
genic tumors to affect the LSP. Among the pos-
sible locations for the MPNST, the LSP seems 
to be among the most uncommon. In a nation-
wide cohort study, it was reported that around 
5% of MPNST (43 out of 784 tumors) were 
situated in the retroperitoneum, although there 
was no mention of how many of these were 
actually in the LSP [12]. Nonetheless, retroper-
itoneal MPNST had a significantly worse out-
come, with a median survival of 1.1  years 
compared to 6.0 years in patients with MPNST 
in other locations [12]. Another large series 
presented a higher frequency of MPNST in 
“lumbosacral nerve roots”: 37 out of 289 
(12.8%) [31]. Porter et  al. presented a similar 
frequency, with 9 out of 123 MPNST in the 
lumbosacral plexus (11%) [32]. Lafemina et al. 
reported, in turn, that 30 out of 105 MPNST 
(28.5%) presented in the abdomen or retroperi-
toneum, although there is no mention of the 
LSP in their study [8].

In several large series of surgically treated 
MPNST, however, there is no mention of LSP, 
and the tumors are only classified as presenting in 
the “trunk” or “core” [5–7, 9–12]. Therefore, it is 
difficult to evaluate the frequency of MPNST that 
arise from the LSP when compared to other 
locations.

In two surgical series of only LSPT, it was 
reported 2 MPNST among all 44 tumors (5%) 
and 8 MPNST out of all 38 cases (21%) [2, 3]. 
However, in a large series of surgically treated 
PNT, there were no cases of MPNST among the 
20 LSPT presented [4]. In another series of 16 
patients with LSPT, only one presented with a 
MPNST (6%) [33]. Lastly, in a series conducted 
to distinguish MPNST among other peripheral 
nerve sheath tumors (PNST) at the pelvis, Ogose 
et  al. reported that 11 out of 30 lesions were 
MPNST (37%), but none presented in the LSP 
[34].

It is important to observe, however, that 
among all the malignant lesions that affect the 
LSP, MPSNT is one of the less common etiolo-
gies. Therefore, when facing a lesion with malig-
nant characteristics, other possibilities should be 
considered, particularly metastases of pelvic 
malignant tumors (discussed ahead).

21.3.3  Non-neurogenic Benign 
Lesions (Tumoral 
and Non-tumoral)

Benign lesions originating from organs in prox-
imity (i.e., uterus) can cause plexopathy symp-
toms by extrinsic compression. Leiomyomas are 
known to assume large proportions and have been 
described to cause plexopathy via compression. 
Ganglioneuromas have also been reported in this 
setting [21, 35, 36]. Some pseudo-tumoral lesions, 
such as psoas’ hematoma, especially in the context 
of anticoagulation [16, 37–39], hemophilic pseudo-
tumors [40, 41], aneurisms of the internal iliac 
arteries [42], isolated hypogastric artery aneurisms 
[43], or abscesses (Fig. 21.1) [16], can also produce 
neurological deficits of the LSP (or its roots) due to 
extrinsic compression. In the specific case of intra-
psoas abscesses, signs and symptoms may also be 
due to the inflammatory nature of the disease.
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21.3.4  Non-neurogenic Malignant 
Tumors

The most common metastatic tumors to affect the 
LSP include colorectal adenocarcinoma, uterine 
and cervix malignancies, retroperitoneal sar-
coma, and lymphoma (Fig.  21.2), which can 
directly infiltrate or cause retroperitoneal lymph 
node enlargement and further compression of the 
LPS [13, 16, 17, 33, 44]. Sarcomas appear to be 
indeed the most common tumor to grow in the 
retroperitoneal space [25, 26, 45]. It is suggested 
that pelvic malignant tumors, such as prostate, 
cervical, bladder, and rectal cancers, are able to 
spread retrogradely along the nerve from the end 
organ to the lumbosacral nerves and roots [18, 
46–48]. This tendency to infiltrate along the 
nerve may explain why some patients with find-
ings of diffuse plexopathy do not have radio-
graphically demonstrable mass lesions and why 

in some circumstances the location of the pelvic 
tumor seems unrelated to the principal site of 
neurologic involvement. Diffuse large B-cell 
lymphoma, Burkitt lymphoma, Hodgkin lym-
phoma, and mucosa-associated lymphoid tissue 
(MALT) lymphomas also appear to have a pro-
pensity for the sacral plexus [18]. Retroperitoneal 
soft tissue sarcomas may also affect the LSP, and 
they usually present a worse prognosis than those 
located in extremities [49].

21.4  Clinical Considerations

A complete neurological examination should be 
conducted in patients potentially harboring LSPT. It 
is a common practice to use, for the systematic 
assessment of motor and sensory function, the 
British Medical Research Council (BMRC) or the 
Louisiana State University Health Sciences Center 
grading system (LSUHSC). The Visual Analogue 
Scale (VAS) is used for the assessment of pain.

Other components of the general physical 
examination may help in the diagnostic workup 
of LSPT. An increase in abdominal girth is usu-
ally present in patients harboring retroperitoneal 
tumors [50]. Also, on rectal touch, a mass can be 
palpated when the tumor is in the deep pelvis 
compromising the lower sacral plexus [18, 44].

The clinical presentation of LSPT is unspe-
cific [51], and its diagnosis may not be possible 
using only clinical parameters. The literature 
indicates that pain is the most common symptom 
related to LSPT, and from our experience, all 
patients were referred to our service presenting 
some form of pain [1, 13, 17, 18]. Some authors 
state that its sensitivity is as high as 98%, and, 
given its high sensitivity, the absence of pain 
should prompt the investigation of other diagno-
ses [44]. The pain onset is usually subacute, 
sometimes described as a discomfort and whose 
location is not always correlated to the affected 
level of the LSP [17, 18]. The characteristic of 
the pain is usually aching and/or pressure-like 
and could be radicular, local, or referred [1]; in 
case of malignancy, it often worsens at night 
[52]. The pain is usually followed, after weeks, 
by motor and sensorial deficits [17, 18, 53].

Fig. 21.1 Male, 54 years old, non-diabetic, with a previ-
ous urological surgery and vesical catheterization 
2 months prior, presenting with intense lumbar pain, irra-
diating to the right inferior limb. Coronal T1-weighted 
MRI with contrast showing an intrapsoas abscess second-
ary to discitis. Note the abscess inside the psoas, the disci-
tis, and the communication between the abscess and the 
infected disk space. The patient underwent CT-guided 
drainage of the abscess and antibiotics for 2 months with 
resolution of the case. Ab, abscess; arrowhead, discitis; 
arrow, communication between discitis and abscess
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Tumors in the upper LSP (T12-L4) can cause 
pain in the costovertebral area, radiating to the 
upper thigh, whereas lesions in the lower LSP 
(L4-S4) are related with pain in the iliac crest, 
buttocks, perineum, and the posterior aspect of 
the thighs [17]. Some clinicians state that pain is 
exacerbated by lying down and alleviated by 
walking, and straight-leg raising test usually 
reproduces the same pain [53].

Jaeckle et  al. summarize the sensitivity of 
signs and symptoms of 85 patients with malig-
nant tumors affecting the LPS as follows: leg 
weakness (86%), sensory loss (73%), reflex 
asymmetry (64%), focal tenderness according to 
the topography involved (55%), positive direct 

and reverse straight-leg raising test (53% and 
45%, respectively), leg edema (47%), rectal mass 
(39%), dysesthesia (15%), fasciculations (12%), 
and decreased sphincter tone (12%) [1]. Bowel or 
bladder incontinence or impotence is rarely seen, 
unless the plexopathy is bilateral and sacral [53]. 
Bilateral involvement can be present and should 
raise suspicion of widespread metastatic lesions 
[17].

Despite the low specificity of plexopathy 
symptoms, some important pointers may help in 
differentiating plexual lesions from those affect-
ing only one root or only specific peripheral 
nerves. For example, if impairment of different 
nerves that arise from different roots is securely 

a b

c d

Fig. 21.2 Female, 67 years, presenting with intense lum-
bar pain for 3  months, with no neurological deficit. (a) 
T1-weighted MRI without contrast showing the invasion 
of left quadratus lumborum muscle by the tumor at level 
L2-L3. (b) Surgical exposure of the lesion. T, tumor; 
arrow, 11th rib; arrowhead, 12th rib. (c) Surgical aspect 
after tumor resection. It is possible to observe the cut L1 

and L2 roots (arrow) to allow for radical resection of the 
mass. (d) The lesion was resected along with the 11th and 
12th ribs. The final histopathological diagnosis was of a 
B-cell non-Hodgkin lymphoma. The lesion was solitary 
and the patient underwent radio- and chemotherapy. 
Unfortunately, she developed metastases to the pelvis and 
vertebral column and died 4 months after surgery
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diagnosed (i.e., sciatic, obturator, femoral, puden-
dal nerves, and the cutaneous posterior nerve of 
the thigh), a plexopathy or polyneuropathy is 
more likely than a radiculopathy. The patient may 
also present “hot dry foot” due to damage to the 
retroperitoneal lumbar sympathetic nerves, which 
indicates a plexual lesion, rather than a radicu-
lopathy [18, 53–55]. Additionally, involvement of 
gluteal nerves along with other nerves (i.e., femo-
ral and/or sciatic nerves) indicates that there is a 
plexual lesion, as the superior and inferior gluteal 
nerves arise directly from the plexus [55].

Moreover, clinical findings may not only be due 
to direct neural compromise. Extrinsic mass effect 
on pelvic structures, such as the bladder and ureter, 
may cause signs and symptoms as well [29].

However, when it comes to some benign 
lesions, such as schwannomas and neurofibro-
mas, they may be completely asymptomatic and 
detected incidentally [28, 56–58].

21.5  Complementary Exams

21.5.1  Electrophysiological Studies

Electrodiagnostic studies are useful to determine 
the presence of a lumbosacral plexopathy and 
differentiate it from other similar entities, such as 
radiculopathies and peripheral nerve injuries. 
Plexopathy is usually represented by reduction 
on the amplitudes on both compound action 
potentials and sensory nerve action potentials 
asymmetrically, normal or mildly reduced con-
duction velocities, and prolonged late response 
(F wave) [17, 24]. This nerve conduction study 
may help rule out radiculopathies. The pattern of 
muscle innervation may also aid in the diagnosis 
of a plexopathy. In addition, the presence of myo-
kymic discharges may help rule out the hypothe-
sis of LSPT, as it is only present in radiation 
plexopathy [17].

21.5.2  Computed Tomography (CT)

Imaging studies are of paramount impor-
tance for the diagnostic workup of presumed 

LSPT. Computed tomography (CT) may be suf-
ficient for the diagnosis of LSPT and is espe-
cially useful when there are associated osseous 
lesions, be it osseous remodeling or tumor infil-
tration. Schwannomas can be identified by central 
enhancement on CT and by the target sign [34]. 
CT may also suggest the presence of a retroperi-
toneal tumor through the anterior displacement 
of abdominal structures, such as the aorta, due 
to the mass effect of the lesion [59]. In practice, 
tumors may be identified by CT before a magnetic 
resonance imaging (MRI) is conducted. However, 
further imaging studies with MRI are usually nec-
essary for a better identification of the lesion and 
preoperative planning of surgical approach. CT 
may also be useful to evaluate metastatic diseases, 
in cases in which malignancy is suspected.

21.5.3  Magnetic Resonance Imaging 
(MRI)

MRI has been shown to be more sensitive than 
CT in the context of lumbosacral neoplastic 
plexopathy and should be the method of choice 
for presumed LSPT [23]. Magnetic resonance 
imaging (MRI) has great visualization of the soft 
tissue, being capable to clarify plexus nerve 
inflammation, swelling, and the presence of 
masses [60–64]. It is useful in distinguishing sev-
eral causes of lumbosacral plexopathy, such as 
neoplasms (through compression or infiltration), 
traumatic injuries, abscesses, hematomas, dia-
betic lumbosacral radiculoplexus neuropathy, 
and even post- surgical inflammatory neuropathy 
[16, 17, 34, 37, 65]. MRI may also help in the 
evaluation of multiple lesions in patients with 
NF1 (Fig. 21.3a).

A specific modality of MRI called magnetic 
resonance neurography (MRN), which is based 
on the short T1 inversion recovery (STIR) 
sequence, is especially useful for the anatomical 
study of the LSP and lesions intrinsic to it [66]. 
Studies of neurography with 3T MRI present 
with promising results, being able to provide a 
clear view of the LSP and its peripheral branches, 
differentiating pathological tissue from normal, 
as well as evaluating their relationship with sur-
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rounding structures [66–70]. MR diffusion tensor 
imaging (DTI) has also been utilized in the con-
text of PNT. This technique may aid in the evalu-
ation of the tumor’s relationship to neighboring 
fascicles (Fig.  21.3c) [71–73]. These qualities 
improve diagnostics and preoperative anatomical 
study.

It is not unusual that patients with complaints 
about the lower limb and hip (i.e., local or irradi-
ated pain) are referred to a specialist with an 
inconclusive imaging study. This is because the 
most common causes for these symptoms are 
degenerative pathologies of the hip and lumbar 
column, as well as radiculopathies, and the imag-
ing studies requested by physicians are often not 
suited to visualize the entire LSP.  In such 
instances, a second imaging study, preferably 
MRI, should be conducted, with the specification 
that the pelvis is to be evaluated along the longi-
tudinal axis of the LSP (from L1 vertebra to the 
sciatic notch) [17].

MRI may also aid to evaluate if a mass is 
benign or malignant. Different characteristics 
favor the hypothesis of malignancy, such as peri-
tumoral edema, surrounding tissue invasion, 
necrosis, hemorrhage, heterogeneity and cystic 

changes, intratumoral lobulation, irregular or 
peripheral contrast enhancement, and larger pro-
portions (>5 cm) [60–64]. Schwannomas and ret-
roperitoneal sarcomas may develop cystic 
changes as well. In these cases, the presence of a 
smooth regular border (probably related to a cap-
sule) may suggest a schwannoma as opposed to a  
malignant lesion, in which the presence of an 
irregular margin is more likely [74–76]. Lastly, 
lesions with lower apparent diffusion coefficient 
(ADC mean) values on diffusion weighted imag-
ing (DWI) have been associated with  malignancies 
with both high sensitivity and specificity in the 
context of PNT [77, 78].

21.5.4  Positron Emission 
Tomography (PET)

In cases in which malignant tumors are sus-
pected, PET is indicated when other imaging 
studies are not satisfactory [16, 65]. PET has 
indeed been shown to differentiate benign PNT 
from MPNST with great sensitivity, based on the 
maximum standardized uptake value (SUVmax) 
of the lesion (Fig. 21.3b). It may also be helpful 

a b c

Fig. 21.3 Male, 23 years old, NF1. (a) Magnetic reso-
nance neurography (MRN) and (b) positron emission 
tomography (PET-CT) demonstrating two lesions. Arrow, 
lesion arising from the right lumbosacral trunk 
(34 × 27 mm) with SUVmax of 4.8. Arrowhead, lesion 
inside the substance of the left gluteus medius muscle 

(133 × 115 × 57 mm), with a high SUVmax of 8.2. (c) 
Diffusion tensor imaging (DTI) of the lesion in the right 
lumbosacral trunk showing its relationship to surrounding 
fascicles. Arrow indicates the fascicles dislocated by the 
tumor
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in order to evaluate the presence of distant metas-
tases in cases in which malignancy is suspected 
[64, 79–82].

21.5.5  General Complementary 
Exams

Simple complementary exams can also aid to 
exclude other etiologies for lumbosacral plexop-
athy. Blood glucose or oral glucose tolerance 
tests may help evaluate the possibility of diabe-
tes, which is a major cause of lumbosacral 
plexopathy. Cerebrospinal fluid analysis is also 
helpful in evaluating possible inflammatory or 
infectious disorders. Serology is also recom-
mended when the patient has a history of insect 
bite (i.e., serology for Borrelia burgdorferi) [65].

21.5.6  Preoperative Biopsy

There is scarce documentation concerning preop-
erative biopsies in the lumbosacral plexus, and 
there is still an ongoing debate about the role of 
preoperative biopsy of PNT.  General surgical 
series of MPNST do not approach the proper 
indications and techniques for these lesions [4, 
5]. Nonetheless, for lesions intrinsic to neural 
elements, we recommend that only lesions pre-
sumed to be malignant are biopsied [83].

If biopsy is to be conducted, it should only be 
performed in an image-guided fashion, given the 
risks of damaging important structures of the 
LSP.  Ogose et  al. described good results using 
CT-guided core-needle biopsy to peripheral nerve 
sheath tumors (PNST) around the pelvis, three of 
which to the LSP, with no resulting neurological 
deficits [34].

21.6  Wait-and-See Approach

Not every tumor of the LSP warrants surgical 
treatment, especially when it comes to retroperi-
toneal schwannomas, which, when incidentally 
diagnosed, may harbor a slower-growing behav-

ior. When an asymptomatic lesion is presumed to 
be a schwannoma on MRI, or after biopsy, and is 
not related to any genetic syndrome (NF2 or 
schwannomatosis), it may be managed with a 
“wait-and-see” approach [56, 58]. In Ogose 
et al.’s series of 22 retroperitoneal schwannomas 
conducted in this way, only 2 were lately oper-
ated [58].

These patients must be followed up with CT 
or MRI initially after 3–6 months of the diagno-
sis, then every 6  months, and then every other 
year [56, 58]. If the patient remains asymptom-
atic without interval changes on cross-sectional 
imaging, a further follow-up only with clinical 
history and examination may be considered [56].

21.7  Surgical Treatment

21.7.1  Surgical Indications

Surgery is indicated if the patient presents clini-
cal symptoms caused by the tumor, such as the 
development of intense abdominal or perineal 
pain, lumbalgia, sciatalgia, neurological deficits, 
intestinal obstipation, and urinary retention or 
incontinence. It is also indicated whenever a 
tumor presents characteristics that indicate 
malignancy, with or without a preoperative 
biopsy, always considering the extent of the 
lesion, the presence of secondary lesions, and the 
general status of the patient.

The decision-making process should be tai-
lored along with the general surgery team in 
order to evaluate which surgical approach should 
be preferred in each selected case. The aspects 
that should be considered in the decision are:

 (a) If the tumor arises from or compresses/infil-
trates the LSP

 (b) The location of the tumor in the LPS, if 
located in the lumbar plexus, sacral plexus, 
or both of them, such as tumors affecting the 
lumbosacral trunk

 (c) Its relation to surrounding structures (psoas 
muscles, vertebral column, major vessels, 
and viscera)
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 (d) The tumor’s volume
 (e) The vascularization of the tumor

21.7.2  Basic Techniques of Surgical 
Resection of PNT

Independently of the location of the tumor in the 
LSP, some steps should be followed during its 
exposure and resection.

During resection of the tumor, bleeding should 
be controlled with the usage of cottonoids embed-
ded in warm saline solution and bipolar coagula-
tion should be avoided. The surgeon must be 
ready to stop resection, in case intraoperative 
neurophysiological studies inform that there is an 
impending damage to important neurological 
structures. During dissection and resection of 
PNT, we use straight and curved micro-scissors, 
Penfield dissectors, and nerve hooks.

After exposure of probable schwannomas, 
stimulation ought to be conducted, generally at 
the equator of the lesion, in order to identify an 
electrically silent area devoid of functional fasci-
cles. Then, the pseudocapsule (usually white- 
grayish and tough), but not the true capsule 
(usually yellowish and soft), is incised. A cleav-
age plain is developed in a fascicle-free corridor, 
and dissection is conducted circumferentially 
from this point to the proximal and distal poles of 
the tumor. Schwannomas generally arise from 
one or two non-functional fascicles, and the func-
tional fascicles are generally displaced to the 
periphery of the lesion. This morphology facili-
tates their resection en bloc. After resection of the 
tumor, eversion of the borders of the nerve (“open 
book” maneuver) is conducted in order to evalu-
ate any possible tumoral remnants inside the 
nerve (Fig. 21.4). In opposition to schwannomas 
presenting in other locations, the surgeon should 
not hesitate in resecting this tumor in a piece- 
meal fashion in the LSP, as resection en bloc  
may cause damage to important neurological 
structures (through compression/stretch) during 
its removal.

Neurofibromas, on the other hand, are gener-
ally more difficult to be resected en bloc, as they 

tend to originate from more than one fascicle and 
often there are functional fascicles in the inti-
macy of the tumor. Therefore, it is not uncom-
mon for the resection to be conducted in a 
piecemeal and eventually subtotal technique, 
depending on information obtained via neuro-
physiological monitoring.

If the lesion presents characteristics of malig-
nancy, intraoperative biopsy ought to be performed, 
and then a decision should be taken: to proceed to a 
partial resection or to stop the procedure and wait 
for the definitive histopathological diagnosis. In 
case the lesion is metastatic, the surgeon ought to 
avoid rupture of the tumor capsule.

21.8  Surgical Approaches

Three surgical approaches to the LSP are gener-
ally preferred, as well as some variations of these 
techniques depending on the extent of the tumor:

Fig. 21.4 “Open book” maneuver, consisting in eversion 
of the nerve’s border in order to evaluate any remaining 
tumoral tissue. Arrow indicates a remaining portion of a 
schwannoma located inside the nerve
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 1. Dorsal approach
 2. Anterolateral retroperitoneal approach 

(lumbotomy)
 3. Anterior transabdominal approach

The access to the retroperitoneum is assisted 
by the general surgery team, followed later by the 
neurosurgery team to perform the microsurgical 
dissection of the LSP and resection of the tumor. 
Some centers have also had good results with the 
aid of minimally invasive techniques; this is a 
growing field with promising results [84–87].

In any of the following approaches, intraop-
erative neurophysiological monitoring should be 
performed. In our experience, it aided in the 
resection of several LSPT and reduced the inci-
dence of complications [88].

Several techniques for the intraoperative neu-
rophysiological monitoring are available: contin-
uous electroencephalogram (EEG), spontaneous 
and evoked electromyography, and somatosen-
sory evoked potential through stimulation of 
muscles and evaluation of EEG.  Motor evoked 
potentials of different muscles should also be 
performed through transcranial electrical stimu-
lation in C4-CZ and C3-CZ (related to the pri-
mary sensorimotor cortex), using the abductor 
digiti minimi response as a control. One should 
evaluate the vastus medialis bilaterally for the 
assessment of roots L2-L3-L4, the tibialis ante-
rior for L4-L5-S1, the gastrocnemius for S1-S2, 
the abductor hallucis for L5-S1, and the external 
anal sphincter for S2-S3-S4 [88, 89]. These tech-
niques provide the surgeon the security that there 
is no impending damage to important neurologi-
cal structures and should be used whenever avail-
able. When the lesion is in the sacral plexus, 
however, we find this monitoring to be indispens-
able, because of the risks of deficit to important 
structures such as S2 and S3 roots that innervate 
the anal and urethral sphincters.

21.8.1  Dorsal Approach

The dorsal approach is useful to access proximal 
lesions of the lumbar plexus (T12- L1), some of 

which have intraforaminal components. The 
patient is placed in the prone position, and a dor-
sal incision is performed over the spinal apophy-
sis after localization by intraoperative imaging 
exam (X-ray). Dissection of the paravertebral 
muscle is performed, and partial laminectomy 
and facetectomy are carried out; dissection out-
side the limits of the spine then follows, and it is 
important at this point not to compress the roots 
compromised by the tumor.

21.8.2  Extended Dorsal Approach

An extended dorsal approach can also be per-
formed in order to access upper structures of the 
lumbar plexus. The longitudinal incision is initi-
ated around 3 cm medially to the antero-supe-
rior iliac spine and extends to the anterior border 
of the 11th rib, where it extends obliquely and 
posteriorly until the level of the spinal apophy-
sis of the 11th thoracic vertebra. Following the 
incision to the skin and subcutaneous fat, divi-
sion or dissection of the aponeuroses of the 
external oblique muscle and of the serratus ante-
rior muscle covering the 11th rib is performed. 
The sectioning of the fibers of the serratus ante-
rior and of the latissimus dorsi muscle is then 
carried out. Then, the liberation of the 11th rib’s 
periosteum is performed until it reaches the cos-
tovertebral articulation, in order to permit the 
resection of the aforementioned rib. At this 
moment, care must be taken not to damage the 
neurovascular bundle that follows the inferior 
border of the rib. The next step is the sectioning 
of the fibers of the external oblique, internal 
oblique, and transverse abdominal muscles, 
with caution not to enter the peritoneal cavity. 
Following, the removal of the 11th rib is per-
formed, also with caution not to open the pari-
etal pleura. In case that should happen, it must 
be corrected immediately. The access to the ret-
roperitoneum is then performed through blunt 
dissection from the inferior pole of the initial 
incision, in order to expose the iliac insertion of 
the psoas major muscle, all the way to its supe-
rior insertion, at the level of T12-L1. After that, 
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careful dissection of psoas major muscle fibers 
is conducted, and the tumor is exposed.

21.8.3  Anterolateral Retroperitoneal 
Approach

The anterolateral retroperitoneal approach, or 
lumbotomy, permits the access of the structures 
of the lumbar plexus, from L1 to L4/L5. The 
patient is positioned in an oblique position, with 
a cushion under the decubitus flank and with the 
hips and shoulders fixated to the operating table, 
with the contralateral hip in a 30° angle and tho-
rax in a 60° angle in relation to the operating 
table; thus, the patient stays in a shape of an 
inverted “V” (Fig. 21.5). The ipsilateral leg must 
be flexed to relax the psoas muscle, as to dimin-
ish the tension over the LSP, facilitating dissec-
tion. The surgeon then positions him-/herself 
posteriorly to the patient. The operating field 
must permit that key anatomical structures, such 
as the last ribs and the iliac crests, are identified 
by palpation. The incision is performed in an 
oblique fashion, with the posterior half of the 
12th rib as the superior point, following the lat-
eral margin of the rectus anterior, ending in a 
point equidistant to the umbilicus and the pubic 
symphysis. Once the incision is performed on the 
skin and subcutaneous fat, division or dissection  
of the aponeurosis, the external oblique muscle, 
internal oblique muscle, transverse abdominal 
muscle, and transversalis fascia is then per-
formed. At this moment, the surgeon must be 
careful not to damage the peritoneum, and if it 
should happen, its correction and the evaluation 
of any lesion to intraperitoneal organs must be 
done promptly. The access to the retroperitoneum 
is performed through blunt dissection between 
the adipose tissue and the psoas major muscle 
fascia, in order to create enough room to access 
the neurological structures.

In both the extended dorsal approach and in 
the anterolateral retroperitoneal approach, once 
the retroperitoneum is accessed, the auxiliary 
surgeon must traction the intraperitoneal con-
tent in the anterior direction, with the help of 

malleable retractors. In case there is necessity 
to move away the lumbar aorta or inferior vena 
cava, the ligature of the lumbar arteries or veins 
can be performed. As these smaller vessels are 
located posteriorly to the large vessels, careful 
maneuvers and effective ligature must be per-
formed, as to prevent severe bleeding, which is 
difficult to control in this setting. In the dissec-
tion of deep planes, when trying to access the 
nerve roots of interest, caution must be taken 
not to damage the sympathetic trunk, the geni-
tofemoral nerve, and the ureter, as they are usu-
ally not visualized from this approach. The 
psoas major muscle should not be cut. Instead, 
delicate dissection of its muscle fibers is con-
ducted using microsurgical techniques at the 
point of maximum convexity over the tumor, 
identified by palpation. Once the delicate dis-
section of the psoas major muscle fibers is con-
ducted and the tumor is visualized, its further 
exposure is conducted with the aid of dynamic 
retractors, avoiding continuous traction over 
the neural elements. Further dissection and 
exposure are then carried out with care not to 
damage vascular pedicles that usually arise 
from the posterior aspect of the lesion. If these 
vessels are damaged in a moment when the 
tumor and its vascular supply are still not ade-
quately exposed, bleeding that is difficult to 
control may occur.

The synthesis of the musculoaponeurotic 
planes must be performed in an individualized 
and meticulous fashion in order to avoid the 
emergence of incisional hernias. In selected 
cases, it is possible to access nerve roots 
located in the crossing of the ureter with the 
primitive iliac vessels through an inguinotomy 
approach.

21.8.4  Anterior Transabdominal 
Approach

The anterior transabdominal approach is uti-
lized for tumors in the lumbosacral trunk to 
S1-S4 levels. The approach is conducted by 
positioning the patient in dorsal decubitus, 
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a

b c

d e

Fig. 21.5 (a) Positioning of the patient for the anterolat-
eral retroperitoneal approach. (b) Coronal T1-weighted 
MRI without contrast showing a lesion inside the sub-
stance of the psoas major at levels L2-L5 (Note the 
“paper-thin” thickness of p.m.). T tumor, pm psoas major. 

(c) The psoas major muscle from the perspective of a lum-
botomy. (d) Dissection of psoas major fibers (it is possible 
to see the tumor underneath the muscle). (e) The final his-
topathological diagnosis, after complete surgical resec-
tion, was of a schwannoma
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and besides an indwelling bladder catheter, an 
orogastric catheter is also placed (Fig.  21.6). 
The latter should be used only during the sur-
gical act. Then, a median vertical or a trans-
verse (Pfannenstiel) incision is performed. 
The median incision is preferred and should 
start 2–3 cm superior to the umbilicus, or just 
inferior to it, and extend to the pubic symphy-
sis, along the linea alba. In cases of previous 
abdominal and/or pelvic surgery, the access 
to the LSP through this access may be hin-
dered. After abdominal incision is performed, 
the peritoneum is incised with care, avoid-

ing damage to the intraperitoneal content, 
and at this point, the operating table is put in 
Trendelenburg position, and the intraperito-
neal contents are moved in a proximal direc-
tion and maintained away from the operating 
field with the aid of surgical dressing. In the 
necessity to open the posterior peritoneum at 
the level of L5-S1, a ligature of the median 
sacral artery must be performed first. The dis-
section to access the nervous structures of the 
LPS located in the pelvis must be performed 
carefully in order to avoid damage to the 
pre-sacral plexus of parasympathetic nerves, 

a b

c d

Fig. 21.6 (a) Positioning of the patient for the anterior 
transabdominal approach. The surgeon is positioned 
between the legs of the patient. (b) Exposure of the tumor 

deep in the ischiorectal fossa. (c) Surgical aspect after 
resection of the lesion. (d) The final histopathological 
diagnosis was of a schwannoma
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sacral median artery, aorta, inferior vena cava, 
primitive iliac vessels, internal and external 
iliac vessels, and the ureter. Fortunately, the 
ureter is located laterally using this approach, 
helping to prevent iatrogenic lesions. The 
large vessels are then identified and posi-
tioned laterally. The posterior peritoneum is 
incised in a vertical fashion, medially to the 
common iliac artery. The hypogastric plexus 
is usually not visible from this approach as it 
is involved by retroperitoneal fat tissue; there-
fore its mobilization and dissection must be 
carried out with care. At this point, one should 
avoid using retractors, and cautery devices are 
forbidden during maneuvers for dissection of 
tumors in this area. To control small bleeders, 
we use bipolar coagulation at low setting and 
never in the neural elements. The exact loca-
tion of the tumor can be assessed using digital 
palpation. Tumors at this level are usually sup-
plied by branches of rectal and iliac vessels, 
and this approach allows for their localization 
and ligature. Once the ligature is concluded, 
the tumor is resected with care, following the 
same principles stated above.

21.8.5  Surgical Complications

Dafford et  al. reported that weakness was 
the most common postoperative finding in 
patients. Among the 12 patients harboring NF1-
associated neurofibromas in this series, demon-
strable weakness after surgery occurred in 11 
(92%) [2]. Alderete et al. assessed the morbid-
ity associated with surgical excision of neuro-
genic tumors of the pelvis in 38 patients and 
reported that the most common complication 
was some grade of nerve paralysis, observed in 
32% of the patients. Clinical evidence of post-
operative nerve palsy presented more often in 
patients surgically treated for malignant lesions 
(7 of 12, 58%), when compared to those treated 
for benign tumors (5 of 26, 19%) [3]. Poor neu-
rological outcomes thus seem to be related to 
malignant lesions and the need for wide surgical 

margins. However, continuous traction of neu-
ral structures during surgery may also lead to 
deficit. Guedes et al. reported a case in which a 
patient presented with a foot drop after surgery, 
which was probably caused by the stretch of 
neural structures during the removal of a sacral 
schwannoma [90]. Therefore, autostatic retrac-
tors should not be used when approaching the 
LSP.

21.9  Final Considerations

LSPT are rare, and there are only few series 
conducted in order to study them as a distinct 
group of lesions [2, 3]. Their management must 
be conducted in a multidisciplinary way. They 
most commonly cause a pressure-like subacute 
pain that may be present as diffuse abdominal 
pain, lumbar pain, radicular pain extending to 
the leg, or even perineal pain. They may also 
cause symptoms related to neurological defi-
cits, such as leg weakness and sensory loss, 
related to compression of venous structures, 
such as leg edema, and related to compression 
of abdominal viscera, such as constipation and/
or urinary retention. Albeit rare, autonomic 
involvement and urinary incontinence may 
also be present. MRI is of paramount impor-
tance for determining the tumor’s anatomical 
relations to the LSPT and neighboring struc-
tures and therefore should be the imaging exam 
of choice.

The location of the tumor in relation to the 
LPS and the lumbosacral column will deter-
mine which surgical approach is preferred, and 
this decision should be made together with the 
general surgery team. Intraoperative functional 
assessment, multimodal evaluation, as well as 
microsurgical techniques should be used in 
order to preserve neurological function. It is not 
always possible to achieve a complete resection 
to these lesions. A suggested algorithm for aid 
during the decision-making process when fac-
ing a presumed LSPT is presented in Fig. 21.7 
[91].
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Management of Paraspinal Nerve 
Sheath Tumors

Christopher F. Dibble and Wilson Z. Ray

Abbreviations

EMG Electromyography
MEP Motor evoked potentials
MIS Minimally invasive spine
MPNST Malignant peripheral nerve sheath 

tumor
MRI Magnetic resonance imaging
NF1/NF2 Neurofibromatosis
PaNST Paraspinal nerve sheath tumor
SSEP Somatosensory evoked potentials

22.1  Introduction

Paraspinal nerve sheath tumors (PaNST) are a 
complex group of pathologies that are both chal-
lenging and satisfying to treat. In this chapter we 
offer our recommendations for the management 
of PaNST as well as review of the existing litera-
ture. Overall these lesions are best approached in 
a multidisciplinary fashion, but surgical decision- 
making stands at the center of the treatment strat-
egy, and surgical expertise and pre- and 
postoperative support are key drivers in out-
comes. Peripheral nerve surgeons are often mul-

tidisciplinary in training already and with PaNST 
are further expected to extend their comfort zones 
to include thoracotomies and extradural/intradu-
ral dissections, operating on the cervical spine 
and around the cervicomedullary junction and 
operating on the lumbar spine in large patients, to 
name a few of the challenges. Neurosurgeons, 
because of their experience and necessary com-
fort with operating around the spine and spinal 
cord, may be uniquely well positioned to perform 
these cases, unlike some other areas of peripheral 
nerve where our orthopedics or plastics col-
leagues often have significant expertise in mat-
ters of the hand or limb.

A PaNST is defined as a tumor either centered 
lateral to the neural foramen originating from or 
involving the nerve sheath or with an intracanal 
or intraforaminal origin with a significant soft tis-
sue component outside the spinal canal. Most 
PaNST originate from the sensory components of 
the associated nerve root, frequently at the transi-
tion zone between the central nervous system 
(CNS) and peripheral nervous system. This is the 
so-called Redlich-Obersteiner’s zone where 
myelination source switches from oligodendro-
cytes to Schwann cells. There is a relatively even 
distribution of PaNST between the different lev-
els of the spine, although in the past there have 
been suggestions that cervical or thoracic spine 
had an increased incidence [1].

PaNST are often referred to interchangeably 
as dumbbell tumors, which are defined as having 
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communicating intraforaminal and extraforami-
nal components, and about 10–15% of PaNST 
have this dumbbell shape [2]. To the peripheral 
nerve surgeon, many clinically relevant PaNST 
will be some form of dumbbell tumor, but for the 
sake of classification, it should be noted that all 
dumbbell tumors are PaNST, but not all PaNST 
are dumbbell tumors (i.e., PaNST can just be lat-
eral to the foramen).

The differential diagnosis for paraspinal mass 
lesion can be quite broad, with PaNST as most 
likely, but also including metastases, intraforami-
nal synovial cysts, chordoma, sarcoid, extradural 
arachnoid cyst, and abscess [3]. Generally 
though, MRI is able to delineate whether a lesion 
is a PaNST, which have been estimated at about 
8% of all primary tumors of the CNS [4, 5]. The 
majority are benign, and the differential of 
PaNST is relatively small, with schwannomas 
being the most common at 65%, followed by 
neurofibromas at 30% [6, 7]. Both tumors can 
occur at any age and are associated with neurofi-
bromatosis 1 or 2 (NF1/NF2), and schwannoma-
tosis, a subtype of NF [8, 9].

One particularly complex PaNST is the plexi-
form neurofibroma. These can be quite large and 
unresectable, especially in NF patients. They can 
undergo malignant degeneration and should be 
surveilled if not operable. Fortunately, they can 
remain stable, and patients may only suffer radic-
ular symptoms (Fig. 22.1). Chemical and biolog-
ical targets are currently under investigation for 
therapy of plexiform neurofibromas. Selumetinib 
has indeed been shown to reduce the size of inop-
erable plexiform neurofibromas, thus apparently 
stopping their progression into MPNST.

Malignant peripheral nerve sheath tumor 
(MPNST) is the next most common at 1–5%, [4, 
5]. This disease is very aggressive and carries a 
poor prognosis. MPNST can occur at any age and 
can be associated with NF1, a history of prior 
radiation therapy and degeneration of existing 
PaNST. The clinical presentation for MPNST is 
typically one of severe pain, even at rest, and pro-
gressive neurological deterioration. Much less 
common PaNST have been described, including 
perineurioma, spindle cell tumors, fibrous histio-
cytoma, solitary fibrous tumor, paraganglioma, 
angiolipoma, and hemangioma [1, 10]. Finally, 
sympathetic chain nerve sheath tumors are a rare 

and usually benign PaNST in the cervical and 
thoracic spine [11].

Practically speaking, nerve sheath tumors can 
often be differentiated from other lesions pre- 
operatively by history, physical, and imaging, but 
as with other aspects of medicine, it is prudent to 
keep a broad differential initially and investigate 
unusual lesions because if non-neoplastic, man-
agement is often nonsurgical. Many PaNST are 
associated with neurocutaneous disorders such as 
NF1/N2, and genetic counseling may be impor-
tant for diagnosis and prognostication.

22.2  Workup

A thoughtful physical exam is a key component to 
workup of a PaNST, and as with many other 
aspects of medicine, the history often clinches the 
diagnosis. A thorough spine exam should be con-
ducted, including strength, sensation to pinprick 
with attention to dermatomal patterns, reflexes, 
and gait/balance/proprioception. Myelopathy and 
radiculopathy should be appreciated. A family 
history of neurofibromatosis or other phakomato-
sis should be queried. If the anatomy allows, 
PaNST may manifest as a mobile mass with 
accompanying dermatomal pain. If possible to 
palpate a mass, a fixed or infiltrative one is more 
concerning than a well- circumscribed and mobile 
one. Attention should be paid to the spinal level of 
involvement in terms of the sensory level or der-
matomal distribution.

22.3  Imaging 
and Electrodiagnostic 
Studies

Thorough pre-operative imaging and electrodiag-
nostics are critical for managing paraspinal nerve 
sheath tumors. In most cases, MRI with and with-
out contrast is the gold standard for lesion char-
acterization and surgical planning. It is sensitive, 
and in addition to critical information about size 
and location, the surgeon can appreciate intrinsic 
lesion characteristics suggesting the diagnosis. 
The relationship of the lesion to the spinal cord 
and nerve roots can be appreciated, as some 
tumors can compress or rotate the thecal sac. The 
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location of the tumor must be understood with 
relation to important vascular structures, as well 
as the lungs or viscera.

With cervical tumors, it is especially important 
to appreciate the course of the vertebral arteries, as 

well as their contributions to cerebral vascular ter-
ritories. Depending on the anatomy of the lesion, 
different levels of invasiveness for imaging may be 
warranted. In some cases inspection of the verte-
bral arteries on T2 sequences is sufficient. If there 

Fig. 22.1 This patient is a 56-year-old female with 
symptoms of progressive upper extremity weakness who 
was found to have what appeared to be extradural/extra-
medullary compressive lesion involving the C4 vertebral 
body and invading the left vertebral artery (a) and (b).  
After an extensive workup and a planned sacrifice of the 
left-sided vertebral body by our interventional radiology 
colleagues, the patient was brought for a combined ante-

rior-posterior decompression and reconstruction (c–f). 
The anterior component included C4 corpectomy and then 
anteriorly several days later we performed C3–C6 decom-
pression and C2–C6 fusion, with resection of large left C3 
tumor. Pathology showed Schwannoma. Metallic artifact 
limits post operative evaluation but it was read as com-
plete tumor resection

a b

c d
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is higher concern for artery involvement, a CT or 
MR angiogram of the head and neck can be 
obtained. While catheter angiography is not com-
pletely without risk to the patient, it is critical in 
surgical planning in cases where the artery is 
clearly at risk or involved. Angiography also gives 
the opportunity for pre- operative tumor emboliza-
tion or arterial sacrifice.

Schwannomas and neurofibromas, which 
account for the majority of paraspinal tumors, 
can be difficult to differentiate from each other 
based on imaging alone. Generally, both tumor 
types are hypo- or isointense on T1 and are 
avidly contrast enhancing [12]. They are often 
hyperintense and homogenous or displaying an 
area of central hypointensity. In most cases, 
paraspinal nerve sheath tumors are associated 
with the dorsal or sensory nerve rootlets [3, 10]. 
Depending on growth pattern, they can be intra-
dural or intradural/extradural. Central location 
or diffuse involvement of the nerve is more sug-
gestive of a neurofibroma, whereas eccentricity 
of the lesion to the nerve suggests schwannoma 
[13]. Radiographically, lesion size larger than 
5 cm, ill-defined margins, invasion of fat planes, 
and peritumoral edema are concerning for 
MPNST [14].

Frank necrosis on MRI is concerning for a 
higher-grade neoplasm such as MPNST [15]. 
Sometimes neurogenic muscle denervation can be 
appreciated as T2 bright muscle edema, and diffu-
sion MRI has recently been shown to be useful in 
the diagnosis of MPNST. CT scan can also be a 
useful adjunct in some cases. Paraspinal nerve 
sheath tumors, especially dumbbell tumors, can 
be associated with significant bony remodeling 
and erosion. Better appreciating the bony anat-
omy is also helpful for patients that will need 
instrumented fusion. Increased uptake in positron 
emission tomography (PET) can be helpful to 
diagnose MPNST, but benign PaNST can have 
significant uptake as well [16].

Electrodiagnostic testing can be a useful 
adjunct in the diagnosis and management of para-
spinal nerve sheath tumors. In some sense electro-
diagnostics are less helpful in managing these 
tumors than it is in the more common compres-
sive neuropathies, in that MRI often clinches the 
diagnosis or dictates management because of the 
anatomic location of a tumor. We find them to be 
helpful in differentiating chronicity of tumors 
when there is limited imaging history. Specifically, 
chronic motor changes imply a slower-growing 
lesion, whereas fibrillations or other evidence of 

Fig. 22.1 (continued)
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acute denervation is more concerning for an 
aggressive lesion such as MPNST [17]. As with 
all electrodiagnostic studies, testing is technical 
and is operator specific and should be both per-
formed and interpreted by sophisticated practitio-
ners. The tumors often involve the  sensory nerve 
and can have disruption of sensory nerve action 
potentials on nerve conduction studies.

22.4  Surgical Indications

Like other aspects of nerve surgery, the decision 
when to intervene on a PaNST is often a mat-
ter of clinical judgment with no absolute right or 
wrong answer. The single most important factor 
favoring an operative intervention to us is devel-
opment of a neurological deficit, but increasing 
size, worsening pain or numbness, and encroach-
ment of other critical structures are also indica-
tions to operate. It is important to note that not 
all PaNST require surgical intervention. In cases 
where patients are not symptomatic, the mass 
is stable in size, and they have other surgical 
comorbidities. Surveillance imaging and clinical 
follow- up are reasonable. For small and asymp-
tomatic tumors that are often detected inciden-
tally, we will repeat MRI 3–6  months after the 
initial study to ensure short-term stability and 
then repeat annually to monitor for growth.

When the decision is made to move forward 
with treatment, it should be done in a thoughtful 
and multidisciplinary fashion. In some cases with 
NF1 and NF2, the peripheral nerve surgeon is the 
primary entry point for complex patients to the 
healthcare system, and thus we must make the 
initial decisions to get oncology, radiation oncol-
ogy, or genetics involved. Important questions 
must be answered such as is tissue diagnosis 
needed, are there noninvasive treatment options, 
and is further screening warranted? It goes with-
out saying that for some patients, this diagnosis 
will be the worst news of their lives so far and 
that they are right to be concerned about develop-
ing serious problems like neurological deficits in 
some cases. A knowledgeable and well-trained 
peripheral nerve surgeon can help these patients 
immensely by knowing when to operate, how to 
set expectations, and having good surgical out-

comes from good training and adherence to com-
mon sense surgical principles.

22.5  Surgical Management

Treatment for benign PaNST is primarily surgi-
cal, with the goals of (1) providing tissue diag-
nosis, (2) maximal safe tumor resection, and (3) 
protection of key neurovascular structures and 
preservation of pre-operative neurological func-
tion. In general, symptomatic patients should 
undergo early surgery, and gross total resection 
of benign PaNST is often curative. There is no 
established role for chemotherapy. Radiation 
therapy, either fractionated or stereotactic, is 
used in select cases, usually inoperative, malig-
nant, or recurrent tumors, although there is con-
cern that patients with NF1/NF2 are at increased 
risk for radiation-induced malignancy [18, 19].

Goals of surgery should be discussed and 
understood by the patient, whether it is tissue 
diagnosis, debulking, or gross total resection. 
Next, consider approach, positioning, intraoper-
ative needs, and neuromonitoring. For instance, 
when planning resection of a dumbbell tumor, 
the surgeon must consider whether the configu-
ration represents inward extension of an epidural 
tumor through the neural foramen or extradural 
extension of an intradural tumor, because this 
informs whether intradural exploration will be 
needed.

We also think that it is a best practice to have a 
discussion with anesthesia colleagues about the 
plan for the case and any special considerations 
they might have. For instance, ventilation consid-
erations if the patient needs a lung to be partially 
let down during an anterolateral thoracic spine 
approach or blood pressure management when 
working near the spine or the need for potentially 
serious transfusions if working near great vessels. 
It is important to keep in mind that when bony 
work is done, especially multilevel laminectomies 
or situations destabilizing the facet joints, caution 
must be taken to minimize the risk of the patient 
to develop progressive deformity. Osteoplastic 
laminotomies may be one way to avoid this. If the 
rostral or caudal facet joint is injured, instrumen-
tation and fusion may be necessary.
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22.6  Intraoperative 
Considerations

Usually PaNST grow concentrically around the 
spinal nerve root, usually the sensory root. 
Neurofibromas often necessitate sacrifice of the 
nerve root because it is an intrinsic tumor of the 
nerve root, whereas schwannomas can sometimes 
be resected without sacrificing the nerve root 
because they are located eccentrically concerning 
the involved root [20]. This sacrifice of the neuro-
fibroma roots is often inconsequential in the sense 
that these nerves are usually nonfunctioning and 
involved with tumor already, and function has 
either been lost or compensated. Neurofibromas 
can range from well demarcated to diffuse and are 
associated with the epineurium. They can be more 
challenging to get gross total resection than with 
schwannomas, which rarely recur and are unlikely 
to undergo malignant transformation [21]. 
Intraoperative ultrasound can be a helpful adju-
vant for tumor and abnormal tissue location, and 
we have used it with success as a relatively inex-
pensive and noninvasive diagnostic adjuvant [22].

Intraoperative neuromonitoring is an important 
adjunct for performing maximally safe surgery. It is 
our preference to use somatosensory evoked poten-
tials (SSEP) and motor evoked potentials (MEP) in 
all cases with a paraspinal tumor that has intrafo-
raminal components or is involving any CNS struc-
tures in the cervical or thoracic spine, as well as in 
the conus. We use electromyography (EMG) to aid 
in resection of tumor from functional nerve roots in 
the cervical, lumbar, and sacral spine. We also find 
that a handheld nerve stimulator can be helpful 
intraoperatively, especially to help delineate motor 
nerve roots when anatomy is challenging.

22.7  Surgical Considerations by 
Tumor Location

The approach for addressing paraspinal tumors 
should be highly tailored to the individual case. 
Before the critical decision of operative approach 
can be made, the exact size, anatomy, and imaging 
characteristics, along with patient-specific consid-
erations, must all be thoroughly studied and appre-

ciated. Pre-operative optimization is important, 
especially for NF1 and NF2 patients. All patients 
undergoing elective surgeries at our institution are 
evaluated by a specialized pre- operative anesthe-
sia service, along with routine screening labs. In 
some cases, such as involving hand function, or 
myelopathy when there is significant intraforami-
nal extension, patients may benefit from a regimen 
of “pre-habilitation” or laying a foundation with 
physical or occupational therapists prior to under-
going surgical intervention.

22.8  Cervical Spine 
and Craniocervical Junction

Approaching paraspinal nerve sheath tumors in 
the cervical spine can be challenging, due to the 
presence of critical neurological and vascular 
structures, along with cranial nerves and territory 
important to the airway and feeding. Fortunately, 
the same workhorse techniques that spine sur-
geons are familiar with—the anterior paramedian 
“ACDF” and posterior midline approaches—are 
most commonly used. With a posterior approach, 
the bony exposure must allow complete visual-
ization of the tumor, without having to manipu-
late the spinal cord or nerve roots aggressively.

Neuromonitoring can be a useful adjunct here 
as well as EMG. Sometimes it can be a difficult 
judgment whether to take an involved nerve root 
versus sparing it along with gross tumor. We pre-
fer a technique of adequate but not overly aggres-
sive soft tissue and bony exposure and then 
dissect the tumor as possible from normal neuro-
logical structures. A combination of instruments 
can be used for this, and we use Penfield and 
occasionally Rhoton dissectors, straight and 
curved micro-scissors, blunt and sharp nerve 
hooks, and bipolar cautery judiciously. The tumor 
should be debulked as necessary (with the aid of 
cavitron ultrasonic aspirator, if available), and 
overall a plane should be developed and should 
be peeled off of normal neurological structures as 
possible, working back and forth with a 
 combination of blunt and sharp dissection and 
bipolar cautery. Sometimes spinal reconstruction 
is required postoperatively (Fig. 22.2).
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Fig. 22.2 This patient is a 50-year-old female who pre-
sented with caudal thoracic radicular pain and signs of early 
myelopathy. She underwent a T11–T12 laminectomy with 
resection of intradural extramedullary tumor, and pathology 
was consistent with Schwannoma. (a) Sagittal and then (b) 
axial pre-operative MRI demonstrates a contrast-enhancing 
lesion at the left T11 and T12 neural foramen, extending 
from within the central canal to the paraspinal space, causing 

spinal stenosis and mass effect on the thoracic cord. Note 
expansion of the neural foramen. (c) Intraoperative photo-
graph demonstrating the initial bony exposure of the case, (d) 
The tumor is exposed, (e) Gross total resection has been 
achieved, with the involved nerve roots tied off with silk ties 
after ligation, (f) Closure: After thorough irrigation and 
immaculate hemostasis, application of a generous amount of 
fibrin glue, followed by layered closure and skin glue

a b

c d
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Any traction on the spinal cord or nerve roots 
should be avoided. When normal anatomy is dis-
torted, trace from normal to pathology, use nerve 
stimulation, and use good surgical anatomic prin-
ciples to identify midline markers and stay ori-
ented. Maintaining midline at the craniocervical 
junction is critical in order to avoid injuring the 
vertebral arteries, as is a pre-operative appreciation 
of their course. Depending on the extent of the 
tumor and whether diagnosis is known beforehand, 
intraoperative pathology can be helpful in surgical 
decision-making. Careful hemostasis should be 
maintained with a combination of hemostatic 
agents and pressure, along with microirrigation.

Any planning of cervical approaches for 
tumors must take into account managing the 
carotid and vertebral arteries, especially around 
the craniocervical junction. If there is concern 
that the tumor is involving the artery, the anatomy 
and physiology of the vertebral arteries should be 
appreciated, and consultation may be warranted 
with endovascular colleagues for a potential cath-
eter angiogram. In certain challenging cases, 
intentional pre-operative endovascular sacrifice 
of the artery may be warranted. The ability of the 

patient to tolerate this can be anticipated with a 
balloon occlusion test. Intraoperatively, the ceph-
alad and caudal areas of the artery involved by 
the tumor must be exposed for control. The artery 
should be free by meticulous technique and pro-
tected. True vertebral artery injuries during 
PaNST resections are rare, and an injury should 
be handled in the usual fashion, which is hemo-
stasis with hemostatic agents and pressure, fol-
lowed by attempt at primary reconstruction, with 
or without consultation with a vascular colleague, 
then endovascular or surgical sacrifice. For high 
lesions, consultation with otorhinolaryngology 
specialists is recommended, especially for lesions 
involving the airway and/or esophagus.

22.9  Thoracic

Thoracic PaNST, which make up about 35% of 
cases, present their own set of challenges due to 
the anatomy of the ribs, lungs, and great vessels 
[23]. As the paraspinal portion of the tumor 
enlarges, it can involve the aorta, vena cava, and 
azygous veins. SSEP and MEP neuromonitoring 

Fig. 22.2 (continued)
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is a useful adjuvant. Like the cervical spine, great 
care must be taken not to put traction on the spinal 
cord, and in fact the thoracic spinal canal is nar-
rower than the cervical one. Unlike the subaxial 
cervical spine, there are no significant conse-
quences for taking nerve roots other than derma-
tomal sensory loss over the ribs. Typically this is 
well tolerated by most patients, with the exception 
of the T1 nerve root, which warrants special con-
sideration. If the paraspinal components of these 
tumors grow significantly, they can involve the 
subclavian artery. Furthermore, as a contributing 
root to the brachial plexus, T1 is a critical nerve 
for hand function [24]. If nerve roots are taken, 
they should be ligated with silk suture to prevent 
CSF leak. If destabilization occurs, such as dis-
ruption of the pars or facet complex, instrumented 
fusion must be considered.

The most common approaches to PaNST of 
the thoracic spine are the standard midline poste-
rior, with or without paramedian exposure for 
costotransversectomy (Fig.  22.3). The costo-
transversectomy exposure is significant com-
pared to the standard posterior one, with 
transverse process, medial portion of the rib and 
rib head, and resection of the entire costoverte-
bral articulation. We position prone unless the 
tumor has significant lateral extension, in which 
case we will go to lateral. After sub-periosteal 
dissection and exposure, the proximal 3–6 cm of 
rib head is taken, freeing up the lateral margins of 
the approach corridor. A laminectomy, facetec-
tomy, and then pediculectomy are then per-
formed. At this point the lateral aspect of the 
spinal cord is exposed, and the involved nerve 
roots are ligated and retracted before resection of 
the tumor.

With the assistance of thoracic or vascular col-
leagues, larger, anterior, or more lateral tumors 
can be accessed by trans-sternal, open, mini, or 
endoscopic thoracotomy or a combination of 
these approaches. We attempt to avoid thoracoto-
mies when possible due to the morbidity of the 
procedure and our familiarity with posterior and 
posterolateral approaches. For an excellent 
description of a thoracoscopic approach to a 
PaNST, please see Dr. Kline’s 2007 article 
Surgical approaches to paraspinal nerve sheath 

tumors [2]. Briefly, proper endoscopic instru-
ments are required, and the patient is positioned 
in lateral decubitus. Fluoroscopy is used to iden-
tify the level, and a lung is often purposefully 
deflated for access. Care must be taken to not 
injure pleura or segmental vessels. The intrafo-
raminal portion of the tumor is resected once the 
tumor is debulked. Dumbbell tumors may require 
a combined anterior and posterior approach. If 
there is cord compression, however, the intraspi-
nal component of the tumor ought to be resect 
first, as the priority is to decompress the spinal 
cord.

22.10  Lumbosacral

Lumbosacral PaNST can be challenging cases as 
they are more prone to grow to large sizes before 
being detected. Their location can also be com-
plex in that it involves both the spinal canal and 
retroperitoneum. Large tumors may compress the 
iliopsoas and femoral nerve, iliac vessels, kid-
neys, ureters, and lumbosacral plexus and may 
require staged operations. Lumbosacral PaNST 
can be approached in a traditional posterior or 
paramedian approach or anterior retroperitoneal 
approaches with a paramedian or flank incision, 
both workhorse approaches for neurosurgeons.

For the retroperitoneal approach, we typically 
perform this with the help of a vascular access 
surgeon, in a manner similar to an anterior lum-
bar interbody fusion. The location of the abdomi-
nal aorta bifurcation must be appreciated, as with 
the inferior vena cava confluence. We have the 
best success with anterior access at L4-S1, but in 
certain cases, the anatomy will allow for access 
up to even L2. Great care must be taken to avoid 
injuring the ureter, as well as to not place too 
much retraction on the psoas muscle so as to 
avoid injuring the femoral nerve.

22.11  Minimally Invasive Surgery

Minimally invasive spine (MIS) surgery options 
for thoracic and lumbar PaNST management are 
increasingly becoming an option. Multiple case 
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series and literature reviews have been published 
recently and report successful outcomes with bony 
work and dumbbell tumor resection [25, 26]. The 
authors in these studies prefer a tubular retractor 
approach (either serial dilation or expandable). As 
long as the goals of surgery can be met with MIS 
surgery, in our opinion it is a reasonable option 

given the potential added benefits: shorter hospital 
stay, lower blood loss, less postoperative pain, and 
quicker return to function, at least as shown in 
spine and other areas [27]. MIS surgery is more 
challenging for larger tumors. This remains a 
developing area of neurosurgery, and as MIS sur-
gery and navigation/robotics continue to advance, 

Fig. 22.3 Extensive bilateral plexiform neurofibromas in a 
50-year-old male patient with NF1. He presented with radic-
ular leg symptoms. These lesions were ultimately observed, 

and he remained neurologically stable. (a) and (b) show T2 
non contrast sagittal and axial cuts, respectively, and (c) and 
(d) show contrast enhanced T1 sequences

a b

c d
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there likely may be exciting new advances for 
patients and surgeons.

22.12  Special Considerations 
for MPNST Management

MPNST is an unfortunate diagnosis as they are 
highly aggressive sarcomas with metastatic and 
local seeding potential. MPNST can arise de novo 
or by malignant degeneration of a benign nerve 
sheath tumor. They are associated with NF1, and 
5% of patients with this diagnosis will go on to 
develop an MPNST [2, 28]. Malignant degenera-
tion is often characterized by intense neuropathic 
pain and increasing growth rate and size. Pain at 
rest and that is only partly relieved by pharmaco-
logic therapy are also more concerning for 
MPNST. It is important to have a discussion with 
the patient about surgical goals, because there is an 
argument to pursue an aggressive en bloc resection 
with MPNST that may leave the patient with seri-
ous postoperative morbidity. Even with maximal 
resection and adjuvant therapy, a 5-year survival is 
less than 50% [29, 30]. Some authors state that 
biopsy is indicated if a lesion presents clinical and 
imaging features that denote malignancy.

22.13  Acute Postoperative 
Considerations

Aftercare depends on the patient and outcome of 
the procedure. As with any procedure around vas-
cular and neurological structures, a high suspi-
cion must be maintained for reversible causes of 
neurological deficits, such as postoperative 
hematomas or hypotension. If there is a concern 
for hematoma, either return to the OR and imme-
diate exploration or imaging, plus or minus vas-
cular imaging, depends on the level of concern. 
Complications from resections of cervicothoracic 
sympathetic chain tumors include Horner’s syn-
drome and so-called first bite syndrome, where 
there is pain with chewing that is worst with the 
first bite, related to hypersensitivity from sympa-
thetic denervation [31]. Thoracic PaNST patients 
who underwent anterior or lateral approach 

should be watched for signs of pneumothorax or 
respiratory difficulty. When we do significant 
intradural work or have cervical durotomies, we 
keep patients with the head of the bed around 45° 
for the first 24 postoperative hours.

Drains must be watched closely, and patients 
should be mobilized as soon as possible. We do 
not routinely prescribe braces or slings unless 
there is serious concern for destabilization or if it 
is for comfort. Postoperatively, our practice is to 
give 24 h of antibiotic prophylaxis and start pro-
phylactic doses of heparin or Lovenox on hospi-
tal day 1. Both postoperative and neuropathic 
pain can be severe, and an aggressive pain man-
agement regimen should be planned out pre- 
operatively. In some cases, IV narcotics are 
helpful for acute pain. If the pain is refractory or 
complex, we do not hesitate to consult our pain 
management anesthesia colleagues for additional 
pharmacological strategies. While ICU care is 
usually not necessary, rigorous neurological 
checks are critical postoperatively when there is 
any concern and so we have a low threshold for 
putting a patient in a higher level of care. Some 
authors state that for any intradural work, the 
patient should be routinely monitored in the ICU 
overnight. Similarly, if there is a question of spi-
nal cord injury or compression, it is important to 
maintain blood pressure in the postoperative 
period to at least 110% of normal. In these cases 
we will monitor patients in the ICU or stepdown 
unit with an arterial line and frequent neurologi-
cal checks.

22.14  Adjuvant Therapy

Postoperative and non-operative treatment is 
dependent on pathology and extent of resection. 
PaNST is a surgical disease in that if a gross total 
resection is performed, except with MPNST, the 
need to adjuvant therapy is low. For MPNST and 
variants, chemotherapy and/or radiation may be 
recommended, in collaboration with oncology 
and radiation oncology [32, 33]. However, it is 
important to understand that the molecular mech-
anisms of MPNST (and nerve sheath tumors in 
general) are still being uncovered, and there is 
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some controversy as to whether adjuvant thera-
pies have an effect on recurrence or survival [34]. 
Further studies on chemo- and bio-therapeutics 
are ongoing. Selumetinib has indeed been shown, 
in a phase 2 trial, to reduce the size of inoperable 
plexiform neurofibromas.

22.15  Radiosurgery

The role of radiosurgery in managing PaNST is 
evolving and is currently without high-level evi-
dence. Lessons learned from radiosurgical treatment 
of benign intradural, extramedullary nerve sheath 
tumors show that good local control can be achieved 
and patients can experience pain relief, but it is typi-
cally not associated with improved neurological 
symptoms like surgical decompression. Radiation-
induced myelopathy is the most severe complica-
tion, ranging from 1 to 4% [35–37]. Radiation 
therapies continue to improve and will likely con-
tinue to be an important second-line treatment.

22.16  Outcomes and Prognosis

Prognosis is dependent on histopathology. 
Sporadic, solitary schwannomas overall do very 
well and do not have impairment of life expec-
tancy [38]. Recurrence rate is about 5% after 
what was thought to be complete resection [39]. 
Patients with solitary neurofibromas also do well. 
Patients with syndromic tumors often have mor-
bidity and mortality from the other consequences 
of their diseases and also can be at risk for malig-
nant degeneration to MPNST.  They are also at 
higher risk for recurrence. It is also important for 
these patients to understand that there is some 
evidence that they will not make as good neuro-
logical recovery after surgery [40]. With regard 
to myelopathy and radiculopathy, like the rest of 
nerve surgery, neurological outcomes are a func-
tion of length of the extent and duration of com-
pression. Patients who have severe deficits 
pre-operatively are less likely to experience 
improvement. Most myelopathic patients experi-
ence improvement, but the vast majority do expe-
rience pain and paresthesia as well [2].

22.17  Summary and Key Points

PaNST are challenging for the peripheral nerve 
surgeon due to their anatomical relationship to 
the spinal cord, nerve roots, and major vascula-
ture, as well as their heterogeneous presentations 
and ability to occur throughout the neuroaxis. 
The surgical approach depends on lesion rela-
tionship with spinal and paraspinal anatomy. 
Surgery is generally indicated for weakness, 
myelopathy, or intractable pain and paresthesias. 
It is also indicated whenever a lesion is suspected 
to be a MPNST.  Management should take into 
account maximal sparing of neurological func-
tion and not creating iatrogenic spinal instability. 
Patients with NF1 and NF2 require complex mul-
tidisciplinary management and may benefit from 
adjuvant therapy. MPNST is an aggressive tumor 
with poor prognosis. Keys to success involve 
multidisciplinary workup and treatment, realistic 
patient expectations, and excellent surgical plan-
ning and technique. With skill and some luck, the 
peripheral nerve surgeon will be able to signifi-
cantly improve lifespan and lifestyle for their 
patients with paraspinal nerve sheath tumors.
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23.1  Introduction

Peripheral nerves are vulnerable to a wide array 
of inflammatory, infiltrative, hyperplastic, degen-
erative, and neoplastic processes, the treatment of 
which depends on accurate clinical and histo-
pathologic assessment. As they are rarely encoun-
tered in the pediatric population, peripheral nerve 
tumors (PNTs) often prove a diagnostic chal-
lenge in this cohort. Although many of the tumors 
seen in the adult population can also present in 
childhood, their relative contribution to morbid-
ity is divergent between the two cohorts. In fact, 
lesions that dominate in adults are supplanted by 
lesser known but highly aggressive pathologies in 
children. Familiarity with the clinical presenta-
tion, diagnostic adjuncts, and therapeutic indica-
tions of pediatric PNTs is a requirement for 
achieving clinical success. It is the goal of this 
review to summarize the key features of the most 

commonly encountered pediatric PNTs, high-
lighting the key considerations in their manage-
ment and recommended surgical techniques. 
Lesions will be presented in the context of three 
broad categories: benign, malignant, and reactive 
or hyperplastic lesions.

23.2  Epidemiology

Although they encompass a diverse pathology, 
PNTs are infrequently encountered in the pediat-
ric population. When found, they are most com-
monly associated with genetic syndromes 
(Table 23.1). As a consequence of their rarity, the 
true incidence of pediatric peripheral nerve 
tumors is unknown. The available estimates of 
incidences are inferred from published case 
series reports and local and national tumor regis-
tries which are limited by grouping within the 
soft tissue sarcoma category. In the context of 
these limitations, it is estimated that soft tissue 
tumors account for 6–8% of all childhood neo-
plasia [1]. Of these, 14% are believed to arise 
from the peripheral nervous system [2].

Although the breadth of pathology is shared by 
the adult and pediatric populations, there are key 
differences in the relative incidences found in 
each population. For instance, while schwanno-
mas and neurofibromas account for roughly 90% 
of all PNTs in adults, they account for less than 
50% of pediatric peripheral nerve neoplasms. 
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Additionally, as a consequence of their embryonal 
nature, neuroblastomas represent a large portion 
of childhood PNTs, with 99.5% of all peripheral 
neuroblastic tumors occurring in the first two 
decades of life and accounting for one- third of 
pediatric PNTs [3]. In fact, among infants, chil-
dren, preteens, and young adults, the three most 
common tumors involving the peripheral nerves 
are benign neurofibromas, malignant neuroblasto-
mas, and rhabdomyosarcomas (RMS). Taken 
together, these three tumors comprise almost 90% 
of all pediatric PNTs. Interestingly, there are dis-
tinct age-related peaks in incidence among these 
tumors, with neuroblastomas most common in 
children <2 years, rhabdomyosarcomas occurring 
at 2–6  years of age, and neurofibromas at 
10–19 years of age with a second peak in adults at 
30 years of age [4, 5].

23.3  Tumor Categories

23.3.1  Benign

23.3.1.1  Neurofibroma
In a large series, Coffin et al. showed that neuro-
fibromas accounted for 43% of peripheral neuro-
genic tumors and 90% of all benign pediatric 
peripheral nerve sheath tumors [2]. Although a 
sizable portion of pediatric neurofibromas occur 

sporadically, 30% are associated with neurofibro-
matosis type 1 (NF-1) [6]. Histologically, neuro-
fibromas are composed of Schwann cells, 
perineurial cells, and fibroblasts interspersed 
with nerve fibers, strands of collagen, and a myx-
oid matrix. It is the presence of intra-tumoral 
nerve fibers that both distinguish neurofibromas 
from schwannomas and accounts for the poor 
surgical planes within involved fascicles.

As with adult lesions, pediatric neurofibromas 
can be grouped into two morphological catego-
ries: fusiform and plexiform. Fusiform neurofi-
bromas result from an isolated proliferation of 
neoplastic cells within the sheath of an affected 
nerve; resultantly, they present as a nodular 
swelling on gross examination (Fig.  23.1). 
Dermal fusiform neurofibromas are characteris-
tic of NF-1. These lesions are rarely painful, 
associated with a motor deficit, or prone to malig-
nant degeneration; however, as they usually occur 
in large numbers, dermal fusiform neurofibromas 
can be disfiguring. In contrast, comprising 90% 
of neurofibromas, intraneural fusiform neurofi-
bromas—either local or diffuse—involve major 
peripheral nerves or a plexus. When solitary, 
these lesions are most commonly sporadic. 
However, as only 20% of syndromic lesions 
exhibit normal preoperative function, sensorimo-
tor dysfunction and multiplicity of lesions are 
associated with a diagnosis of NF-1 [6].

Syndrome Incidence Genetic anomaly

Associated tumors 
affecting peripheral 
nerves Other tumors

Neurofibromatosis 1 1:4000 17q12 Neurofibromas Gliomas
Neurofibromin MPNSTs Neuroendocrine tumors

Neurofibromatosis 2 1:40,000 22q12 Schwannomas Meningiomas
Li-Fraumeni Rare 17p13 Neuroblastoma Breast, lung, colon

TP53 Rhabdomyosarcoma Soft tissue sarcoma
Gorlin 1:57,000 9q22 Rhabdomyosarcoma Medulloblastoma
Cowden Rare 10q23 Soft tissue 

hamartomas
Cerebellar 
gangliocytoma

PTEN/MMAC Adjacent to peripheral 
nerves

GI polyposis

Carney’s Rare Protein kinase A subunit 
a1

Melanotic 
schwannomas

Spotty skin pigmentation
Cardiac myxoma
Endocrine tumors

Table 23.1 Genetic syndromes associated with peripheral nerve tumors
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Plexiform neurofibromas, constituting the 
second morphologic category, are characterized 
by a network-like growth pattern, arising from 
multiple adjacent nerve fascicles and involving 
multiple branches of a large nerve or plexus 

(Fig.  23.2). “Superficial” plexiform neurofibro-
mas present as large soft subcutaneous swellings; 
skin is commonly hyperpigmented and hypertro-
phied. Although “deeper” lesions are occult to 
visual inspection, their detection is facilitated by 

a b

c d

Fig. 23.1 Neurofibroma of tibial nerve in 16-year-old 
girl with history of NF-1, presenting with a painful, right 
calf mass. (a, b) Axial PD FS and coronal STIR MRI 
demonstrating well circumscribed mass in posterior calf. 

(c) Gross specimen. (d) Neoplastic Schwann cells with 
wavy pointed nuclei in a background of collagenous 
stroma
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the motor and sensory abnormalities that are 
commonly seen along the affected nerve [7]. 
Unlike their fusiform counterparts, plexiform 
neurofibromas are almost exclusively associated 
with NF-1 [8].

It is important to note that nondermal NF-1- 
associated neurofibromas—particularly those 
that are plexiform in morphology—are at an ele-
vated risk for sarcomatous degeneration. It has 
been suggested that the relative risk of an NF-1 
patient developing a malignant peripheral nerve 
sheath tumor (MPNST) is 133 times greater than 
that of the general population. The reported life-
time risk ranges from 2 to 10%; notably, for inter-
nal plexiform lesions, lifetime risk increases to 
10–15% [9, 10]. Resultantly, pediatric patients 
with NF-1 warrant careful, long-term follow-up 
and aggressive intervention when malignant fea-
tures arise.

23.3.1.2  Schwannoma
While schwannomas are the most common PNTs 
in adults, they are relatively uncommon in the 

pediatric population, accounting for only 5% of 
pediatric neurogenic tumors [2]. In fact, as a 
 consequence of their relative rarity, pediatric 
patients with one or more confirmed schwanno-
mas should be evaluated for an NF2 mutation, 
schwannomatosis, Carney complex, or a domi-
nant syndrome associated with multiple schwan-
nomas, multiple nevi, and multiple vaginal 
leiomyomas [11, 12]. For well-circumscribed, 
encapsulated masses of benign neoplastic 
Schwann cells, these tumors arise from a single 
nerve root or peripheral nerve fascicle and grow 
in an eccentric fashion, progressively displacing 
uninvolved fascicles [13]. Classically, the histol-
ogy of schwannomas is biphasic; compact areas 
called Antoni A alternate with less compact areas 
called Antoni B. Cellular palisades called Verocay 
bodies can be seen within the Antoni A regions 
(Fig. 23.3). Other pathologic variants of schwan-
noma include plexiform, melanotic, and cellular 
types. As can be inferred, the melanotic subtype 
is characterized by an accumulation of melanin 
in the neoplastic cell and is associated with 

a b c

Fig. 23.2 Plexiform neurofibroma in 16-year-old male, 
with history of NF-1, presenting with painful and enlarg-
ing subcutaneous tumors in the proximal left thigh. (a) 
Coronal STIR MRI demonstrating extensive and innu-

merable plexiform neurofibroma in the pelvis and bilat-
eral lower extremities. (b) Intra-operative view. (c) 
Plexiform nodules in background of neurofibromatous 
proliferation
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Fig. 23.3 Hybrid nerve sheath tumor—combined neuro-
fibroma and schwannoma features—in 16-year-old girl 
with history of NF-1 and progressive discomfort due to 
mass effect. (a–c) Coronal, Axial and Sagittal T2-WI 
demonstrating a large, multi-lobular mass extending from 
the pelvis through the right sciatic foramen, and into the 
posterior aspect of the right lower extremity. (d) 
Intraoperative positioning. (e) Gross specimen, 8 × 12 cm. 
(f) Pathology—(1) Tumor cells with dense, eosinophilic 

collagen bundles resembling shredded carrots. (2) Distinct 
schwannoma tumorlet (arrow), surrounded by neurofibro-
matous elements. (3) Schwannoma tumorlets with classic 
compact Antoni A morphology comprising densely 
packed, concentric layers of Schwann cells and adjacent 
Antoni B areas (arrow). (4) Low-power image depicting 
close association of onion bulb structures with the 
schwannoma tumorlets
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melanophages. It is distinct among the schwan-
noma subtypes as a consequence of its malignant 
potential and clear association with Carney com-
plex [11]. Given that the biological and clinical 
behavior of pediatric schwannomas appears 
largely identical to adult cases, as a general rule, 
pediatric schwannomas should be managed anal-
ogously to their adult counterparts.

23.3.1.3  Perineurioma
Perineuriomas are benign tumors that are exceed-
ingly rare in both the pediatric and adult popula-
tions, representing less than 1% of all peripheral 
nerve neoplasms. Although perineuriomas are 
most often diagnosed in the second and third 
decades of life, in about 50% of patients, symp-
toms present in childhood and adolescence [14]. 
The diagnostic delay is most likely due to the 
slowly progressive, painless loss of motor and 

sensory function that characterizes perineurioma 
(Fig. 23.4). In fact, because progressive muscle 
weakness is a far more common symptom than 
pain or sensory disturbances, the differential 
diagnosis of a perineurioma should be considered 
in any child with a motor deficit involving a sin-
gle major nerve or plexus as the only meaningful 
symptom [15]. Composed of differentiated peri-
neurial cells, these tumors can be classified into 
two main types: intraneural and extraneural soft 
tissue perineuriomas. Although far less common, 
intraneural perineuriomas are more clinically rel-
evant as a consequence of the fact that they are 
far more likely to be symptomatic. Histologic 
examination of a cross section of an affected 
nerve typically shows irregularly enlarged, 
hypercellular nerve fascicles containing spindled 
perineurial cells arranged in “pseudo-onion bulb- 
like whorls” around one or more centrally situ-
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Fig. 23.4 Common peroneal nerve perineurioma in a 
12-year-old male presenting with progressive, painless 
footdrop. (a) Axial T1-WI showing atrophy of anterolat-
eral muscles of the R leg. (b) Intraoperative positioning 

and planned incision. (c) Intraoperative view of perineu-
rioma involving CPN. (d) Section demonstrating tightly 
whorled cells around each individual nerve fiber, pseudo- 
onion bulb formation
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ated Schwann cell and axons in varying stages of 
degeneration [16]. The clinical management of 
perineuriomas remains controversial on both the 
diagnostic and therapeutic front. Although most 
authors advocate a diagnostic biopsy prior to sur-
gical intervention, a recent report by Wilson et al. 
largely obviated the need for tissue diagnosis by 
identifying a set of clinical and radiological fea-
tures  – Perineurioma Diagnostic Criteria  – that 
achieved a specificity and positive predictive 
value of 100% for the diagnosis of perineuriomas 
[17]. Regardless of methodology, once a diagno-
sis is achieved, most authors advocate decom-
pression and external neurolysis alone in an effort 
to preserve nerve function. Others prefer resec-
tion with neural grafting or end-to-end nerve 
repair referencing two motivators: (1) an intra-
neural perineurioma is a progressive condition 
that evolves inexorably to a total loss of nerve 
function, and (2) the recently recognized poten-
tial for malignant degeneration [18, 19].

23.3.1.4  Ganglioneuroma
Believed to arise from the neural crest, ganglio-
neuromas (GNs) represent the mature end of the 
range of neuroblastic tumors. They are encapsu-
lated, slow-growing tumors that histologically 
consist of mature ganglion cells, satellite cells, 
Schwann cells, and fibrous stroma. Distinguished 
by the absence of immature elements, GNs are 
considered to be the benign counterparts of the 
immature neuroblastomas and undifferentiated 
and/or partially differentiated ganglioneuroblas-
tomas [20]. Median age at diagnosis correlates 
well with the grade of differentiation among neu-
roblastic tumors—10  years of age for GNs. 
Occurring anywhere along the sympathetic nerve 
chain, GNs are usually asymptomatic until local 
mass effect is achieved. In a series of 162 patients, 
the most frequent symptoms leading to diagnosis 
were pain (34.2%), palpable tumor mass (9.3%), 
and reduced general condition (6.2%). Surgery 
alone—with an aim to relieve symptoms related 
to mass effect and decrease the risk of malignant 
transformation—is sufficient for treatment, 
achieves an excellent prognosis, and does not 
need to be radical if only minor residuals are left 
(e.g., <2 cm) [21].

23.3.1.5  Neurothekeoma
Neurothekeomas are poorly understood, rare, 
benign cutaneous tumors ascribed to neural 
sheath origin. With a mean age of presentation of 
25 years, these tumors most commonly localize 
to the head, neck, and upper limb [22]. While 
most are slow-growing and asymptomatic, atypi-
cal neurothekeomas—characterized by large size 
of up to 6 cm—penetration into subcutaneous fat 
and/or muscle, diffusely infiltrating borders, vas-
cular invasion, a high mitotic rate, and marked 
cytological pleomorphism have been described 
[23]. Despite these atypical features, no evidence 
of recurrence or metastasis has been reported in 
surgically treated neurothekeomas.

23.3.2  Malignant

23.3.2.1  Malignant Peripheral Nerve 
Sheath Tumor

MPNSTs account for 5–10% of soft tissue sar-
comas [24]. Arising from the nerve sheath of 
peripheral nerves or from pre-existing benign 
nerve sheath tumors, they favor large nerve 
trunks—brachial plexus, sacral plexus, and 
sciatic nerve—but can involve any peripheral 
nerve [25, 26]. The presence of NF-1 is the main 
risk factor for MPNSTs; in fact, NF-1 patients 
account for more than half of MPNSTs [27]. 
Associated with approximately 10% of these 
tumors, radiation exposure is another major risk 
factor for the development of MPNSTs [28]. On 
average, radiation- associated MPNSTs occur 
15 years after radiation exposure, with a range of 
4–41 years [9, 29, 30].

The majority of MPNSTs present in adult-
hood; however, the average age of presentation 
is younger in the subset of MPNST patients with 
NF-1 [31]. Approximately 10–20% of patients 
with MPNSTs present during childhood [32]. In a 
review of 165 pediatric-age MPNST patient, Bates 
et al. found that adolescents between the ages of 
15 and 19 exhibited a statistically higher incidence 
than their younger counterparts [25]. Patients usu-
ally present with a painful, growing mass and sen-
sorimotor dysfunction in the distribution of the 
involved neural structures (Fig. 23.5). Tumors may 
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Fig. 23.5 MPNST arising in a neurofibroma presenting 
as a large, painful, left-sided thoraco-abdominal wall 
mass. (a) Coronal T2 MRI. (b) PET scan with evidence of 

hyper-metabolic region (arrow). (c) Intraoperative posi-
tioning. (d) Gross specimen. (e) Intraoperative view fol-
lowing resection

S. Kvint et al.
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be single or multiple and, while favoring the trunk 
and extremities, can also be seen in the head and 
neck [9]. Regional lymph node involvement and 
distant metastases at the time of presentation have 
also been described [25, 33].

On gross examination, MPNSTs appear as 
firm tumors that cause fusiform enlargement of 
the nerve from which they originate. They have 
poor pseudocapsules, fail to respect tissue planes, 
and are locally aggressive. In fact, their malig-
nant potential is related to their ability to infiltrate 
neurovascular and lymphatic structures. 
Histologic examination reveals high cellularity, 
nuclear atypia, increased perivascular cellularity, 
mitotically active spindle cells, as well as areas of 
hemorrhage and necrosis [34]. Additionally, 
MPNSTs can exhibit divergent differentiation 
into mesenchymal-derived cells—cartilage, 
bone, fat, etc. [35] Given these features, it is 
sometimes challenging to distinguish MPNSTs 
from other sarcomatous lesions. Differentiation 
often relies on the presence of NF-1 and if the 
histologic, immunohistochemical, or ultra- 
structural features are suggestive of Schwann cell 
differentiation. Given this histopathologic con-
vergence, it is not surprising that, as with other 
soft tissue sarcomas, gross total resection with 
wide margins is the preferred primary treatment 
of MPNSTs.

23.3.2.2  Neuroblastoma
Accounting for approximately one-third of pedi-
atric PNTs, neuroblastomas—tumors derived 
from primordial neural crest cells—are the most 
malignant of the embryonal lineage of neoplasms 
affecting peripheral nerves [2]. As the most com-
mon extra-cranial solid tumor in infants and chil-
dren, neuroblastomas represent 8–10% of all 
childhood tumors and account for approximately 
15% of cancer-related deaths in the pediatric 
population [36]. The median age at diagnosis is 
22  months, with 90% of patients diagnosed 
before 5 years of age [37].

The clinical presentation of neuroblastomas 
depends on tumor size, location, degree of inva-
sion, catecholamine secretion, and incidence of 
paraneoplastic syndromes. Arising from the sym-
pathetic ganglia and adrenal medulla, primary 

neuroblastic tumors can localize to the cervical 
(5%), thoracic (15%), abdominal (25%), and pel-
vic regions (5%) [36]. As a consequence of 
patients’ developmental age, neuroblastomas 
usually present late in their course, some with 
evidence of distant metastases [38]. Presenting 
symptoms can be constitutional in nature or 
attributable to mass effect: abdominal distention, 
respiratory distress, constipation, difficulty uri-
nating, dysphagia, asymmetric paresis, Horner’s 
syndrome, and thoracic outlet syndrome. In up to 
15% of patients, epidural extension may result in 
neurological deficits such as progressive paraly-
sis [36]. The neuroendocrine capacity of neuro-
blastoma, in turn, can manifest with early-onset 
tachycardia and hypertension. Finally, while 
symptomatic paraneoplastic syndromes are rare, 
occurring in <0.01% of all cancers, several have 
been associated with neuroblastomas: intractable 
diarrhea with electrolyte disturbances due to the 
release of vasoactive intestinal peptide (VIP), 
opsoclonus-myoclonus syndrome, encephalomy-
elitis, and/or sensory neuropathy [39–41].

Despite the management challenges inherent 
to a disease with the biological and clinical het-
erogeneity of neuroblastomas, outcomes have 
steadily improved over the last 30 years: 5-year 
survival rates rising from 52 to 74% [42]. This is 
attributable, at least in part, to the fact that the 
current clinical approach to neuroblastomas is 
determined by patients’ risk stratification. 
Resultantly, it is of paramount importance that 
accurate staging and histopathologic classifica-
tion occur prior to therapeutic intervention. 
Tumor size, regional invasion, and distant spread 
are usually assessed with CT or MRI imaging. As 
90% of patients have meta-iodobenzylguanidine 
(MIBG)-avid tumors, MIBG scans can be used to 
supplement these modalities; in contrast, adjunct 
imaging with [18-F]-fluorodeoxyglucose posi-
tron emission tomography (FDG-PET) is recom-
mended for patients who do not have MIBG-avid 
disease [43]. Because all neuroblastomas are cat-
egorized as small round blue cell tumors with 
Homer-Wright pseudo-rosettes and associated 
with mitoses, nuclear karyorrhexis, and pleomor-
phism, biologic stratification relies on molecular 
studies aimed at determining ploidy, MYCN 

23 Nerve Tumors of Childhood and Infancy



282

amplification, and the presence of other chromo-
somal aberrations [44] (Table).

23.3.2.3  Ganglioneuroblastoma
Ganglioneuroblastomas (GNs) represent the 
intermediate stage of neuroblastic tumor differen-
tiation. Neuroblastomas and ganglioneuroblasto-
mas share clinical features and a malignant 
potential. Although this potential is higher in neu-
roblastomas, these lesions are grouped together 
for the purposes of cancer reporting, staging, and 
survival statistics. In contrast, ganglioneuroblas-
toma intermixed (GNBI), while widely seen as a 
malignant entity, has “maturing” histological fea-
tures. The median age of diagnosis for GNBI is 
5 years of age. Like GNs, GNBI tumors are usu-
ally asymptomatic until local mass effect is 
achieved. Once this occurs, however, the most 
frequent symptoms leading to diagnosis are pain, 
palpable tumor mass and reduced general condi-
tion. Interestingly, observational data suggest that 
GNBI lesions mimic GNs in their response to sur-
gical resection. Specifically, event-free survival 
(EFS) and overall survival (OS) of patients with 
incomplete tumor resection are not inferior to that 
of patients with complete resection if tumor resid-
uals were smaller than 2 cm [21].

23.3.2.4  Rhabdomyosarcoma
Accounting for 4.5% of all cases of childhood 
cancer, rhabdomyosarcoma (RMS) is the most 
common pediatric soft tissue sarcoma. Although 
most cases of RMS occur sporadically, the dis-
ease has been associated with familial syndromes, 
including Li-Fraumeni and neurofibromatosis 1 
(Table). Approximately 65% of cases are diag-
nosed in children younger than 6  years of age; 
however, the incidence of RMS has a bimodal 
distribution, with peaks at 2–6 and 10–18 years 
of age. This distribution reflects the influence of 
the histologic subtypes of this small round blue 
cell tumor. Specifically, embryonal RMS diagno-
sis rates are highest at birth and extend through 
childhood before declining; in contrast, alveolar 
RMS diagnosis rates peak at childhood and ado-
lescence prior to declining. The differential inci-
dence is not the only distinguishing clinical 
feature of these histologic subtypes. Affecting 

two-thirds of RMS patients, the embryonal sub-
type is more likely to localize in the head and 
neck region; extremity involvement is less fre-
quent. Overall prognosis for embryonal RMS is 
relatively good with a 5-year OS rate of 60%. 
Alveolar RMS, in turn, is more likely to localize 
in the trunk or extremities, is often associated 
with peripheral nerves, and has a slightly worse 
prognosis with a 5-year OS rate of 54%.

Patients with RMS generally present with a 
painless mass or with symptoms of mass effect or 
invasion. Most relevant to this text is the pain or 
weakness that is consequent to the invasion or 
encasement of adjacent peripheral nerves. Imaging 
is important in staging the disease and in evaluating 
tumor size, the extent of local invasion, and distant 
spread. Though seldom feasible, en bloc GTR and 
concurrent preservation of function is the goal. As 
such, staging is integral for determining whether 
neo-adjuvant therapy should be utilized prior to 
surgical resection in an effort to decrease tumor 
size and thereby decrease surgical morbidity.

23.3.2.5  Triton Tumor
As previously mentioned, MPNSTs may occa-
sionally contain other malignant mesenchymal 
components, the most common of which is skel-
etal muscle. Malignant triton tumors (MTTs) rep-
resent the subtype of MPNSTs with this 
rhabdomyosarcomatous differentiation. The 
metaplastic theory of their origin postulates that 
Schwann cells, derived of neural crest cells, 
retain a capacity for mesenchymal differentiation 
during malignant transformation; furthermore, it 
accounts for the pluridirectional differentiation 
seen in 15% of MTTs [45]. In a review of 200 
MTT cases, Li et al. found that 41.7% of cases 
occurred in patients with NF-1 [46]. While 
median age at diagnosis was 29, patients with 
NF-1 most commonly presented in the 20–39 age 
range, while patients without NF-1 had two 
peaks: the 20s and 50s. The group also showed 
that 1-, 2-, and 5-year survival rates were 69%, 
48%, and 35%, respectively. Cox proportional 
hazards analysis, in turn, revealed that complete 
resection (hazard ratio, 0.396; P  =  0.032) and 
metastases (hazard ratio, 3.188; P = 0.004) were 
associated with mortality.

S. Kvint et al.
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23.3.3  Reactive and Hyperplastic

23.3.3.1  Neuroma
Although there is a spectrum of lesions charac-
terized as neuromas—Morton’s neuromas, 
Pacinian neuromas, and palisaded encapsulated 
neuromas—traumatic neuromas are the most 
common in children. Occurring at sites of nerve 
injury, traumatic neuromas are disorganized bun-
dles of fascicles that occur as a consequence of 
misdirected axonal regeneration [47]. These 
lesions may present with persistent pain—some-
times limiting function—and sensory distur-
bances. Early diagnosis and intervention are 
indicated as to prevent development of a chronic 
pain syndrome. Conservative management 
includes massage and desensitization. If this 
fails, a trial injection of local anesthetic can aid in 
predicting the success of neuroma surgery [48]. 
When elected, surgery commonly involves neu-
roma excision and subsequent nerve grafting or 
transposition into the muscle or other tissues [49, 
50]. Success with this approach is stalled by the 
pathophysiology that first necessitated interven-
tion—the high likelihood that the freshly treated 
nerve will reform a new neuroma in its attempt to 
regenerate. Targeted muscle reinnervation (TMR) 
aims to preempt this result by co-opting a newly 
neuroma-free nerve to a newly divided nearby 
motor nerve; as such, it achieves guided entry 
and reinnervation of the newly denervated mus-
cle. In a recent randomized clinical trial, when 
compared with conventional neurectomy, this 
approach to traumatic neuromas was shown to 
achieve a statistically significant improvement in 
phantom limb pain and a trend toward improved 
residual limb pain [51].

23.3.3.2  Intraneural Ganglion Cyst
Intraneural ganglion cysts are non-neoplastic 
cystic formations located within the epineurium 
of the peripheral nerves (Fig.  23.6). Although 
they can occur in relation to any peripheral nerve, 
the common peroneal nerve is the most com-
monly affected, and the fibular neck is the most 
frequently affected site [52]. The articular theory 
stipulates that intraneural ganglion cysts are a 
result of a pressure differential between a degen-

erating joint and the epineural space of an articu-
lar nerve. Presenting symptoms include 
sensorimotor dysfunction in the distribution of 
the affected nerve. Surgical management consists 
of disconnecting the articular branch and/or 
addressing the joint abnormality. Resection of the 
cyst is not necessary and may lead to recurrence 
if the joint connection remains. In many cases, 
clinical improvement is observed a few days after 
surgery and progresses steadily in subsequent 
months. The best results were achieved in rela-
tion to pain control; recovery of motor function is 
less predictable and more changeable [53].

23.3.3.3  Lipomatous Tumor
Although very prevalent lesions, lipomas rarely 
affect peripheral nerve. In their experience with 
146 non-neural nerve sheath tumors, Kim et al. 
found that adipose tumors accounted for 11% of 
lesions [54]. Due to their slow-growing nature, 
adipose lesions of nerve usually present as 
asymptomatic or minimally symptomatic swell-
ing; severe nerve dysfunction is seldom reported 
[55]. Lipomatous tumors are classified according 
to the presence of a diffuse (lipomatosis) or 
encapsulated (lipoma) lesion. This distinction is 
fundamental in determining a therapeutic 
approach. Lipomatosis consists of a diffuse 
 interfascicular fatty tissue, with macroscopically 
entrapped fascicles. Resultantly, surgical man-
agement involves nerve decompression alone 
rather than an attempt to remove the tumor. In 
contrast, lipomas are encapsulated epineural 
masses that displace rather than surround nerve 
fascicles. Surgical resection via an interfascicular 
approach is generally safe and effective in reduc-
ing neuropathic symptoms.

23.3.3.4  Inflammatory Pseudotumor 
of Nerve

Inflammatory pseudotumor (IPT) is a tumor-like 
expansion of nerves that results from the pres-
ence of inflammatory infiltrates, interstitial fibro-
sis, excess vascularity, and a variable increase in 
lipocytes. The inflammatory infiltrates are most 
commonly benign lymphocytes, plasma cells, 
eosinophils, and histiocytes; occasionally poorly 
formed granulomas and multi-nucleated giant 
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cells are seen. IPT is an unusual cause of a pro-
gressive mononeuropathy, classically presenting 
with sensory loss, paresthesias, pain, and weak-
ness [56]. The rate of symptom onset varies from 

acute to slowly progressive. Neuroimaging is not 
diagnostic in that it demonstrates a lesion with 
heterogeneous MRI signal characteristics, reflect-
ing their mixed composition. Thus, because the 
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Fig. 23.6 Intraneural ganglion cyst in a 13-year-old male 
presenting with left foot drop, positive Tinel’s at fibular 
head. (a) Coronal STIR MRI demonstrating Lesion of the 

left common peroneal nerve as it wraps around the fibular 
head. (b) Axial PD MRI demonstrating lesion (arrow). (c, 
d) Intraoperative view

S. Kvint et al.
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growth pattern is suggestive of malignancy, 
biopsy is essential. Initiation of intravenous ste-
roids is the treatment of choice once diagnosis is 
confirmed [57].

23.4  Clinical Presentation 
and Physical Exam

Pediatric PNTs most commonly present as a 
painless, soft tissue mass in the extremity or as an 
incidental finding on imaging obtained during the 
evaluation of an unrelated somatic complaint. 
The classically described signs and symptoms—
a palpable/visible mass, motor palsy, sensory 
deficit, autonomic dysfunction, and pain—occur 
less frequently [58]. Regardless of their symp-
tomatic classification, pediatric PNTs present a 
diagnostic challenge as a consequence of their 
rarity and the challenges of eliciting a history and 
exam from very young children. In fact, late pre-
sentation is common with malignant tumors and 
is often associated with advanced local invasion 
and distant metastases. Resultantly, although the 
general differential diagnosis of a soft tissue 
mass is extensive and includes infectious/inflam-
matory lesions, vascular malformations, and neo-
plastic lesions that arise from organs and/or soft 
tissues, clinical consideration of PNTs is of para-
mount importance in achieving early diagnosis 
and optimal therapeutic results.

The timely diagnosis of PNTs is often facili-
tated by underlying syndromic features. For 
example, during an evaluation of a painless mass, 
the clinical consideration of a neurofibroma is 
expedited in the setting of clinical stigmata of 
NF-1. Relatedly, given their origin in the sympa-
thetic nervous system, neuroblastomas commonly 
present as abdominal, mediastinal, and thoracic 
mass lesions. Symptoms are often consequent to 
autonomic dysreflexia, paraneoplastic agents, 
local compression affecting neighboring visceral 
organs, and, in cases near or adjacent to the sym-
pathetic chain, a classic Horner’s triad [40].

In the absence of syndromic features, clinical 
diagnosis relies on detailed physical examination 
and imaging. Objective loss of function in the 
distribution of the affected nerve is relatively rare 
with benign PNTs. Characterized by an extremely 

slow rate of growth and consequent gentle stretch 
of involved fascicles, benign PNTs are com-
monly associated with well-preserved neural 
function—even in context of large mass lesions. 
In contrast, non-functioning disabling weakness 
is an ominous sign of malignancy [59]. In fact, 
the presence of any neurologic deficit predicts 
malignancy with a positive predictive value 
(PPV) of 73%. Greater degrees of neurologic 
deficit (i.e., motor strength less than 3/5), are 
exclusively seen in association with malignant 
tumors (PPV  =  100%) [60]. Importantly, even 
frank deficits sometimes avoid clinical detection 
as a consequence of that fact that proper strength 
testing is onerous among young children and vir-
tually impossible in infants. Consequently, func-
tional asymmetry and altered progression through 
developmental milestones have emerged as 
 primary clinical measures. Classic postures on 
clinical exam—attributable to muscle loss, atro-
phy, and weakness in specific muscle groups—
are additional subtle indices of pathology. 
Myelopathy—consequent to spinal cord com-
pression from intrinsic nerve root lesions or infil-
tration of neuroblastic lesions through neural 
foramina—is another rare but important diagnos-
tic clue [61].

The clinical presentation of PNTs can also 
manifest as impaired and/or altered sensation. 
Children may complain of sensory loss or pares-
thesia in an anatomical distribution. However, 
even when subjective complaints are lacking, a 
history of inadvertent injuries to the extremities 
may signal that such deficits exist [59]. Pain and 
dysesthesia are relatively common symptoms 
among patients with PNTs—75% of patients 
report pain in some setting [59, 62]. Importantly, 
there is clinical utility in distinguishing whether 
pain is induced (i.e., the Tinel’s sign) or is present 
at rest. Ogose et  al. found that pain at rest 
occurred in nearly all (15/16) patients with 
MPNSTs but in only 5/99 (5%) patients with 
benign schwannomas or neurofibromas; in con-
trast, 94/99 (95%) of patients with benign tumors 
had a positive Tinel’s test. As such, when com-
pared to the induced pain of benign lesions, rest-
ing pain—caused by chemical algogens released 
by invasive tumor—has a 75% PPV of malig-
nancy [60].
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Clinical feature PPV (%)
Presence of any neurological deficit 73
Severe motor deficits (MRC < 3/5) 100
Any pain 20–30
Resting pain 75

23.5  Diagnostics

23.5.1  Imaging

Although patient size and noncompliance make 
diagnostic imaging a challenging proposition in 
the pediatric population, appropriate imaging is 
of paramount importance in the diagnosis and 
management of PNTs. Because it provides unpar-
alleled image resolution, reveals involvement of 
adjacent neurovascular structures, demonstrates 
proximal and distal lesions with equal efficacy, 
and can often definitively identify the nerve 
involved, magnetic resonance imaging (MRI) is 
the imaging modality of choice. In fact, MRI fea-
tures can often aid in predicting the subtype of 
PNT present. For example, while fusiform dila-
tion and intrafascicular growth are suggestive of 
neurofibromas, schwannomas are characterized 
by extrafascicular growth—demonstrating the 
“entering or exiting nerve” sign as well as dis-
placed passerby fascicles around the capsule 
[63]. Additionally, although lipomas and gan-
glion cysts share an origin that is mainly, but not 
always, outside the nerve sheath, lipomas are 
characteristically bright on T1 and T2 signal, 
while ganglion cysts are bright on T2 with an ori-
gin that can be traced to a joint capsule in prox-
imity to the nerve [64, 65].

Although definitive diagnosis invariably 
requires tissue sampling, several MRI features 
have been identified as predictive of the benign 
nature or malignant potential of PNTs [66]. 
Tumor size is a major correlate of malignancy. 
While median lesion size for benign PNTs ranges 
from 2.7 to 5.0 cm, a range of 7.5 to 9.9 cm is 
more characteristic of malignant PNTs. Mean 
size demonstrates a similar distribution with a 
range of 3.4 to 5.5 and 7.2 to 10 cm for benign 
and malignant tumors, respectively. Although 
Chhabra et al. cited a value of 6.1 cm, the optimal 
diagnostic cutoff for predicting malignancy has 

yet to be defined [67]. Perilesional edema, as 
opposed to ill-defined margins, may also be 
indicative of malignant potential. In a review of 
41 histologically diagnosed cases, Wasa et  al. 
observed well-defined tumor margins in most 
cases of MPNSTs (76%) and neurofibromas 
(85%), with no statistically significant difference 
noted between them. In contrast, perilesional 
edema was seen in 40% of MPNSTs and in none 
of the neurofibromas [68].

T1 and T2 signal intensity is similarly reveal-
ing. Seen in benign neurofibromas, the “target 
sign,” a central hypointense region seen on 
T2-weighted, was absent in all cases of MPNSTs 
reviewed by Bhargava et al.—suggesting utility in 
distinguishing benign from malignant tumors [69]. 
In contrast, T1 heterogeneity, reflecting intra-
tumoral cystic change, is rarely seen in neurofibro-
mas [70]. Resultantly, this feature can assist in the 
differentiation of neurofibromas from MPNSTs, in 
which malignant transition can result in the occur-
rence of necrosis or hemorrhage [71]. These intra-
tumoral changes contribute to nonhomogeneous 
enhancement—another suggested distinguishing 
feature. Ogose et al. observed that MPNSTs show 
peripheral enhancement on T1-weighted images, 
as opposed to the central enhancement seen with 
benign neurogenic tumors [60].

Despite these predictive features, routine MRI 
sequences have not demonstrated success in 
accurately grading tumors. In a series of 43 
lesions, Broski et  al. found that conventional 
MRI had a 62.5–81.3% sensitivity and a 94.1–
100% specificity for accurately differentiating 
malignant from benign nerve sheath tumors [72]. 
Relatedly, in a series of 127 patients, Karsy et al. 
found that MRI-based categorization predicated 
on lesion characteristics on T1- and T2-weighted 
imaging differed from final pathology in 51% of 
patients; furthermore, approximately half of the 
MRI studies were inconclusive [73]. This cir-
cumstance has prompted some authors to advo-
cate for the use of functional MRI techniques to 
augment diagnostic sensitivity [74, 75]. As a con-
sequence of their ability to interrogate tissue 
microstructure, diffusion-weighted imaging 
(DWI) and diffusion tensor imaging (DTI) over-
come the limitations of anatomic MR imaging 
[76] (Fig.  23.7). DWI with apparent diffusion 
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Fig. 23.7 Ancient schwannoma presenting as diffuse 
enlargement of the median nerve in the upper extremity. 
(a) Tumor conspicuity is readily visualized with 3D PSIF, 
along with central cystic changes. (b) DTI (0 s/mm2) with 
fiber tractography demonstrating peripheral location of 
fascicles. (c) Fiber tractography reveals partial absence of 
tracts, splayed around the cystic area. (d–g) Axial T2 
SPAIR (d), DTI (b = 0 s/mm2) (e), DTI (b = 600 s/mm2) 
(f), and colored MD map (g) show fluid level due to inter-
nal hemorrhage (arrows). MD values of 1.9 and 
2.8  ×  10−3  mm2/s are seen in solid and cystic tumor 

regions, respectively, consistent with a benign lesion. Red 
and blue colorations represent areas of high and low dif-
fusivity, respectively. FA of median nerve was reduced to 
0.1–0.2, consistent with neuropathy. (From: Mazal, A.T., 
Ashikyan, O., Cheng, J. et al. Diffusion weighted imaging 
and diffusion tensor imaging as adjuncts to conventional 
MRI for the diagnosis and management of peripheral 
nerve sheath tumors: current perspectives and future 
directions. Eur Radiol 29, 4123–4132 (2019). https://doi.
org/10.1007/s00330- 018- 5838- 8, with permission)
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coefficient (ADC) mapping provides insight into 
tumor cellularity with low ADC values serving as 
markers for malignancy. In a review of 31 PNSTs, 
Demehri et  al. found that a cutoff of ADC 
<1.0  ×  10−3  mm2/s diagnosed malignancy with 
100% sensitivity and negative predictive value; in 
contrast, ADC values >1.0 × 10−3 mm2/s charac-
terized all of the reviewed neurofibromas. 
Relatedly, the DTI-derived functional anisotropy 
of invaded nerves is significantly lower than that 
of their contralateral counterparts [77, 78].

The utility of PET/CT as an adjunct in predict-
ing the malignancy of PNTs has also been 
explored. Several groups have reported that the 
maximum standardized uptake value (SUVmax), 
total lesion glycolysis (TLG), and metabolic 
tumor volume (MTV) are significantly higher in 
malignant as compared to benign nerve sheath 
tumors [79–83]. In fact, a combination of these 
factors resulted in 90–100% sensitivity and 52.2–
82.6% specificity for malignant peripheral nerve 
sheath tumors [72]. As such, MRI and PET/CT 
can be utilized in a complementary fashion to 
help triage lesions to biopsy.

Importantly, high-resolution ultrasonography 
(HRUS) is now emerging as a useful screening 
tool in the context of genetically predisposing 
syndromes. Shown to detect subclinical involve-
ment of peripheral nerves, HRUS has success-
fully identified pathology in the context of normal 
nerve conduction studies (NCS) [84]. As the 
presence of plexiform neurofibromas and benign 
tumor load are risk factors for the development of 
MPNSTs, HRUS has utility in identifying a sub-
group of patients who could benefit from fre-
quent follow-up [85].

23.5.2  Electrodiagnostic Testing

Technically challenging in infants and young 
children, nerve conduction studies (NCS) and 
electromyography (EMG) have limited utility in 
the preoperative management of pediatric PNTs. 
As there are no neurophysiological characteris-
tics that can differentiate between malignant and 
benign masses, these studies rarely contribute to 
diagnostic evaluation. Still, in cases where surgi-

f g

Fig. 23.7 (continued)

S. Kvint et al.



289

cal intervention is deferred and monitoring 
elected, these modalities can be used to docu-
ment baseline nerve function and evaluate for 
interval deterioration.

Tumor 
pathology MRI imaging SUVmax

DWI and 
DTI

Neurofibroma Unencapsulated
Fascicular sign
Target sign
Split fat sign
Open 
infiltration of 
parent nerve
Multi-fascicular 
involvement

Low 
(<2–3)

Low DWI
ADC > 
1.3 × 10−3 
mm/s2

Tracts—
partial 
disruption

Schwannoma Fascicular sign
Target sign
Split fat sign
Encapsulated
Cystic changes, 
calcification
Eccentric to 
parent nerve
One or two 
fascicular 
involvement

Low 
(<2–3)

Low DWI
ADC > 
1.3–1.5 × 
10−3 mm/
s2

Tracts—
nearly 
normal

Malignant 
peripheral 
nerve sheath 
tumor

Perilesional 
edema
Heterogeneous 
or peripheral 
enhancement
Intra-tumoral 
necrosis/
hemorrhage
Peri-tumoral 
enhancement
Generally, 
> 5 cm

High 
(>3–4)

High 
DWI
ADC < 
1.1 × 10−3 
mm/s2

Tracts—
high-
grade 
disruption

23.6  Indications for Intervention

23.6.1  Biopsy

There is ongoing debate about the necessity, effi-
cacy, and safety of preoperative biopsies for the 
distinction between benign and malignant PNTs. 
While benign PNTs respond well to marginal 
excision, malignant PNTs require staging and a 
multimodal treatment approach which may 
include surgery, radiation therapy, and, at times, 
chemotherapy. Inappropriate marginal excision 
for histologically malignant lesions increases 

both the likelihood of a positive margin of exci-
sion and tumor recurrence rates. The utility of 
pre-surgical differentiation in guiding the appro-
priate surgical approach is a commonly cited 
argument among proponents of preoperative 
biopsy. Critics, in turn, cite its potential for incon-
clusive or inaccurate results as well as the risk of 
onset or worsening of pain, neurological deficits, 
and other complications that may prohibit future 
surgical excision and outcomes.

In a series of 140 cases, Levi et  al. demon-
strated that there was a significantly increased 
risk of postoperative neurologic deficits—sen-
sory loss or motor deficits—in patients who had 
undergone a preoperative biopsy. In fact, patients 
who had undergone a previous procedure at the 
surgical site were 2.7 times more likely to develop 
postoperative neurologic deficits than those who 
had not (P < 0.001) [86]. It can only be inferred 
that this finding reflects the impact of 
 compromised tissue planes—presumably the 
result of biopsy-induced fibrosis and/or hemor-
rhage—on surgical resection. New onset and 
exacerbation of existing neuropathic pain are 
other recognized complications of biopsy. Given 
that medications such as amitriptyline and gaba-
pentin have been shown to be of benefit, uninten-
tional axonal damage is the likely etiology [87].

In a series of 41 consecutive CT-guided core- 
needle biopsies, Pianta et  al. showed that small 
lesion size and a close proximity between the 
biopsy needle and the nerve were the pain predic-
tors of incident and exacerbated pain post-biopsy 
[87]. While the lesional contribution to the lesion- 
nerve complex is clinically immutable, advances 
in diffusion tensor imaging (DTI) promise to 
improve the safety profile of biopsy procedures 
[88]. A preliminary study by Schmidt et al. showed 
a good correlation between preoperative fascicular 
visualization and intraoperative anatomy [78]. 
Preoperative visualization of the fascicular course 
and integrity using fiber tractography is therefore 
likely to be of great value in preventing neural 
injury by informing pre-procedural planning.

The potential for iatrogenic injury and lifelong 
morbidity must be considered whenever biopsy of 
a PNT is proposed. Resultantly, we do not perform 
preoperative biopsies in cases that appear benign 
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with respect to clinical presentation and imaging 
findings. In the setting of aggressive features, how-
ever, four-quadrant biopsy may be indicated.

23.6.2  Surgery

Given the histopathological heterogeneity seen in 
malignant PNTs, a small biopsy sample does not 
guarantee a representative diagnosis. Resultantly, 
a benign biopsy in a suspected malignant lesion 
should be treated with caution. The fact remains 
that surgical excision and pathological analysis 
are the only definitive means of determining 
malignancy. We factor this uncertainty into our 
clinical approach. In our practice, the treatment 
paradigm is founded on two major factors: (1) 
symptomatic or asymptomatic nature of the mass 
and (2) presence of clinical or imaging features 
concerning for a malignant diagnosis. Surgical 
excision is the recommended approach for symp-
tomatic PNTs regardless of their malignant 
potential. The approach to asymptomatic lesions 
is far more nuanced:

• Clinical surveillance and interval MRI imaging 
at 6 months are the only recommended inter-
ventions for incidentally discovered and/or sta-
ble PNTs without high-risk imaging features.

• Surgery is the safest option for masses pre-
senting with clinical history or imaging fea-
tures concerning for malignancy.

• Regardless of imaging findings, surgical treat-
ment is the safest option in cases of asymp-
tomatically growing PNTs; however, small 
lesions that are growing slowly and remain 
asymptomatic are often observed [89].

• In the absence of high-risk imaging features, 
asymptomatic palpable or visible PNTs can be 
excised for cosmetic purposes and to improve 
quality of life.

23.7  Surgical Techniques

Although the development of chemotherapeutic 
agents like selumetinib—an FDA-approved 
kinase inhibitor for the treatment of plexiform 

neurofibromas—heralds an increased role for 
medical therapy in the management of PNTs, 
surgical resection remains the mainstay of ther-
apy at this time. The surgical treatment of a PNT 
is dependent on its neoplastic nature and ana-
tomic location. Although the breadth of surgical 
approaches seen in PNT surgery is beyond the 
scope of this work, the principles and techniques 
essential to improving symptoms, preserving 
neurologic function, and minimizing the chance 
for recurrence will be addressed as they relate to 
both benign and malignant pathologies [90, 91].

Regardless of the malignant potential of the 
target lesion, tumor location is a key determinant 
of surgical success. When feasible, preoperative 
contrasted MRI imaging should be obtained to 
help define the relationship between the PNT and 
adjacent structures. Although angiography is 
rarely required, it can be useful to evaluate for 
vascular invasion in PNTs located at the base of 
the neck, chest, or retroperitoneum. On rare occa-
sions, preoperative embolization may be essen-
tial for safe resection of a vascular lesion (e.g., 
hemangiomas of the brachial plexus) involving 
neural elements [92]. Finally, CT imaging may 
reveal remodeling and/or compromise of adja-
cent bony structures, such as the spinal canal, 
neural foramina, or vertebral bodies.

23.7.1  Benign PNTs

Interfascicular resection is a surgical technique 
used to safely treat benign peripheral nerve 
sheath tumors through careful dissection of func-
tional neural elements off the tumor surface; 
thereby, functional neural elements can be pre-
served, and mass enucleation permitted: [93–95]

• The surgical incision should be planned to 
center on the mass. Intraoperative US or pre-
operative US and/or MRI with markers can be 
used to facilitate localization if the lesion is 
not palpable on physical exam.

• The anesthesia technique must allow for 
repetitive nerve stimulation and recording.

• A longitudinal incision, following the course 
of the nerve, should be extended to a length 
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that allows access to both the proximal and dis-
tal normal segments of the affected nerve; an 
S- or Z-shaped path should be used across joint 
creases.

• Complete external neurolysis, superficial 
tumor exposure, and vessel loop control of 
the proximal and distal aspects of the normal 
nerve should be achieved. This allows func-
tional fascicles streaming around the tumor in 
the pseudocapsule to be visualized during 
resection.

• Inspection of the mass surface allows for 
identification of a fascicle-free window. 
Nerve stimulation can and should be used 
as an adjunct to map functional nerve fibers 
and identify a “silent” region. Plexiform 
lesions—seen frequently in patients with 
schwannomatosis and neurofibromatosis—
present a particular challenge given the 
presence of multiple entering and exiting 
fascicles.

• An epineurotomy of the tumor pseudocapsule 
in the “silent” region should be performed 
with a knife or sharp dissector in a direction 
parallel to the nerve fibers.

• Interfascicular dissection should be continued 
until the true tumor capsule is found. Once 
this occurs, the tumor should be circumferen-
tially mobilized from the pseudocapsule and 
the fascicles running along its surface. 
Neuromonitoring can be utilized during this 
phase of the operation to decrease the inci-
dence of fascicular injury.

• Once the tumor is free circumferentially, 
entering and exiting fascicles should be iden-
tified. These should be tested to ensure they 
are nonfunctioning prior to transection.

• Following tumor enucleation, the sides of the 
pseudocapsule should be spread in opposite 
directions and evaluated for residual tumor. If 
safe to do so, the remaining tumor should be 
removed.

• Hemostasis should be achieved with an 
absorbable gelatin-compressed sponge and 
gentle direct pressure; bipolar electrocautery 
should be used sparingly and only if abso-
lutely necessary. The surgical site should then 
be closed in anatomical layers.

23.7.2  Malignant PNTs

For patients with a suspected or biopsy-proven 
malignant PNT, accurate staging and a multidis-
ciplinary approach are crucial for directing treat-
ment. Presently, adjuvant treatments have failed 
to significantly improve survival among patients 
with malignant PNTs. As with other soft tissue 
sarcomas, surgery remains the primary curative 
modality for operable malignant peripheral nerve 
sheath tumors, rhabdomyosarcomas, and neuro-
blastomas. The goal of surgery is gross total 
resection (GTR) of the tumor with histologically 
negative margins. When anatomically feasible, 
resection is accomplished by en bloc excision of 
the tumor along with its parent nerve. Guided by 
life—as opposed to limb-sparing approach, en 
bloc resection can result in significant functional 
loss—especially if the tumor’s origin is within 
the brachial or lumbosacral plexus.

Tumor location and the degree of tissue inva-
sion are key determinants of the likelihood of 
GTR (Fig. 23.8). For malignant peripheral nerve 
sheath tumors, rates vary from 20 to 95% for 
lesions with paraspinal versus extremity localiza-
tion, respectively [96]. Unfortunately, only 40% 
of pediatric malignant peripheral nerve sheath 
tumors localize to the extremities [97]. In rhab-
domyosarcoma the rate approximates 20%; in 
neuroblastoma, incidence is worthy of case report 
[98, 99]. As such, consideration of the feasibility 
of GTR, the systemic burden of disease, and the 
patient’s physiological reserve should be consid-
ered prior to surgical referral. When clinically 
appropriate, adjuvant therapy prior to surgical 
resection may be elected in an effort to increase 
the likelihood of complete resection and decrease 
surgical morbidity [100].

23.8  Surgical Outcomes 
and Complications

When possible, gross total resection with subse-
quent resolution of pain and preservation or 
improvement of neurological function are the 
goals of surgical intervention. As can be expected, 
success is variable and dependent on pathology, 
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tumor location, duration of preoperative symp-
toms, and surgical technique.

23.8.1  Benign PNTs

23.8.1.1  Extent of Resection
In a review of a surgical series of 182 benign 
lesions in adults, Guha et al. found that GTR was 
achieved in 44.9% of neurofibromas as compared 
to 76.7% of schwannomas (p < 0.001). This dif-
ference persisted even when plexiform neurofi-
bromas were excluded from consideration. Tumor 
location was shown to influence the extent of 
resection as extremity lesions were more likely to 
achieve GTR when compared to those in the bra-
chial or lumbosacral plexus (OR 3.36, p = 0.007) 
[101]. As can be expected, GTR rates are typically 
decreased among patients receiving intraoperative 
neurophysiological monitoring [86].

23.8.1.2  Motor Function
In the series reviewed by Guha et al., all patients 
with a preoperative motor deficit exhibited stable 
to improved motor function postoperatively. New 
motor deficits in the immediate postoperative 

period were seen in 10.3% of schwannomas and 
11.8% of neurofibromas; these were permanent 
in 5.2% and 8.8%, respectively. In their review of 
361 benign PNSTs, Kim et  al. mirrored these 
findings by demonstrating stable or improved 
motor function in 89% of schwannomas and 85% 
of solitary neurofibromas [102]. Levi et  al., in 
turn, reported postoperative motor deficits in 8% 
of schwannomas and 5.9% of neurofibromas in a 
series of 121 adult and pediatric patients. 
Interestingly, tumor histopathology was not 
found to be a determinant of postoperative motor 
outcome. When considered in the context of 
grossly divergent GTR rates, this finding may 
reflect the authors’ functionally driven surgical 
approach. In contrast, the duration of patients’ 
preoperative symptoms was determined to be 
related to postoperative motor function; in fact, a 
duration of <6  months was associated with 
greater percent improvement [103].

23.8.1.3  Sensory Symptoms
Pre-existing sensory disturbances were stable to 
be improved in 97.2% of cases reviewed by Guha 
et al. New sensory disturbances were seen in the 
immediate postoperative period in 12.9% of 

a

b

c d

Fig. 23.8 Malignant atypical rhabdoid tumor in 2-year- 
old boy presenting with pain and progressive weakness of 
the right upper extremity and a palpable mass in the axilla 
and supraclavicular fossa. (a) Coronal STIR MRI demon-

strating mass centered within the right axilla and right 
lung apex. (b) PET scan with evidence of increased 
uptake. (c, d) Supra- and infraclavicular approach to 
plexus tumor with clavicle mobilization by orthopedics
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schwannomas and 3.7% of neurofibromas; defi-
cits were permanent in 7.5% and 0%, respec-
tively. Generally, symptom duration of >6 months 
prior to surgical intervention was associated with 
lower rates of improvement [103].

23.8.1.4  Pain Outcomes
Guha et al. reported pain as a preoperative symp-
tom in 57.9% of schwannoma and 75.5% of neu-
rofibroma patients. For all patients, these 
symptoms were stable to improved postopera-
tively. New postoperative neuropathic pain was 
seen in four patients; symptoms were permanent 
in two. In a review of 119 surgical cases featuring 
adult and pediatric patients, Artico et al. provided 
further insight by detailing a rate of 50%, 22%, 
15%, 7%, and 6% for resolved, improved, 
unchanged, worsened, and new pain, respectively 
[104]. Generally, duration of symptoms (greater 
than or less than 6 months) did not correlate with 
rates of improvement [103].

23.8.1.5  Recurrence Rates
Despite their reassuring histology, benign PNTs 
may recur locally. Reported recurrence rates range 
widely in the literature, with rates approximating 
44% referenced for pediatric plexiform neurofi-
bromas [102, 104, 105]. In the Guha et al. series, 
recurrence rates for schwannomas and neurofibro-
mas were 5.3% and 8.2%, respectively. The most 
consistently identified predictor of recurrence in 
the literature, subtotal resection (STR), was asso-
ciated with increased recurrence for all benign 
PNTs in this series (OR 13.16, p  =  0.007). 
Interestingly, tumor location influenced the extent 
of resection in schwannomas but not neurofibro-
mas. As schwannomas inherently grow extrinsic to 
their parent fascicles while neurofibromas are 
intertwined with multiple fascicles of origin, this 
difference may be ascribed to the fact that neurofi-
bromas are less likely to be fully resected, regard-
less of their accessibility. Importantly, tumor 
histopathology has been shown to impact recur-
rence regardless of the extent of resection; specifi-
cally, NF type was significantly associated with 
recurrence: NF-1 for neurofibromas (OR 1.18, 
p  =  0.002) and NF3 (schwannomatosis) for 
schwannomas (OR 4.29, p = 0.048).

23.8.2  Malignant PNTs

23.8.2.1  Malignant Peripheral Nerve 
Sheath Tumors

A diagnosis of MPNST is associated with an 
increased likelihood of worsened postoperative 
sensorimotor function. In fact, Levi et  al. 
reported that 36.8% of patients in the surgical 
cohort had some type of functional deficit: 
26.3% incidence of sensory deficits, a 21.1% 
incidence of motor deficits, and a 10.5% inci-
dence of neurogenic pain syndromes. The pur-
suit of GTR and negative margins accounts for 
these deficits; unfortunately, GTR is signifi-
cantly less likely for MPNSTs than their benign 
counterparts (OR 0.22, p  =  0.002) [101]. The 
consequence to patient outcome is obvious. 
DeCou et  al. found a significant difference in 
2-year survival between pediatric patients in 
whom GTR was achieved (79%) and those with 
unresectable tumors (22%) [106]. Because tumor 
cells readily invade fascial planes, local recur-
rence and distant metastases are common. In a 
series of 205 patients with localized MPNSTs, 
Anghileri et al. found the cumulative incidence 
of local recurrence and distant metastasis to 
approximate 30% at 10  years [97]. As can be 
inferred, prognosis is poor. In a series of 167 
children, Carli et  al. reported a 5-year overall 
survival of 51% and 10-year overall survival of 
37% [33].

Although limited by patient and tumor hetero-
geneity, retrospective reviews have identified 
additional negative prognostic factors: truncal 
location, tumor size (>5 cm), infiltrative growth 
pattern, younger age, high grade, S11b negativ-
ity, and p53 mutations [28, 32, 107–110]. 
Although NF-1 status has traditionally been asso-
ciated with poorer prognosis, several studies, 
including a meta-analysis, have found no signifi-
cant differences in overall survival [28, 97, 101, 
111]. It has been suggested that unfavorable out-
comes in NF-1 patients are related to the develop-
ment of larger tumors rather than underlying 
biologic factors [97]. Resultantly, patients with 
NF-1 should be followed carefully so as to facili-
tate early detection of malignant lesions among 
the multitude of benign tumors.
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While prospective, histology-driven trials to 
support their use are largely lacking, there is evi-
dence to suggest that chemotherapy and radiation 
therapy (XRT) may be positive prognostic fac-
tors. Several studies have shown XRT to decrease 
local recurrence rates [97, 112]. Although radia-
tion therapy has not been shown to affect rates of 
overall survival, its use is recommended by the 
Oncology Consensus Group [113]. Given the 
known propensity for radiation to trigger malig-
nant transformation in neurofibromas, this rec-
ommendation should be applied with caution in 
the NF-1 population. Outcomes for chemother-
apy, though rarely systematically reported, 
appear to be favorable in children and young 
adults—overall response rate of 45% and 11 
patients whose disease was rendered resectable 
following therapy [33, 114]. Most experts cur-
rently recommend chemotherapy—either pri-
mary or adjuvant—for patients with the 
previously outlined high-risk features [115].

23.8.2.2  Neuroblastoma
Treatment strategies for neuroblastoma are tai-
lored according to the predicted response to ther-
apy and risk of relapse over a 40-year period. As 
a consequence of the biological and clinical het-
erogeneity of neuroblastomas, risk stratification 
and subsequent treatment determination rely on a 
variety of prognostic factors. These include clini-
cal factors (tumor stage and age at diagnosis) as 
well as biological features—histology, DNA 
ploidy, cytogenetic factors (i.e., amplification of 
the MYCN oncogene and key chromosomal dele-
tions or gains)—and serum tumor markers. 
(Table) Clinical outcomes for children with low- 
and intermediate-risk neuroblastoma have been 
excellent, achieving 90% long-term event-free 
survival rates. Unfortunately, high-risk neuro-
blastoma remains a challenge, with long-term 
survival rates for children currently under 50%.

Low- and Intermediate-Risk 
Neuroblastoma
Non-high-risk neuroblastoma is a heterogeneous 
group representing slightly more than half of 
newly diagnosed patients. For patients with local-
ized and resectable disease, surgery alone is gen-

erally curative with chemotherapy functioning as 
an effective salvage for cases that relapse after 
resection [116, 117]. In a cohort of patients 
treated by surgical resection alone, the Children’s 
Oncology Group P9641 study demonstrated a 
5-year overall survival (OS) rate of 99% for INSS 
stage 1 and 96% for INSS 2A or 2B tumors [118]. 
Treatment for intermediate-risk neuroblastoma, 
in turn, is composed of multiagent chemotherapy 
followed by surgical resection. Baker et al. dem-
onstrated an 88% event-free survival (EFS) rate 
of 88% and a 96% OS rate at 3 years with this 
approach [119].

High-Risk Neuroblastoma
The treatment algorithm for high-risk neuroblas-
toma includes four main stages: (1) induction 
chemotherapy, (2) local control, (3) consolida-
tion, and (4) maintenance therapy. Patients’ 
response to induction chemotherapy, as measured 
by semi-quantitative MIBG scoring systems, has 
been shown to be a key prognostic indicator 
[120]. Following four to six cycles of induction 
therapy, an attempt at local control is made with 
surgical resection. Importantly, several groups 
have found that it is surgical intervention, as 
opposed to the extent of resection, that is a posi-
tive prognostic factor for overall survival in this 
population [121, 122]. Data from a Children’s 
Cancer Group study showed that, in stage 4 
tumors, survival was comparable for those with 
and without complete resection; in fact, 5-year 
EFS rate was 25% and 30% for patients who 
achieved incomplete and complete resection, 
respectively (p = 0.10) [123]. Radiation therapy 
is an additional effector of local control. Utilized 
in the setting of residual disease post-induction 
chemotherapy and resection, XRT—adminis-
tered subsequent to consolidation therapy with 
myeloablative chemotherapy and autologous 
stem cell rescue—helps achieve a local relapse 
rate of <10% [124].

23.8.2.3  Rhabdomyosarcoma
Among rhabdomyosarcoma patients, the extent 
of disease after resection is one of the most 
important prognostic factors [98, 125, 126]. 
Published outcome analyses have shown that a 
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clear margin and no residual disease (Group I) 
are superior to microscopic margins (Group II) or 
gross residual disease (Group III); OS rates 
approximate 87%, 73%, and 59%, respectively. 
Not surprisingly, metastatic disease (Group IV) 
carries a 26% 5-year OS rate. Having been shown 
to positively influence local control and outcome, 
chemotherapy and XRT are key, albeit secondary, 
modalities in the rhabdomyosarcoma treatment 
algorithm.

23.9  Surgical Tricks of the Trade

• In the absence of high-risk clinical or imaging 
features, a biopsy procedure prior to definitive 
resection should be avoided as it carries a 2.7- 
fold higher risk of postoperative neurological 
deficits compared to definitive resection 
upfront [86].

• As a consequence of its safety profile and effi-
cacy, intracapsular, interfascicular resection is 
the preferred surgical approach to benign 
PNTs [127].

• It is important to achieve adequate exposure of 
the proximal and distal aspects of the affected 
nerve prior to initiating tumor resection.

• In the context of benign lesions, safety and pres-
ervation of nerve fascicles should never be sac-
rificed in the pursuit of gross total resection.

• Intraoperative neurophysiologic monitoring 
decreases the risk of postoperative neurologi-
cal deficits [86].
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Epidemiology of Genetic Diseases 
with Peripheral Nerve Tumors

Robert B. Kim and Mark A. Mahan

24.1  Introduction

Neoplasms arising from the peripheral nerve 
sheath may develop sporadically, but these 
peripheral nerve sheath tumors (PNSTs) are fre-
quently associated with underlying genetic dis-
eases. Depending on the genetic disease 
involved, there is a wide variability in the pheno-
typic manifestation of the PNST.  For example, 
plexiform neurofibromas are disease defining for 
neurofibromatosis type 1, whereas dispropor-
tionate pain is a hallmark feature of schwanno-
matosis. Furthermore, PNSTs in association 
with certain genetic diseases have a greater risk 
of malignancy, which tends to have a poor prog-
nosis and limited treatment options after metas-
tasis. Therefore, greater efforts are being made 
to complete epidemiologic and genetic studies to 
better characterize these genetic diseases that 
predispose to PNST formation. In this chapter, 
we describe the epidemiology of genetic dis-
eases that are associated with a high predisposi-
tion to peripheral nerve tumors; these include 
neurofibromatosis type 1 (NF1), neurofibroma-
tosis type 2 (NF2), schwannomatosis, and rarely 
Carney complex (CNC) and multiple endocrine 
neoplasia type 2B (MEN 2B)—endocrinopa-

thies with a tendency for peripheral nerve tumor 
development.

24.2  Neurofibromatosis 1

24.2.1  Overview

NF1 is an inherited, complex genetic disorder 
that afflicts approximately 1/2500–1/3000 indi-
viduals worldwide, regardless of sex, race, or 
ethnicity [1, 2]. The relatively high prevalence of 
NF1 is recognized by the National Institutes of 
Health (NIH), which has set forth specific diag-
nostic criteria. The NIH criteria indicate that the 
diagnosis for NF1 consists of specific features 
(Table 24.1) [3]. Its pattern of inheritance is auto-
somal dominant, in which a germline mutation 
in the NF1 tumor suppressor gene on chromo-
some 17q results in loss of an important tumor 
suppressor protein, called neurofibromin. The 
loss of neurofibromin introduces dysregulation 
in the Ras proto- oncogenic pathway, ultimately 
leading to the development of benign and malig-
nant tumors that affect the central and peripheral 
nervous systems [4]. Patients with NF1 develop 
a wide array of tumors, including PNSTs, optic 
and brainstem gliomas, astrocytomas, and glio-
blastoma. They can also develop non-nervous 
system tumors, particularly gastrointestinal stro-
mal tumors, pheochromocytomas, breast cancers, 
and leukemias, among others.
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Of all the known genetic disorders, NF1 patients 
have the highest predisposition to the development 
of PNSTs including neurofibromas, plexiform neu-
rofibromas, and malignant peripheral nerve sheath 
tumors (MPNSTs) [5]. The penetrance of the dis-
ease reaches nearly 100% (5); however, there is 
extreme variability in phenotypical expression of 
NF1, making this an epidemiologically challeng-
ing disease to classify. The disease typically causes 
complications in the later stages of life, as the dis-
ease burden accumulates; this results in significant 
reduction in life expectancy, with the malignancy 
being the largest factor in reducing overall longev-
ity in patients with NF1 [6].

Despite the known inheritance pattern of NF1, 
approximately 50% of affected individuals have 
sporadic mutations of the NF1 gene [7]. Certain 
mutations lead to more devastating phenotypic 
features than others, which partly explain the dis-
ease’s extreme variability. There is a subset of 

NF1 patients who harbor microdeletions of chro-
mosome that result in the loss of the entire NF1 
locus and adjacent sequences. This subset com-
prises 5–10% of the total NF1 patients. These 
carriers of microdeletions demonstrate more 
severe phenotypic expression of the disease, 
characterized by earlier and more numerous dis-
tributions of neurofibromas and a higher inci-
dence of MPNSTs [8, 9].

The risk factors for sporadic NF1 are unclear. 
Older paternal age has been implicated as a pos-
sible risk factor for sporadic NF1 [10, 11], as it 
has been historically associated with a number of 
autosomal dominant disorders such as achondro-
plasia [12], Marfan syndrome [13], and osteo-
genesis imperfecta [14]. Furthermore, some 
evidence specifically associates advanced pater-
nal, but not maternal, age as a risk factor for the 
occurrence of sporadic NF1 [10]. Although these 
data show statistical association, the effect size is 
not large nor clearly causative.

24.2.2  Peripheral Nerve Sheath 
Tumors in NF1

According to the World Health Organization 
(WHO) classification, the common benign 
PNSTs that develop in the setting of NF1 include 
those involving the skin, such as localized or 
diffuse cutaneous neurofibromas (Fig.  24.1), 
or those involving nerves, such as localized 
intraneural and plexiform neurofibromas [15]. 

Table 24.1 NIH-consensus NF1 diagnostic criteria

Two or more of the following:
1.  Six or more café-au-lait spots >5 mm in diameter 

in children or >15 mm in individuals after puberty
2.  Two or more neurofibromas or one plexiform 

neurofibroma
3. Axillary or inguinal freckling
4. Optic pathway glioma
5. Two or more Lisch nodules (iris hamartomas)
6.  Osseous lesions such as sphenoid dysplasia or 

thinning of long bones
7.  Any first-degree relative with NF1 by the above 

criteria

a b

Fig. 24.1 Intraoperative photographs of a sporadic  
neurofibroma of the radial nerve at the level of supinator, 
presenting as finger drop. (Used with the permission  

of the Department of Neurosurgery, University of Utah). 
(a) Intraoperative photo. (b) Gross surgical specimen

R. B. Kim and M. A. Mahan



305

Histologically, the cellular components of the 
cutaneous, intraneural, and plexiform neuro-
fibromas are similar, containing neoplastic 
Schwann cells and non-neoplastic fibroblasts, 
mast cells, macrophages, endothelial cells, 
pericytes, and perineural cells [16–19]. Unlike 
cutaneous neurofibromas, which predominantly 
involve the skin and rarely internal organs, 
intraneural neurofibromas are found in periph-
eral nerve fascicles and even in a large nerve 
plexus [5]. Plexiform neurofibromas are a 
unique form of intraneural neurofibroma, which 
affect numerous or all fascicles of a nerve, pro-
ducing massive enlargement of the nerve in a 
“cluster of grapes”-like appearance (Fig. 24.2). 
Plexiform neurofibromas are found in approxi-
mately 30–50% of individuals with NF1 and 
have been shown to enlarge most rapidly dur-
ing the first decade of life (7). These tumors can 
be quite destructive as they can propagate into 
surrounding structures, including nerve roots 
and vertebral bony elements, causing severe 
pain and disability. Because plexiform neuro-
fibromas affect the majority, if not all, of the 

nerve, complete surgical resection is impossi-
ble without removing the entirety of the nerve. 
Therefore, surgery is reserved for symptomatic 
or large tumors within the plexiform lesion. 
Moreover, plexiform neurofibromas are associ-
ated with an increased risk for the development 
of MPNSTs.

MPNSTs, previously known as neurofibro-
sarcomas or neurogenic sarcomas, are high-
grade Schwann cell-derived tumors with a high 
propensity for metastasis (Fig. 24.3). MPNSTs 
are the only primary cancer of peripheral nerves 
and are the leading cause of death in individuals 
with NF1 [20]. In the general population, they 
represent about 3–10% of all sarcomas, with a 
prevalence of 0.001% [21]; however, there is an 
astounding difference in their incidence (0.1%) 
and prevalence (8–13%) in individuals with NF1 
[22]. Patients with microdeletions are at an even 
greater risk for the development of MPNSTs, 
with about 16–26% developing MPNSTs in 
their lifetime (9). MPNSTs can arise anywhere 
in the body, but there is a ~20-fold greater risk 
of malignant transformation in areas of existing 
plexiform neurofibroma [23]. However, cutane-
ous plexiform lesions are unlikely to be asso-
ciated with MPNSTs, whereas it is the deeply 
located masses that are more commonly asso-
ciated with MPNSTs [22]. Patients with NF1 
tend to have MPNSTs diagnosed at an earlier 
age (median age at diagnosis of MPNST in NF1 
patients was 26 years, compared with 62 years 
in patients with sporadic MPNST) and tend 
to have a worse survival rate (5-year survival 
from diagnosis was 21% for NF1 patients with 
MPNST, compared with 42% for sporadic cases 
of MPNST) [22].

24.3  Neurofibromatosis 2

24.3.1  Overview

NF2 is an autosomal dominant disorder that 
affects 1/33,000–1/40,000 births worldwide with 
an overall prevalence of 1 in 100,000 [24]. It is 
caused by mutations on the NF2 tumor suppres-
sor gene located on chromosome 22, and it is 

Fig. 24.2 Magnetic resonance imaging of the right knee 
obtained in a 14-year-old girl with NF1 showing a large 
2.7 × 2.7 × 3.7 cm intraneural neurofibroma (asterisk) in 
association with a plexiform neurofibroma of the sciatic 
(open arrow), tibial (solid arrow), and common fibular 
nerves (dashed arrow). (Used with the permission of the 
Department of Neurosurgery, University of Utah)
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estimated that over 50% of the mutations arise 
de novo [25]. The product of the NF2 gene is 
called Merlin or schwannomin. Merlin plays a 
critical role in contact-dependent inhibition [26]. 
Affected individuals are prone to a variety of 
central and peripheral nerve neoplasms, includ-
ing vestibular schwannoma (usually bilateral), 
multiple meningiomas, ependymoma, as well as 
cutaneous (hairy pigmented plaque) and retinal 
hamartomas [27]. Thus, NF2 is a clinicopatho-
logically and genetically distinct disease from 
NF1. A set of diagnostic criteria, named the 
Manchester criteria [25], define the diagnosis of 
NF2 (Table 24.2).

The penetrance of NF2 is nearly 100% by the 
age of 60  years [28]; however, there is a great 
deal of variability in how this disease manifests, 
which often determines the morbidity associated 
with the disease [29]. The average age at 
diagnosis of the first tumor is 18–24 years, with 
virtually all affected individuals developing 
bilateral vestibular schwannoma by age 30 [30]. 
A majority of adult patients with NF2 initially 
present with hearing loss, which often starts 
unilaterally and later progresses to involve 
bilateral hearing, as well as tinnitus and balance 
dysfunction [31]. In the pediatric population, 
however, the initial presentation usually does not 
involve cranial nerve VIII.  Rather, a non- 

vestibulocochlear nerve tumor is the typical pre-
sentation, which includes intracranial 
meningiomas, spinal tumors, or cutaneous tumors 
[32]. Mononeuropathy that affects the oculomo-
tor nerve, facial nerve, or hand or foot is also a 
common initial finding of pediatric-onset NF2.

Unlike those with NF1, however, individuals 
with NF2 develop cutaneous lesions (café-au-lait 
spots or cutaneous lesions) at a lesser degree, ren-
dering less reliably the diagnosis of this disease 
by physical examination. In addition, NF2 mosa-
icism adds even more variability to the clinical 
manifestation such that patients may present with 
unilateral vestibular schwannoma with or without 
other NF2 phenotypes. NF2 mosaicism may 
occur sporadically in up to 30% of the patients 
[33, 34], thus warranting particular attention to 
follow up studies in patients without family his-
tory. The severity of the disease may be deter-
mined by the type of mutation affecting the NF2 
gene, in which nonsense or frameshift mutation 
results in a more severe phenotype compared with 
large deletions that result in complete loss of 
Merlin or retention of Merlin [35, 36].

24.3.2  Vestibular Schwannomas

The development of bilateral vestibular schwan-
nomas is a hallmark of NF2. These are found in up 
to 95% of the adult NF2 patients [30, 37] and are 
usually associated with significant morbidity for 

Fig. 24.3 Intraoperative photograph showing a malignant 
peripheral nerve sheath tumor associated with a plexiform 
neurofibroma involving the medial cord of the brachial 
plexus in a patient with NF1. (Used with the permission of 
the Department of Neurosurgery, University of Utah)

Table 24.2 Manchester criteria for NF2 (Evans et  al. 
1992)

a. Bilateral vestibular schwannoma
OR
b.  NF2 in first-degree relative PLUS unilateral 

vestibular schwannoma or any two of the following: 
neurofibroma, meningioma, glioma, schwannoma, 
and posterior subcapsular lens opacity

OR
c.  Unilateral vestibular schwannoma PLUS any two of 

the following: neurofibroma, glioma, schwannoma, 
and posterior subcapsular lens opacity

OR
d.  Two or more meningiomas PLUS unilateral 

vestibular schwannoma or any two of the following: 
neurofibroma, glioma, schwannoma, or cataract
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the patients. Unlike sporadic vestibular schwanno-
mas, which are typically unilateral and have predi-
lection for the inferior vestibular nerve, 
NF2-associated vestibular schwannomas are usu-
ally bilateral (except NF2 mosaicism) and can 
affect the superior or inferior vestibular branches 
equally [38]. Bilateral vestibular schwannomas 
can arise de novo without any underlying NF2 
mutation or mosaicism. In one series, up to 75% of 
the patients over the age of 50 years and up to 50% 
of the patients over the age of 70 years presented 
with bilateral vestibular schwannomas without 
any underlying mutations [39]. Hearing loss is fre-
quent, and the degree of the hearing loss varies 
among affected individuals and even between the 
ears of an affected individual [40]. In addition, 
tumor size and tumor growth rate are not predic-
tive of hearing loss [40]. Early surgical manage-
ment of NF2-related vestibular schwannomas that 
are less than 3 cm in diameter has demonstrated a 
hearing preservation rate of 30–65% with rela-
tively good facial nerve preservation of 75–92% 
[41]. Alternatively, stereotactic radiosurgery is 
also well-established as a viable treatment option, 
with hearing preservation up to 57% and facial 
nerve preservation up to 100% [42].

24.3.3  Peripheral Nerve 
Schwannomas

Schwannomas associated with NF2 can arise 
from other cranial nerves (III–VII, IX–XII) as 
well as spinal nerves and peripheral nerves. 
Upper cranial nerves are more commonly 
involved than lower cranial nerves, with up to 
51% of patients having schwannomas in cra-
nial nerves III, V, and VII [41, 43]. Spinal nerve 
root involvement is usually extensive, and mul-
tiple schwannomas are frequently found along 
the nerve roots. These account for almost 90% 
of the extramedullary spine tumors [43]. 
Peripheral nerve schwannomas can arise from 
virtually any peripheral nerve, and they usually 
manifest as nodular schwannomas that can 
cause peripheral neuropathies [30]. PNSTs 
may be found in up to 70% of the patients with 
NF2 [44].

24.3.4  Malignant Peripheral Nerve 
Sheath Tumor in NF2

Interestingly, NF2 does not seem to be a risk fac-
tor for the development of malignancy in periph-
eral nerve schwannomas. In one of the largest 
series of malignant peripheral nerve schwanno-
mas, only one case was associated with presumed 
NF2 [45]. However, malignant transformation of 
vestibular schwannomas after radiosurgery has 
been reported [46].

24.4  Schwannomatosis

24.4.1  Overview

Schwannomatosis is another genetic syndrome 
with a high propensity toward the development of 
multiple schwannomas. Many of its clinical 
features overlap with NF2; thus it is characterized 
as a third form of neurofibromatosis. One 
distinctive feature of schwannomatosis is that it 
spares the vestibular nerve. Because of the 
similarities between schwannomatosis and NF2 
and the lack of reliable genetic testing, the 
incidence and prevalence of schwannomatosis 
are not well established but are presumed to be 
similar to those of NF2 [47].

Pain and a palpable mass are common present-
ing symptoms and signs of schwannomatosis [48]. 
Germline mutations or deletions in SMARCB1 
(also called hSNF5, INI1, and BAF47), a tumor 
suppressor gene located on chromosome 22q, 
have been implicated as causes of schwannoma-
tosis. Most cases are sporadic, although familial 
forms can have SMARCB1 mutations in about 
40–50% of cases [49]. This suggests that other 
loci may be involved in its tumorigenesis. Genetic 
analysis of the tumor specimen from patients 
with schwannomatosis revealed the presence of 
concomitant somatic mutation in NF2 gene in 
addition to mutations in SMARCB1, suggesting 
the multiple-hit theory [50]. Pain out of propor-
tion to tumor size or burden is a classic feature 
in schwannomatosis and may have a genetic rela-
tionship, especially to LZTR-1 mutation-associ-
ated schwannomatosis [51].

24 Epidemiology of Genetic Diseases with Peripheral Nerve Tumors
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The diagnostic criteria have yet to be stan-
dardized for schwannomatosis because of its 
relatively recent characterization. Various diag-
nostic modalities have been proposed, including 
clinical, radiographic, and molecular character-
ization (Table 24.3) [52, 53]. Age appears to be 
a defining element, as most individuals with NF2 
manifest with bilateral vestibular schwannoma 
by age 30 [30]. Therefore, the lack of bilateral 
(or unilateral in the case of NF2 mosaicism) 
vestibular schwannoma along with the presence 
of multiple biopsy-proven schwannomas after 
that age can effectively lead to the diagnosis of 
schwannomatosis.

There is a variant of schwannomatosis known 
as segmental schwannomatosis, which is 
diagnosed when schwannomas are restricted to 
one extremity. Segmental schwannomatosis was 
previously thought to be caused by genetic 
mosaicism, but segmental schwannomatosis may 
include germline mutations [54] and may be 
associated with subtle changes in the nerves of 
the limbs unaffected by schwannomas.

24.4.2  Peripheral Nerve 
Schwannomas

Schwannoma is the predominant tumor type for 
both NF2 and schwannomatosis; however, there 
are some clinical differences that distinguish the 

two. Schwannomas arising in association with 
schwannomatosis commonly involve the periph-
eral nerves, the spinal nerves, and rarely the tri-
geminal nerve (Figs.  24.4 and 24.5) [48]. 
NF2-associated schwannomas usually affect indi-
viduals in early childhood, whereas in schwanno-
matosis, the peak age at presentation is usually 
between the ages of 30 and 60  years [55]. The 
histologic features of the schwannoma are essen-
tially identical between the two syndromes [25].

24.4.3  Malignant Peripheral Nerve 
Sheath Tumor 
in Schwannomatosis

MPNSTs are usually associated with NF1, but 
they have been observed less frequently in other 
PNST predisposition syndromes. In a review by 
Evans et  al. [22], three patients who were 
harboring schwannomatosis were also shown to 
have MPNSTs. Of interest, two of the patients 
had known family history of SMARCB1 mutation.

24.5  Other Genetic Syndromes

24.5.1  Carney Complex

First described by Dr. J. Aidan Carney in 1985 as 
“the complex of myxomas, spotty pigmentation, 
and endocrine overactivity,” CNC is a rare 
multiple neoplasia syndrome that also displays a 
high predisposition for peripheral nerve tumors 
[56]. It is inherited in an autosomal dominant 
pattern, with more than half of the cases being 
familial [57]. Because of its rarity, the incidence 
and prevalence of the disease are unknown, 
although in the largest series published to date, 
63% of the patients were females and 37% were 
males [58]. To date, over 750 cases have been 
reported worldwide and compiled by the NIH–
Mayo Clinic and Cochin Hospital in France [57, 
59, 60].

CNC patients carry inactivating mutation in 
PRKAR1A, which is located on chromosome 17 
and encodes the protein kinase A subunit that 
plays a critical role in cAMP signaling pathway 

Table 24.3 Baser criteria for schwannomatosis (Baser 
et al.)

Definitive 
schwannomatosis Possible schwannomatosis

Age >30 years AND ≥2 
nondermal 
schwannomas, at least 
one with histologic 
confirmation

Age <30 or >45 years 
AND ≥2 nondermal 
schwannomas, at least one 
with histologic 
confirmation

Schwannoma 
(pathologically 
confirmed) AND 
first-degree relative with 
above criteria

Evidence of radiographic 
schwannoma AND 
first-degree relative with 
above criteria

Must not have NF2 
criteria, NF2 first-degree 
relative, or NF2 germline 
mutation

Must not have NF2 
criteria, NF2 first-degree 
relative, or NF2 germline 
mutation
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[57]. Derangement of this molecular pathway 
leads to the development of multiple neoplasms, 
including myxoid neurofibromas and psam-
momatous melanocytic schwannomas [61]. 
Psammomatous melanocytic schwannoma most 

frequently involves the gastrointestinal tract and 
paraspinal sympathetic chain and is characterized 
by dark pigmentation (attributed by melanin) and 
calcifications [62]. Schwannomas found in CNC 
are histologically and molecularly distinct from 
those found in neurofibromatosis, such that 
psammomatous melanocytic schwannoma has a 
relatively high tendency for metastasis [63, 64].

24.5.2  Multiple Endocrine 
Neoplasia 2B

As the name implies, patients with MEN 2B have 
a high propensity for developing multiple 
neoplasms originating in various hormone- 
secreting organs, including medullary thyroid 
carcinoma, pheochromocytoma, and parathyroid 
hyperplasia. MEN 2B is also implicated in the 
development of certain peripheral nerve tumors 
such as mucosal neuromas and intestinal 
ganglioneuromatosis, originating from autonomic 

a b

Fig. 24.4 Intraoperative photographs of a sporadic schwannoma of the proximal median nerve taken before (a) and 
after (b) resection. (Used with the permission of the Department of Neurosurgery, University of Utah)

Fig. 24.5 Intraoperative photograph showing a sporadic 
schwannoma (asterisk) of the femoral nerve. The patient 
presented with quadriceps atrophy due to compression at 
the inguinal ligament. (Used with the permission of the 
Department of Neurosurgery, University of Utah)
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nervous system components [5], that are 
characterized by tortuous and abnormal 
enlargement of nerves and myenteric plexuses in 
the intestine, respectively.

MEN 2B is caused by activating mutations in 
the RET proto-oncogene located on chromosome 
10, which encodes a membrane-bound tyrosine 
kinase that drives cellular proliferation. The inci-
dence and prevalence of this disease are not well 
established because of its extreme rarity. It is esti-
mated that MEN 2B has an incidence of about 
1.4–2.6 per one million live births per year and 
prevalence of about 0.9–1.65 per million [65, 66].

24.6  Conclusion

Peripheral nerve tumors may arise de novo, by 
spontaneous mutations involving a variety of 
genetic syndromes; however, there is a strong 
association between inherited genetic syndrome 
and the development of peripheral nerve tumors. 
The neurofibromatosis group of diseases (NF1, 
NF2, schwannomatosis) is predominantly 
responsible for the majority of inherited 
peripheral nerve tumors. Rarely, certain 
neoplastic syndromes such as Carney complex or 
MEN 2B can also predispose individuals toward 
developing peripheral nerve tumors.
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A General Introduction 
to Neurofibromatosis

Sumit Sinha, Nishant Yagnick, and Harsh Deora

25.1  Introduction

Neurofibromatosis (NFM) is a relatively com-
mon condition characterized by neurological and 
cutaneous lesions and present with a wide variety 
of clinical manifestations, which constitute a 
diagnostic and a therapeutic challenge. The term 
NFM comprises of at least four distinct sets of 
disorders (see below): neurofibromatosis 1 
(NF1), neurofibromatosis 2 (NF2), segmental 
schwannoma, and schwannomatosis. All of them 
are genetically determined autosomal dominant 
disorders, each characterized by the presence of 
distinct nerve sheath tumors and other clinical 
features. This chapter will review the pathogene-
sis, diagnosis, and management of each of these 
forms of NFM.

25.2  Classification of NFM

Riccardi et  al. classified NFM into eight types 
with peculiar clinical features and patterns of 
inheritance (Table 25.1) [1]. However, soon after 

it was proposed that NFM can be classified into 
five broad subtypes, based on clinical presenta-
tion and genetic implications for the patients: 
NF1, classical; NF2, acoustic; NF3, segmental; 
NF4, familial; and NF5, Noonan phenotype [2].

More recently, there have been at least four 
distinct types of NFM recognized, with the prob-
ability of other variant forms existing [3]:

 1. Neurofibromatosis 1 (NF1)—also called as 
von Recklinghausen’s disease or peripheral 
neurofibromatosis—is the most common form 
of NFM (85%). NF1 is an autosomal domi-
nant disorder affecting 1  in 3500–5000 indi-
viduals. It is the most common single-gene 
disorder in humans. The genetic locus of NF1 
has been localized to the long arm of chromo-
some 17. However, there is no positive family 
history in 35–50% of patients. These sporadic 
cases usually arise from (paternal) germ cell 
mutations.

 2. Neurofibromatosis 2 (NF2)—or central neuro-
fibromatosis—is also an autosomal dominant 
disorder and affects 1 in 40–50,000 individu-
als, with a prevalence of 1 in 2,10,000 in popu-
lation. Sporadic gene mutations occur in 50% 
of cases. NF2 is characterized by the presence 
of bilateral schwannomas of the eighth cranial 
nerve, causing progressive hearing loss and the 
presence of multifocal meningiomas.

 3. Segmental neurofibromatosis is characterized 
by café au lait macules dispersed in bands on 
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the skin and limited to one or a few body 
segments.

 4. Schwannomatosis is a condition sharing the 
presentation and phenotype with NF2, albeit 
with a distinct clinical and molecular signa-
ture, and presenting with multiple deep and 
intensely painful schwannomas.

25.3  Neurofibromatosis 1 (NF1)

NF1 was first described by Friedrich von 
Recklinghausen in 1882 [4]. Since then, there has 
been much genetic and clinical research on this 
multi-system, age-penetrating disorder with a 
predilection for the nervous system. It is also 
known as von Recklinghausen’s disease or 
peripheral neurofibromatosis and characterized 

by the development of multiple neurofibromas of 
peripheral nerves. The incidence of NF1 is 
approximately 1  in 2500–3000 births [5]. The 
average life expectancy of patients with NF1 is 
54  years, often due to associated malignancies 
[6].

25.3.1  Genetics of NF1

Neurofibromatosis is an autosomal dominant 
Mendelian disorder with complete penetrance. 
However, it can have variable expressivity in 
terms of the major manifestations and severity of 
the disease. This is exemplified by the microdele-
tion phenotype as it involves the entire NF1 gene 
vs the intragenic mutations. Another reason for 
this observation is that some of those genes co- 
deleted with NF1 exert an influence on the clini-
cal manifestation of the disease in patients with 
NF1 microdeletions. Approximately 50% of the 
affected individuals don’t have any affected par-
ent and represent new mutations of the NF1 gene.

NF1 is inherited from parents in 50% of cases 
and is consequent to a spontaneous mutation in the 
remaining 50% [7, 8]. More than 1500 mutations 
have been identified in patients with NF1. Usually, 
NF1 is due to the loss of a function dominant 
mutation of NF1 gene (neurofibromin), which is a 
tumor suppressor gene located on chromosome 
17q11.2. However, only a single “microdeletion” 
(equivalent to a loss of 1.5  MB), found in only 
5–10% of cases, has been identified as a consistent 
prognostic indicator of the disease manifestation. 
Moreover, the wide spectrum of clinical pictures 
associated with the same mutation suggests that 
other factors determine the phenotype, yet their 
nature has not been identified [9–14].

The gene responsible for NF1 is more than 
300 kb in size, located on chromosome 17, and 
includes 60 exons. All types of mutations are 
scattered throughout the gene, including nucleo-
tide changes, insertion or deletions, splicing 
mutations, and whole gene mutations. A compre-
hensive genetic testing and direct sequencing for 
NF1 is able to detect the causative mutation in 
95% of individuals fulfilling the diagnostic 

Table 25.1 Riccardi classification of NFM

Type Inheritance Remarks
Neurofibromatosis 
(NF1)

AD Café au lait spots, 
neurofibroma, 
Lisch nodules, 
axillary freckling, 
osseous and 
neurological 
involvement, and 
benign and 
malignant tumors

Acoustic (NF2) AD Bilateral acoustic 
neuromas, few café 
au lait spots, and 
neurofibromas

Mixed (NF3) AD Mixed NF1 and 
NF2

Variant (NF4) Unknown Variations of CNS 
tumors, café au lait 
spots, 
neurofibroma, and 
Lisch nodules

Segmental (NF5) Non- 
inheritable

Segmental 
neurofibromas and 
café au lait spots

Familial (NF6) Unknown Café au lait spots
Late onset (NF7) Unknown After third 

decade- 
neurofibroma, few 
café au lait spots

Unspecified (NF8) Unknown Variable 
manifestations
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 criterion and may be useful to confirm a diagno-
sis in an individual with only one clinical feature, 
especially in sporadically affected young chil-
dren and for prenatal diagnosis.

25.3.2  Pathogenesis

The NF1 gene encodes for the “neurofibromin”  
protein which is a GTPase-activating protein 
(GAP) that promotes the conversion of Ras-GTP 
to Ras-GDP. The gene is involved with the con-
trol of response of the cells to growth stimuli 
[15]. Several pathways are known to be involved 
in the development of tumors associated with 
NF1. Loss of neurofibromin increases rat sar-
coma viral oncogene homolog (RAS) activity, 
which causes unopposed cell growth and activa-
tion of downstream intermediates such as 
mitogen- activated protein kinase (MAPK) and 
the mammalian target of rapamycin (mTOR) 
pathways [16]. Neurofibromin is also involved in 
the regulation of cyclic adenosine monophos-
phate levels, which has been shown to affect the 
CNS, especially optic pathway glioma (OPG) 
formation [17–19].

The target cell for the mutations is Schwann 
cells in a neurofibroma and a melanocyte in café 
au lait macules. The neurofibroma contains a 
mixed population of fibroblasts, perineural cells, 
and mast cells. All of these cells proliferate due 
to the secretion of cytokines secreted by the mast 
cells. Some phenotypic characteristics, espe-
cially the cognitive deficits, are explained on the 
basis of haploinsufficiency.

The recognition of the role of Ras signaling 
pathway in the pathogenesis of NF1 has led to the 
development of ongoing preclinical trials of can-
didate therapies including Ras, downstream 
effectors of Ras, mTOR, cytokines, and angio-
genesis factors.

25.3.3  Diagnostic Criterion

There are several diagnostic criteria developed to 
diagnose NF1, but the most commonly used one 

was developed by the Consensus Development 
Conference at the National Institutes of Health 
(NIH) in 1987 which concluded that the diagnosis 
of NF1 could be assigned to a person with two or 
more of the following criteria:

 1. The presence of more than six café au lait spots 
measuring at least 15 mm in diameter in adults 
or five café au lait spots of 5 mm in children

 2. Two or more neurofibromas of any type or at 
least one plexiform neurofibroma

 3. Freckling in the axillary or inguinal region
 4. Optic glioma
 5. Two or more Lisch nodules (iris hamartomas)
 6. A distinctive osseous lesion (sphenoid dyspla-

sia or tibial pseudoarthrosis)
 7. A first-degree relative with NF1 by the above 

criteria

While these criteria can be applied to adults, the 
same cannot be applied to children or at an early 
stage of the disease. This is because only about half 
of children with NF1 and no known family history 
of NF1 meet the NIH criteria for diagnosis by age 
1 year. However, by 8 years of age, almost all cases 
will exhibit features of the same.

In case a child is born to a known NF parent, 
then they need only one criterion to fulfill the 
diagnosis, which is usually identified early in the 
form of cafe au lait spots, which develop in 
infancy in >95% of individuals with NF1. The 
young children with multiple café au lait spots 
and no other NF1 features whose parents do not 
show signs of NF1 on careful physical and oph-
thalmologic examination should be strongly sus-
pected of having NF1 and followed clinically. A 
definite diagnosis of NF1 can be made in most of 
these children by age 4 years using the NIH crite-
ria. The young children who present with six or 
more café au lait macules and freckling in axil-
lary or inguinal regions but have no known fam-
ily history of NF1 also meet the diagnostic 
criteria for NF1. However, the diagnoses of 
Legius syndrome or constitutional mismatch 
repair syndrome need to be considered in such 
cases, especially if no additional findings of NF1 
develop with increasing age.

25 A General Introduction to Neurofibromatosis
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25.3.4  Clinical Manifestations

There seem to be two age peaks in the occurrence 
of severe clinical problems for NF1 patients: one 
from 5 to 10 years of age and the second from 36 
to 50 years of age. At the second peak, 75% of the 
clinical problems are related to malignancy. 
There is extreme variability in features and com-
plications of NF1 among affected individuals. 
Approximately one-third of patients with NF1 
will suffer serious medical and cosmetic compli-
cations over their lifetime; the remaining two- 
thirds will have mild to moderate involvement.

NF1 can have varied manifestations, and the 
lifespan of these individuals is typically 15 years 
shorter than an average individual [20]. Apart 
from the increased risk of having neurofibromas, 
these patients can develop a plethora of other 
malignant and benign tumors which can contrib-
ute to an early demise and considerable morbid-
ity. Although the peripheral nervous system is the 
focus of the disease in NF1, NF1-associated neo-
plasms can occur elsewhere in the body including 
the central nervous system, skin, the gastrointesti-
nal tract, bone marrow, breast and soft tissues.

25.3.4.1  Neurofibromas
Neurofibromas (NF) are benign tumors arising 
from the Schwann cells and are a hallmark of 
NF1, present in all the patients older than 
30 years. They may occur anywhere in the body, 
involving either a discrete length of an individual 
nerve or multiple nerve fascicles. They may 
appear typically on the skin surface or within the 
dermis and increase in number during puberty 
and pregnancy. Internal or deep NF may occur 
throughout the body including the periorbital, 
retroperitoneal, GI tract, and mediastinal loca-
tions or present with pain or neurological deficits, 
as are the spinal NF (Figs. 25.1 and 25.2). There 
are multiple types of neurofibromas that exist 
with a varying capacity to become malignant 
peripheral nerve sheath tumors. The WHO clas-
sification scheme defines five distinct neurofi-
broma subtypes (Table 25.2). The plexiform NF 
is pathognomonic of NF1, which grow along 
multiple fascicles or branch of a nerve.

The morbidity associated with plexiform NF 
is twofold. They can lead to cosmetic disfig-
urement, bony destruction, and pain and have 
8–13% lifetime risk of malignant transformation 

a b

Fig. 25.1 (a) T2 weighted MRI coronal images showing 
hyperintense lesion involving the right carotid sheath/
vagus nerve (white arrow); (b) T2 weighted MRI coronal 

images showing hyperintense lesion involving the bilat-
eral intercostal nerves (white arrow)
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into malignant peripheral nerve sheath tumor 
(MPNST).

25.3.4.2  CNS Tumors
In the central nervous system, astrocytoma is the 
most common manifestation. Gliomas can pres-
ent throughout the CNS in patients with NF1. 
The relative risk of having a brain tumor is 100 
times higher in children (<10  years) with NF1 
than those without NF1. Most of these tumors are 
low-grade (WHO I–II grade) tumors. These 
patients also carry a chance of developing high- 
grade neoplasms like diffuse astrocytomas (WHO 
grade II–III) and glioblastomas (WHO grade IV), 
many of which occur in the brainstem. The 
Cancer Genome Atlas Research Network con-
cluded that 18% of sporadic glioblastomas have a 
homozygous deletion or mutation of NF1 gene, 
underscoring the important role that NF1 loss 
plays in glioblastoma pathogenesis [21].

The patients develop optic pathway gliomas 
(OPG) during childhood or adolescence. NF1- 
associated optic gliomas can occur anywhere 
along the optic nerves, the optic chiasm, or the 
optic tracts and are found in ∼15% of children 
with NF1 [22]. As the World Health Organization 
(WHO) grade I neoplasms (pilocytic astrocyto-
mas), OPG typically follow a benign clinical 
course, involving optic nerve, chiasma, and/or 
hypothalamus. However, they can be clinically 
problematic as nearly half of NF1 patients with 
OPG develop moderate to severe visual impair-
ment [23, 24]. Precocious puberty also occurs in 
a small fraction of NF1 patients whose OPG 
involve the optic chiasm and adjacent hypothala-
mus. OPG usually present before the age of 
6 years with a loss of visual acuity, proptosis, or 
strabismus, but they may not become symptom-
atic until later in childhood or even in adulthood. 
Symptomatic OPG in NF1 are frequently stable 

ca b

Fig. 25.2 (a) T1 weighted contrast-enhanced fat-suppressed 
sagittal images and (b) T2 weighted axial images showing a 
large enhancing and T2 hyperintense lesion involving the 

carotid sheath/vagus nerve (white arrows) (c) T2 weighted 
axial images in the same case showing other multiple subcu-
taneous and brachial plexus neurofibromas (white arrows)

Table 25.2 Types of Neurofibromas and their association with Neurofibromatosis

Type Location NF1 incidence
Malignant 
potential Remarks

Localized 
cutaneous

Skin 10% NF1
90% sporadic

None Most common, hidden 
under café au lait spots

Diffuse 
cutaneous

Skin 10% NF1
90% sporadic

Very low Uncommon lesions that 
present as plaque-like 
lesions

Localized 
intraneural

Cranial, spinal, autonomic nerve 
plexus

Can be NF1 or 
sporadic

Intermediate Second most common

Plexiform Cranial, spinal, autonomic nerve 
plexus

Exclusively NF 
1

Highest Diagnostic of NF1

Massive soft 
tissue

Extremities, extensive soft tissue 
expansion with underlying large 
nerve

Exclusively NF 
1

Intermediate Less common called 
elephantiasis neuromatosa
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and indolent for many years or are only very 
slowly progressive, and some of these tumors 
even regress spontaneously.

25.3.4.3  Café Au Lait Macules 
and Other Skin 
Manifestations

The café au lait spots occur in nearly all NF1 
cases, and intertriginous freckling shall develop 
in 90% cases. By the age of 1 year, 99% of chil-
dren with the diagnosis will have 6/>6 café au 
lait macules >5 mm. These spots are characteris-
tically ovoid in shape with well-defined borders 
and usually about 1–3 cm in size. They are uni-
form in color, being a little darker than the back-
ground pigmentation of the individual 
(Fig.  25.3a, b). The pigmentation may also be 
irregular, with freckling or a more deeply pig-
mented smaller café au lait spot within a larger 
more typically colored lesion. The café au lait 
spots are flat and flush with the surrounding skin; 
however, if the skin of the lesion is raised or has 
an unusually soft or irregular texture in compari-
son to the surrounding skin, an underlying plexi-
form neurofibroma is more likely. The darker 
pigmentation of café au lait spots may be diffi-
cult to see in people with very dark skin, where 
the color of the lesions is similar to that of the 

rest of the skin. A Wood’s light is useful in such 
cases to demonstrate the pigmented macules. 
Café au lait spots are not seen on the palms or 
soles in patients with NF1 but can occur almost 
anywhere else on the body. The size, number, 
and location of café au lait spots do not correlate 
with the severity of NF1 or the location of future 
neurofibromas.

The skin fold freckling appears first in the 
inguinal region and later in the axillae. This is 
often the next sign to appear, usually at 
3–5 years of age. Only 40% will have freckling 
in infancy, while 90% of NF1 patients will have 
this by the age of 7 years. The freckles are fre-
quent in sun- exposed areas and may also be 
seen diffusely over the trunk, proximal extremi-
ties, and neck in patients with NF1. Similar 
freckling is common in fair-skinned people 
who do not have NF1. However, patients with 
NF1 also develop freckles in areas where the 
skin rubs against the skin, i.e., in the axilla, 
groin, and under the breasts in women. These 
freckles look like any others; however, it is only 
their location that is unusual.

Other skin manifestations include juvenile 
xanthogranulomas which are small, tan, or 
orange-colored papules that may occur in 
clusters.

a b

Fig. 25.3 (a, b) Photograph of patients with NF1 showing cafe au lait macules on the abdomen (black arrows)
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Nevus anemicus is another such lesion which 
is an irregularly shaped macule, paler than the 
surrounding skin, and that does not get red when 
rubbed, as the skin surrounding it does.

25.3.4.4  Ocular Findings
Ocular manifestations include iris Lisch nodules. 
These are melanocytic hamartomas and are 
asymptomatic and highly specific for NF1. They 
are demonstrable in adults and half of the chil-
dren <5 years with the help of a slit lamp [25]. 
Choroidal freckling cannot be seen on standard 
ophthalmologic examination but can be visual-
ized by scanning laser ophthalmoscopy with 
infrared or near-infrared light, infrared reflec-
tance imaging, or optical coherence tomography. 
Other infrequent ocular manifestations of NF1 
include retinal vasoproliferative tumors and neo-
vascular glaucoma [26, 27].

25.3.4.5  Neurological Manifestations
These can be divided as central and peripheral. 
NF1 patients have psychiatric and neuropsycho-
logical abnormalities with IQ scores which may 
be normal or slightly below normal. The learning 
disabilities have been reported in up to 80% of 
these children [28, 29]. This is more so in cases 
with microdeletion. Frank intellectual disability 
can be seen in 6–7% cases which is twice that of 
the general population. Further, nearly 40% of 
these children have attention-deficit/hyperactiv-
ity disorder, 30% have autism spectrum disorder 
[30], and many have visual-spatial deficits [31]. 
Deficits in visual-spatial performance, social 
competence, and attention are most commonly 
seen in people with NF1, but problems with 
motor function, executive function, memory, and 
language are also frequent. T2-weighted mag-
netic resonance imaging often identifies “uniden-
tified bright objects” (UBOs) in the basal ganglia, 
thalamus, brainstem, cerebellum, or subcortical 
white matter of these children [32–34]. These 
UBOs, which have variously been interpreted as 
hamartomas [35], regions of abnormal myelina-
tion [36], heterotopias [37], or vacuolated myelin 
[38], are potentially related to the learning dis-
abilities seen in children with NF1 [39]. UBOs 

can also be confused with the radiologic abnor-
malities associated with glioma.

Seizures are also more common than the gen-
eral population which may be due to the presence 
of tumors or infarct [40]. Other central manifes-
tations include sleep disturbances and headaches 
(migraines). The pain in association with plexi-
form neurofibromas is also common and must be 
distinguished from the pain that may be the first 
sign of transformation to a malignant peripheral 
nerve sheath tumor.

25.3.4.6  Malignant Peripheral Nerve 
Sheath Tumors (MPNSTs)

MPNSTs are aggressive spindle cell neoplasms 
derived from the Schwann cell lineage [41] with 
a 5-year survival of up to 60%. As a group, 
MPNSTs represent ∼2 to 5% of all soft tissue 
sarcomas. However, MPNSTs are encountered in 
three very different clinical settings, which raise 
the question of whether there are distinct MPNST 
subtypes that arise via different pathogenic 
mechanisms. About 40–50% of MPNSTs arise in 
NF1 patients. MPNSTs are the most common 
malignancy encountered in NF1 patients, and the 
lifetime risk of developing an MPNST has been 
estimated at 5.9–10.3%. Another 40–47% of 
MPNSTs are sporadic, with the remaining 
10–13% occurring at sites of previous radiation 
therapy. MPNST usually arise from a pre- existing 
plexiform NF. The signs of a malignant change 
are unexplained persistent pain, rapid growth, 
change in texture from soft to hard, and an 
increased uptake on FDG-PET scan.

25.3.4.7  Musculoskeletal 
Manifestations

The presence of skeletal abnormalities such as 
scoliosis, vertebral scalloping, unilateral sphe-
noid wing dysplasia, decreased bone mineral 
density, and tibial pseudoarthrosis has been found 
in nearly half of NF1 patients [42]. The serum 
25-hydroxy vitamin D levels are reduced in indi-
viduals with a large number of dermal neurofi-
bromas [43]. 25-Hydroxy vitamin D levels are 
inversely proportional to the burden of these 
tumors.
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Osteopenia and osteoporosis are both more 
frequent in NF1 than in general population. The 
hypothesis is that there is a lower-than-expected 
serum 25-hydroxy vitamin D concentration, ele-
vated serum parathyroid hormone levels, and evi-
dence of increased bone resorption in patients 
with NF1. The neurofibromin gene plays a criti-
cal role in regulating the mesenchymal stem/pro-
genitor cell differentiation into osteoblasts, 
affecting collagen synthesis and mineralization. 
The function of both osteoblasts and osteoclasts 
appears to be abnormal in NF1. Dysplasia can 
occur in long bones, most commonly in the tibia 
and fibula, which is infrequent but characteristic 
of NF1. This usually presents in infancy as uni-
lateral anterolateral bowing of the lower leg, 
which is quite different from the common physi-
ologic bowing seen in children when they begin 
to walk. Early recognition of tibial dysplasia per-
mits bracing, which may prevent fracture. The 
initial radiographic changes consist of narrowing 
of the medullary canal with cortical thickening at 
the apex of the bowing. In contrast, sphenoid 
wing dysplasia can be incidental and can cause 
strabismus or even progressive pulsating 
enophthalmos.

Scoliosis can be seen in the dystrophic variety 
which occurs at a young age (6–8 years) and is 
characterized by an acute angle over a short seg-
ment of the spine and can be rapidly progressive. 
Non-dystrophic variety commonly presents with 
adolescent scoliosis and is not associated with 
vertebral anomalies.

Orbital dysplasia may occur due to the pres-
ence of a plexiform NF in trigeminal nerve.

25.3.4.8  Vascular Manifestations
Vascular abnormalities ranging from renal, coro-
nary and cerebral artery stenosis to pulmonary 
stenosis, valvular malformations, and coarctation 
of the abdominal aorta occur in nearly 10% [44–
47] and are some other factors contributing to 
mortality in these patients, particularly those who 
die before 30 years of age [48].

Hypertension and stroke are the most common 
manifestation of NF1  in the vascular system. 

Hypertension can be essential or associated with 
renal artery stenosis, coarctation of the aorta, or 
other vascular lesions associated with hyperten-
sion. A renovascular cause is often found in chil-
dren with NF1 and hypertension. Stroke in young 
is a common manifestation with the involvement 
of both the brain and heart. Stenosis or ectasia of 
the cerebral and intracranial arteries are much 
more common in NF1 than the general popula-
tion. Moyamoya disease is three times as com-
mon as the general population.

Cardiovascular abnormalities such as valvular 
pulmonic stenosis, congenital heart defects, or 
hypertrophic obstructive cardiomyopathy are 
more common in these cases. They can develop 
pulmonary hypertension in the adult age group 
which is often in association with parenchymal 
lung disease [49].

There is an increased risk of hemorrhagic and 
ischemic strokes in adult and pediatric popula-
tion as compared to general population. The 
various associations include moyamoya angiop-
athy, cerebral aneurysm, and ectatic cerebral 
vessels.

25.3.4.9  Non-CNS Tumors
Apart from the involvement of the nervous sys-
tem, patients with NF1 can also have systemic 
neoplasms. There is a 0.1–5.7% risk of NF1 
patients developing pheochromocytomas, typi-
cally in the fifth decade of life [50–52].

The endocrine tumors of gastrointestinal tract 
(GIT) are also seen in NF1 with a predilection for 
periampullary region. The most common of these 
is a somatostatinoma. Gastric carcinoids are also 
associated with NF1, although this is a rare mani-
festation of the disorder [53]. NF1 patients are at 
increased risk (45-fold higher than that of the 
general population) for the development of gas-
trointestinal stromal tumors (GISTs) [54], with 
60% of them occurring in the small intestine, 
whereas sporadic GISTs are most commonly 
gastric [55].

Young children with NF1 are prone to develop 
juvenile myelomonocytic leukemia, with boys 
being particularly susceptible to this malignancy 
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[56]. Glomus tumors, which are small benign but 
exquisitely painful tumors that develop at the end 
of digits, have also been suggested to be a feature 
of NF1 [57].

NF1 patients have a 20-fold increased risk for 
the development of embryonal rhabdomyosarco-
mas as compared with the general population 
[58–60]; this is, however, one of the less common 
manifestations of NF1, occurring in <1% of indi-
viduals with this disorder. Likewise, leiomyosar-
comas and osteosarcomas occur rarely in NF1 
but still at a rate higher than that of the general 
population [61]. The lifetime risk of developing 
breast cancer is found to be double in women 
with NF1, and the survival of NF1 patients with 
breast cancer is poorer than that of other breast 
cancer patients [62].

25.3.4.10  Other Manifestations
NF1 may present with dysmorphic features and 
overgrowth in childhood. Child overgrowth has 
been defined as any child with NF1 under the age 
of 18 years who has height and/or head circum-
ference at least two standard deviations above the 
age- and sex-matched population. Facial dysmor-
phism is defined as having two or more of the 
following features: coarse face, flat occiput/
brachycephaly, facial asymmetry, prominent 
forehead, frontal bossing, ptosis, down slanting 
deep-set eyes, eversion of the lateral eyelid, epi-
canthic folds, high and broad nasal bridge, bul-
bous nasal tip, large and low-set ears, malar 
hypoplasia, wide and prominent philtrum, micro-
gnathia, small pointed chin, and low posterior 
hairline.

Macrocephaly and short stature are variably 
seen in NF1 cases [63–65].

25.3.5  Management

The management of NF1 consists of the 
following:

 1. Surveillance
 2. Surgery of progressive lesions
 3. Genetic counseling

The important surveillance points depend upon 
the age of the patient. The presence of plexiform 
NF or orbital or long bone dysplasia should be 
sought for in the clinical examination in an infant 
suspected of having NF1. In children, besides 
plexiform NF, the presence of high blood pressure 
(due to renal artery stenosis), curved spine (due to 
scoliosis), and learning disability should be 
screened, as also the presence of optic glioma by 
performing an ophthalmological examination and 
assessment of growth and head circumference. 
The adults should be screened for the presence of 
NF, high blood pressure, neurological function 
(for the presence of hydrocephalus, optic glioma, 
spinal cord or peripheral nerve compression), and 
tumor growth for the possibility of MPNST.

The treatment of various lesions in NF1 
depends upon their presentation and is summa-
rized in Table  25.3. The development of newer 
therapies targeting MEK inhibitors and mTOR 
pathways is currently under research trials [66]. 
Anti-angiogenesis factors like bevacizumab have 
shown objective responses in vision testing in 
cases with refractory optic gliomas [67, 68].

The biopsy of the suspected tumors is not nec-
essary as the imaging is diagnostic. Surgery is 
recommended for optic gliomas with deteriorat-
ing vision or proptosis.

Table 25.3 Treatment of various lesions in NF1

Dermal NF Plastic surgery, CO2 laser, electro-desiccation To improve appearance or discomfort
Plexiform NF Debulking For cosmesis or neurological decompression. 

Complete removal not possible
Optic gliomas Usually stable and do not require treatment. 

Surgery recommended for deteriorating vision or 
proptosis

Postoperative chemotherapy with carboplatin 
and vincristine. Five-year progression free 
survival is 70%

Learning 
disabilities

Neuropsychological assessment

MPNST Surgery and/radiation
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25.4  Neurofibromatosis 2 (NF2)

NF2, also known as bilateral acoustic neurofibro-
matosis or central neurofibromatosis, is a heredi-
tary tumor syndrome characterized predominantly 
by the development of schwannomas, with 
meningiomas, ependymomas, and ocular 
 abnormalities. Posterior subcapsular cataract is 
the only non-tumor manifestation.

NF2 is inherited in an autosomal dominant 
pattern with an estimated incidence of 1  in 
25,000, a prevalence of 1  in 60,000, and pene-
trance of almost 100% [69]. Patients usually 
present around age 20, and prognostic consider-
ations include age at diagnosis, meningioma sta-
tus, and access to specialty medical centers. Over 
half of the cases are caused by de novo gene 
mutations in patients with no family history of 
the disease. The life expectancy of patients with 
NF2 is reduced as compared with unaffected 
individuals (69 vs 80 years) [70].

25.4.1  Genetics and Pathogenesis 
of NF2

The disease is caused by a germline mutation in 
the NF2 gene, which can be identified in 70–90% 
of affected individuals. NF2 was proven to be a 
genetically distinct entity from NF1, caused by 
abnormalities of a gene located on the q12 band 
of chromosome 22. This NF2 gene is composed 
of 17 exons spanning 110 kb and codes for the 
protein named “Merlin” (also known as schwan-
nomin), which is a tumor suppressor protein 
impacting PI3 kinase/Akt, Raf/MEK/ERK, and 
mTOR signaling pathways. Merlin is named 
for its relationship to the moesin (membrane- 
organizing extension spike protein)—erzin (cyto-
villin)—radixin family of cytoskeleton-associated 
proteins, which suggests that it may be influential 
in communication between surface signaling and 
the cytoskeleton matrix.

The NF2 protein is a true tumor suppressor as 
biallelic loss results in tumor formation. 
Mutations in Merlin can be found in approxi-
mately 93% of patients with clinical evidence of 
NF2 and positive family history, in 90% of spo-

radic vestibular schwannoma and in 50–60% of 
sporadic meningiomas.

The phenotype of NF2 can have varying degrees 
of severity. Within an affected family, the natural 
history and phenotypic expression of NF2 are usu-
ally similar between its members. However, inter-
family variations can be striking. The differences 
can be attributed to differing abnormalities within 
the NF2 gene. For instance, the most severe clinical 
manifestations have been associated with frame-
shift or nonsense mutations, which also happen to 
be the most common mutation types, in which the 
mutation causes truncated protein expression.

25.4.2  Diagnostic Criterion

NF2 is diagnosed using clinical criteria. There is a 
paucity of cutaneous stigmata in NF2, and cafe au 
lait macules are not a regular feature. Bilateral 
schwannomas of the superior vestibular branch of 
the eighth cranial nerve (vestibular schwannoma 
or acoustic neuroma) are pathognomonic for NF2. 
There have been several diagnostic criteria for 
NF2 as 41% of patients eventually proven to have 
NF2 do not have bilateral vestibular schwannomas 
at the initial time of presentation. These include 
the widely recognized Manchester criteria as well 
as additional NIH criteria as shown in Table 25.4.

Table 25.4 Diagnostic criteria of NF2

Main criteria Additional criteria
Bilateral vestibular 
schwannomas

Unilateral vestibular 
schwannoma plus any two 
of the following: 
meningioma, glioma, 
schwannoma, or juvenile 
posterior lenticular 
opacities

First-degree relative 
with NF2 plus:
1.  Unilateral 

vestibular 
schwannomas

2.  Any two of the 
following: 
meningioma, 
glioma, 
schwannoma, or 
juvenile posterior 
lenticular opacities

At least two meningiomas 
plus:
1.  Unilateral vestibular 

schwannoma
2.  Any two of the 

following: glioma, 
neurofibroma, 
schwannoma, and 
cataract
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25.4.3  Clinical Presentation

NF2 is known to have nervous system tumors 
including schwannomas followed by meningio-
mas and ependymomas (Fig.  25.4a–f). The 
patients can also have non-neoplastic ocular 
manifestations. The pathognomonic hallmark 
finding of bilateral vestibular schwannoma is 
found in >95% of NF2 patients.

25.4.3.1  Vestibular Schwannomas
These tumors arise from the superior division of 
the vestibular nerve and present with sensorineu-
ral hearing loss, tinnitus, and imbalance while 
walking (Fig.  25.5a–c). They histologically 
resemble sporadic tumors with the presence of 
alternating Antoni A and B bodies, Verocay bod-
ies, and hyalinized blood vessels. However, in 

contrast to the sporadic schwannomas, the 
schwannomas in NF2 tend to be multifocal and 
multilobulated and invade the nerve fibers, rather 
than displacing them (as in sporadic NF) [71]. 
This accounts for the high recurrence rates for 
NF2 tumors as compared to sporadic tumors 
(44% vs 1.3%) with surgery or radiotherapy. The 
risk of malignant transformation after radiation is 
more in NF2 vestibular schwannomas as com-
pared to sporadic ones [71].

25.4.3.2  Peripheral Schwannomas
Schwannomas of other cranial and peripheral 
nerves, especially paraspinal and cutaneous 
nerves, are encountered in up to 70% of patients 
with NF2 [72] (Fig. 25.6a–h). Symptoms attrib-
utable to peripheral schwannomas are most often 
pain, sensory loss, and weakness. These schwan-

a b c

d e f

Fig. 25.4 (a–f) MRI of a patient with NF2 showing multiple meningiomas along the falx and bilateral acoustic 
neuroma
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nomas also have a multifocal infiltration of the 
associated nerve as the NF2-associated vestibular 
schwannomas.

Small schwannomas are often found studded 
along the paraspinal nerve roots in NF2. These 

tumors are believed to be schwannoma precur-
sors in these patients. The finding of a plexiform 
schwannoma confers a 10–50% chance that the 
patient has NF2. Plexiform schwannomas are 
most often cutaneous or subcutaneous with a pre-

a b c

Fig. 25.5 (a–c) Contrast MRI of the brain of a patient with NF2 showing bilateral acoustic neuromas and left-side 
sphenoid wing meningioma and right-side optic nerve sheath meningioma

a b c d e

f g h

Fig. 25.6 (a–h) MRI of a patient with NF2 showing multiple intracranial (frontal convexity and falcine) meningiomas 
along with multiple intradural schwannomas
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dilection for the head and neck region. The 
schwannomas of NF2 are benign and rarely 
undergo malignant transformation in contrast to 
the neurofibromas of NF1.

25.4.3.3  Ependymomas
Intracranial ependymomas are not found in NF2. 
The spinal ependymomas are present in 50% of 
patients as intramedullary tumors. The intramed-
ullary ependymomas in NF2 are most commonly 
found in cervical and cervico-medullary regions 
of the spinal cord (63–82%), followed by tho-
racic spine (36–44%), and present as multiple 
tumors in the form of a “string of pearl” appear-
ance. These tumors are mostly asymptomatic and 
followed closely.

Ocular Manifestations:
These are found in a majority of NF2 patients 

in the form of posterior subcapsular lenticular 
opacities found in almost 80% of the patients. 
Other less common ocular findings include OPG, 
retinal hamartomas, epiretinal membranes, or 
schwannomas.

25.4.3.4  Meningiomas
These tumors are found at a younger age in NF2 
than in the general population. About 20% of the 
children diagnosed with a meningioma will be 
found to have NF2. They are found in about 50% of 
patients with NF2 and are frequently multiple and 
intracranial. The intracranial meningiomas are most 
commonly found along the falx and convexity 
(70%) followed by skull base (25%) and intraven-
tricular (3%). Spinal meningiomas also occur. The 
majority (>60%) of meningiomas in NF2 are stable 
and show no or little growth in the follow-up.

25.4.4  Management

The treatment strategy for NF2-associated tumors 
is different from sporadic tumors as the primary 
aim is to preserve the neurological function and 
quality of life.

The standard treatment of vestibular schwan-
nomas is surgery, which is indicated for tumors 
with critical neural compression. However, a 
period of watchful waiting may be allowed in 
some patients with little or no neurologic dys-

function. In general, the schwannomas arising 
from other cranial nerves are slow-growing and 
are less symptomatic, and the surgical resection 
should be reserved for those with progressive 
neurological deficit or rapid tumor growth.

The radiation therapy is not encouraged in 
NF2-associated schwannomas because of the risk 
of malignant transformation, although the risk is 
absolutely low.

Several targeted therapies have been used in 
patients with NF2 and progressive vestibular 
schwannomas. The clinical trials with erlotinib 
(EGFR inhibitor) and lapatinib (EGFR/ErbB2 
inhibitor) have been performed, although with low 
rates of radiologic response [73, 74]. A similar 
study with everolimus, an mTOR inhibitor, was 
associated with prolonged stable disease in NF2 
patients with progressive vestibular schwannomas 
[75]. The treatment with anti-vascular endothelial 
growth factor, bevacizumab, has produced a dura-
ble hearing and radiologic response in patients 
with progressive vestibular schwannomas [76].

Surgery remains the standard treatment for 
progressive or symptomatic meningiomas or 
intramedullary ependymomas in NF2. The 
majority of these tumors have a benign histology 
and as such don’t require radiation therapy after a 
good surgical excision.

25.5  Schwannomatosis

Schwannomatosis, as the name implies, is a syn-
drome characterized by the predisposition to 
development of multiple schwannomas (with-
out concomitant involvement of the vestibular 
nerve) and much less commonly meningiomas 
(Fig. 25.7a–c). Schwannomatosis is distinct genet-
ically from NF2; however, there is a considerable 
overlap in the phenotypes of these two syndromes. 
The true prevalence of schwannomatosis is dif-
ficult to assess given the clinical similarities to 
NF2 and lack of a reliable genetic test in all cases, 
though it is speculated to be about as common as 
NF2. Unlike the patients with NF1 with charac-
teristic dermatologic manifestations and patients 
with NF2 with bilateral acoustic neuromas, the 
patients with schwannomatosis have non-specific 
symptoms that may delay the diagnosis.
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25.5.1  Genetics and Pathogenesis 
of Schwannomatosis

Schwannomatosis is an autosomal dominant trait 
with incomplete penetrance, variable expression, 
and a high rate of mutation. Familial schwanno-
matosis accounts for 15% of the cases, while 
sporadic cases account for the rest 85%, with 
clinically unaffected parents. The germline 
mutations in the SWI/SNF-related matrix-asso-
ciated actin-dependent regulator of chromatin 
subfamily B member (SMARCB1, also called 
hSNF5, INI1, BAF47) gene (located on chromo-
some 22q11.2, centromeric to the NF2 gene) 
have been found in 40–50% of families with 
familial schwannomatosis and in 10% of patients 
with sporadic schwannomatosis [77]. The 
SMARCB1 gene exerts its tumor suppressor 
function by regulating cell cycle, lineage-spe-
cific gene expression, and embryonic stem cell 
programming. The gene encodes for a protein 
involved in chromatin remodeling. It is also 
involved in the formation of rhabdoid and atypi-
cal teratoid tumors, and such tumors are found in 
some members of the families with schwanno-
matosis. The majority of the cases of schwanno-
matosis are caused by de novo mutations, though 
familial cases exist with an autosomal dominant 
inheritance pattern [78].

The mutations in the LZTR1 gene have also 
been identified fairly commonly in SMARCB1- 

negative schwannomatosis patients with NF2 
loss in their tumors. The LZTR1 protein is 
involved in multiple cellular processes including 
regulation of chromatin and the cell cycle. The 
mutations in the second rhabdoid tumor locus, 
SMARCA4 (Brg1), which is also a component of 
SWI/SNF (AWItch/sucrose non-fermentable) 
complex, have also been reported in a small num-
ber of patients with schwannomatosis.

The clinical testing for both SMARCB1 and 
LZTR1 mutations is now available for schwan-
nomatosis patients.

25.5.2  Clinical Presentation

Though schwannomas are common to both 
schwannomatosis and NF2, there are clinical dif-
ferences [79]. The age at presentation for schwan-
nomatosis peaks in adulthood, usually between 
the ages of 30 and 60  years, and often with 
chronic debilitating pain. In contrast, NF2 can be 
reliably diagnosed in early childhood and more 
commonly presents with neurological deficits 
[80]. Histologically, sporadic schwannomas and 
syndromic schwannomas are indistinguishable; 
however, similar to NF2, the schwannomas of 
schwannomatosis tend to have an intraneural 
growth pattern, peritumoral edema, myxoid 
change, and a mosaic INI1 staining pattern by 
immunohistochemistry [81].

a b c

Fig. 25.7 (a–c) Cervical spine MRI of a patient with pre-
sumed schwannomatosis showing multiple cervical, 
mediastinal, and lumbar intra- and extra-dural schwanno-

mas (red arrows). The patient did not have any evidence of 
vestibular schwannoma on brain MRI and had SMARCB1 
positivity on genetic testing
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25.5.3  Diagnostic Criteria

The diagnostic criteria incorporate both clinical 
and molecular markers. These are elaborated in 
Table 25.5.

The most common symptom is pain (46%), 
presence of a mass (27%), or both (11%). The 
schwannomas in schwannomatosis commonly 
affect the spine (74%) and peripheral nerves 
(89%), while cranial nerve schwannomas (mostly 
trigeminal) are uncommon (8%). Vestibular 
schwannomas are rare, and meningiomas occur 
in 5% of the schwannomatosis patients, with a 
special predilection for the falx. There is a pheno-
typic overlap between schwannomatosis and 
NF2, although bilateral acoustic neuromas have 
not been reported in schwannomatosis. The neu-
rologic manifestations related to schwannomas 
are rare and occur often as a consequence of sur-
gical excision of these lesions.

25.5.4  Management

Management of patients with schwannomatosis 
is symptom-based, and clinical observation is 
recommended for asymptomatic patients. The 
pain is the hallmark of this disorder and is the 
most challenging feature to treat. In cases of spi-
nal cord compression or bothersome symptoms, 
surgery is performed to improve quality of life 
[82]. The major risk of the surgery is the iatro-
genic damage to the nerve because of the growth 
within the myelin.

There has been a limited experience with radi-
ation in the treatment of schwannomas related to 
schwannomatosis, and there have been reports of 
malignant transformation of schwannomas after 
the radiation treatment. Henceforth, most reserve 
the usage of radiation for enlarging schwanno-
mas which cannot be treated with surgery. The 
role of chemotherapy in the treatment of painful 
schwannomas is unclear.

25.6  Conclusions

The NFM are a diverse set of conditions with a 
propensity for the development of nerve sheath 
tumors. These are classified as distinct tumor 
suppressor syndromes where loss of specific 
proteins due to mutations in tumor suppressor 
genes leads to dysregulation of pathways 
responsible for cell division and proliferation, 
thereby contributing to tumor formation at vari-
ous sites in the body, including the central and 
peripheral  nervous system. A multidisciplinary 
team effort with a deep understanding of the dis-
order and basic laboratory and clinical investi-
gations with early implementation of the 
treatment can lead to excellent results. Genetic 
counseling is an important tool for the manage-
ment of affected individuals and their families. 
Genetic testing is feasible and can identify 
patients with doubtful history and clinical 
manifestations.
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Tumors involving the peripheral nervous system 
(PNS) represent a heterogeneous population of 
neoplasms which include both benign and malig-
nant forms. They are summarized in Table 26.1.

Benign peripheral nerve sheath tumors 
(BPNST) include schwannomas (the most com-
mon tumors arising from peripheral nerves), neu-
rofibromas, and perineuriomas [2]. While 
schwannomas and perineuriomas are composed 
of uniform populations of Schwann cells and 
perineurial cells, respectively, neurofibromas 
consist of diverse cell types, including Schwann 
cells, fibroblasts, perineurial cells, and entrapped 
axons.

The advances in genetics with the develop-
ments in informatics and imaging allowed refining 
the classification of diseases, often with important 
prognostic and treatment implications [3].

In 2016, the World Health Organization 
(WHO) published an update of the 2007 fourth 
edition of the Classification of Tumors of the 
Nervous System [4, 5] based on (1) a combined 
phenotypic and genotypic classification and (2) 
the generation of “integrated” diagnoses. For the 
first time, molecular parameters were included. 
These more objective and more precisely defined 
entities will improve patient therapy and will 
facilitate the classification for clinical trials and 
epidemiological studies improving the quality of 
life of those patients suffering these lesions.

This fifth edition contains the codes of the 
third edition of the International Classification of 
Disease for Oncology (ICD-O), which closely 
corresponds to the histopathological classifica-
tion with the aim of facilitating the epidemiologi-
cal analyses of nervous system neoplasms [6].

For peripheral nervous system tumors 
(Table 26.1) [1, 7, 8], the major changes included 
in the 2016 WHO classification are the expan-
sion and clarification of entities included in the 
section of nerve sheath tumors, with the addi-
tion of hybrid nerve sheath tumors and the sep-
aration of melanotic schwannoma from other 
schwannomas.

Benign neoplasms developing from the 
peripheral nervous system may arise in most 
cases sporadically, but they are also associated to 
specific inherited genetic disorders. The familial 
syndromes that predispose individuals to the 
development of tumors, often multiple, within 
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the PNS, are neurofibromatosis types 1 and 2, 
schwannomatosis, or Carney’s complex [9] [10].

A tumor is any abnormal proliferation of cells, 
which may be either benign or malignant [11]. 
The continual unregulated proliferation of cells is 
the result of genetic and/or epigenetic alterna-
tions into two broad classes of genes, proto- 
oncogenes and tumor suppressor genes (TSGs). 
Proto-oncogenes are involved in pathways that 
promote cellular growth, and the mutated ver-
sions of these genes are known as oncogenes 
[12]. Tumor suppressors are the genes that pro-
tect cells from malignant alterations and are 
involved in DNA damage repair, inhibition of cell 
division, induction of apoptosis, and suppression 
of metastasis. Loss of TSG function is a common 
mechanism contributing to the development of 
tumors [13]. Most of the genes involved in the 
development of nervous system tumors are in fact 
tumor suppressors.

A wide spectrum of genetics and epigenetic 
aberrations are involved in the growth of malig-
nant cells. Genetic alterations include mutations, 
genomic instability, loss of heterozygosity 
(LOH), and gene copy number variation (CNV). 
Epigenetics changes which regulate gene expres-
sion without altering the underlying nucleotide 

sequence involved histone modifications, DNA 
methylation, and loss of imprinting (LOI) [14].

In hereditary tumors, we can find constitu-
tional alterations associated with somatic loss of 
function of wild-type alleles. In the correspond-
ing sporadic tumors, biallelic somatic loss-of- 
function (LOF) mutations can be found.

Functional inactivation of TSGs is a common 
mechanism contributing to the development of 
cancer. Most of the TSGs follow the Knudson 
“two-hit” hypothesis [15] which postulated the 
recessive nature of loss-of-function mutations 
where both alleles of a TSG must be permanently 
inactivated by mutation and deletion or silenced 
by promoter methylation. However, there have 
been described other inactivation mechanisms of 
known TSGs that do not follow the classic 
Knudson two-hit hypothesis such as proteasomal 
degradation, abnormal cellular location, and tran-
scriptional regulation [16].

In this chapter we attempt to summarize the 
genes and the knowledge of the underlying 
molecular mechanisms involved in the develop-
ment of peripheral nerve system tumors. 
Excellent reviews are available covering clinical, 
histologic, and immunohistochemical aspects of 
these tumors [7, 8, 17–24]. Table 26.1 is a brief 
summary of inherited syndromes associated with 
neoplasms of peripheral nerve sheath.

26.1  Schwannomas

Most tumors of the human peripheral nervous 
system derive from Schwann cells or their pre-
cursors. Schwannomas are benign peripheral 
nerve sheath tumors (PNST) composed entirely 
of well-differentiated Schwann cells. 
Conventional, cellular, and plexiform variants 
can be found [5] and account for about 25–30% 
of spinal tumors [25]. Although they are benign, 
they cause many different morbidities. Ninety 
percent of them are sporadic, [26], but they are 
also associated with specific inherited genetic 
disorders: neurofibromatosis 2, schwannomato-
sis, and Carney complex.

Cellular variant: relatively uncommon [7, 8], 
lack malignant potential, and never metastasize.

Table 26.1 The WHO classification of tumors of periph-
eral nervous system [1]

Name ICDO Behavior
Schwannoma 9560 0
   Cellular schwannoma 9560 0
   Plexiform schwannoma 9560 0
Melanotic schwannoma 9560 1
Neurofibroma 9540 0
   Atypical neurofibroma 9540 0
   Plexiform neurofibroma 9550 0
Perineurioma 9571 0
Hybrid nerve sheath tumor 9540 3
Malignant peripheral nerve 
sheath tumor
   Epithelioid MPNST 9540 3
   MPNST with perineurial 

differentiation
9540 3

ICDO International Classification of Disease for 
Oncology (ICD-O 2013), Behavior 0 benign tumors; 1 
unspecified, borderline, or uncertain; 2 carcinomas in situ 
and grade III intraepithelial neoplasia; and 3 malignant 
tumors
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Plexiform variant: usually occurs in superfi-
cial (cutaneous or subcutaneous) locations. There 
is a weak association (approximately 5% of the 
cases) with schwannoma predisposition syn-
dromes such as NF2 and schwannomatosis.

The rare plexiform schwannomas that arise in 
deep anatomic locations may be difficult to dis-
tinguish from MPNST.

26.1.1  Genetic Profile

The common feature underlying formation of 
most conventional schwannomas, whether spo-
radic or syndromic, is the loss of merlin function, 
encoded by NF2 gene, as a classical tumor sup-
pressor which is inactivated according to 
Knudson’s two-hit hypothesis [23, 27–29].

In sporadic tumors the biallelic somatic inacti-
vation involve mainly frameshift variants (inser-
tion or deletion involving a number of base pairs 
that is not a multiple of 3, which consequently 
disrupts the triplet reading frame of a DNA 
sequence) that results in truncated protein prod-
ucts followed by loss of the remaining wild-type 
allele on chromosome 22q [30]. Even though 
almost all sporadic schwannomas show loss of 
22q, about 25% of all sporadic schwannomas do 
not harbor a NF2 pathogenic [31].

SMARCB1 gene initially associated only with 
the familial and sporadic forms of schwannoma-
tosis [32] may also play a role in the development 
of a small subset of sporadic schwannomas [33].

Schwannoma predisposition syndromes are 
neurofibromatosis 2 (NF2) (MIM #101000) and 
schwannomatosis (SWNTS) (MIM #162091) [23].

In neurofibromatosis 2, the pathogenic germ-
line variants are (1) frameshift, (2) nonsense 
(genetic alteration that causes the premature ter-
mination of a protein), (3) splice-site variants 
(genetic alteration in the DNA sequence that 
occurs at the boundary of an exon and an intron 
and disrupt RNA splicing), or (4) small deletion 
followed by a second small genetic alteration or, 
more commonly, by loss of the remaining wild- 
type allele on chromosome 22 [34, 35].

In schwannomatosis, the mechanism of 
tumorigenesis is distinctive as it contemplates 

“four or more hits”: the constitutional alteration 
of SMARCB1 or LZTR1 (one-hit) followed by 
loss of 22q wild-type allele (two-hit loss of wild- 
type SMARCB1 or LZTR1 and the loss of wild 
type NF2) and genetic mutation in the remaining 
wild-type NF2 allele [36]. Figure 26.1 describes 
the models of tumorigenesis in schwannomato-
sis: basically concomitant mutational inactiva-
tion of two or more tumor suppressor genes.

There are some cases whose molecular mech-
anisms are unknown, those where there is loss of 
heterozygosity of chromosome 22 and no patho-
genic variants can be demonstrated in either 
SMARCB1 or LZTR1. And also, those cases 
where no loss of chromosome 22 or pathogenic 
variants in the aforementioned genes is observed. 
In the first case, the underlying causes could be 
deep intronic pathogenic variants in SMARCB1or 
LZTR1 or pathogenic variants in some other 
gene on chromosome 22. In the second case, the 
predisposing gene could be localized on another 
chromosome.

26.1.2  Genes and Molecular 
Mechanisms

26.1.2.1  Gene NF2 (ID: 4771) 
Neurofibromin 2

The functional biallelic inactivation of the tumor 
suppressor gene NF2 is a common feature under-
lying both inherited and sporadic forms of 
schwannoma, and pathogenic variants were 
found in approximately 60% of all schwannomas 
[30, 31]. However, about 25% of all sporadic 
schwannomas do not harbor a NF2 pathogenic 
change [31].

The human NF2 gene localized on chromo-
soma 22q12.2 spans 110 kb, comprises 17 exons, 
and encodes a protein named merlin or schwan-
nomin [37, 38]. By alternative splicing it encodes 
two predominant protein isoforms and is ubiqui-
tously expressed in all tissues during all periods 
of development [39].

Based on sequence homology (45–47%), 
schwannomin and merlin (for moesin, ezrin, 
radixin-like protein) are members of the band 4.1 
superfamily (Fig. 26.1). Three widely expressed 
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members of the family, ezrin, radixin, and moe-
sin (ERM), are cytoskeleton-associated proteins 
that link cell surface glycoproteins to the actin 
cytoskeleton [40]. ERM proteins and Merlin, a 
595 amino acid protein, have a highly conserved 
N-terminal domain (NTD/FERM domain), a cen-
tral non-conserved α-helix region and a short- 
charged C-terminal domain (CTD) [38]. Merlin 
has the highest degree of amino acid identity 
across the FERM domain, a protein module of 
around 300 amino acids that is involved in local-
izing proteins to the plasma membrane and in 
mediating membrane–cytoskeleton and intercel-
lular adhesion molecule interactions [41–43].

Merlin has two main isoforms arising from 
alternative splicing of exons 16 and 17. Merlin 
isoform 1 is a 595-residue protein that is derived 

from 16 constitutive exons, 1–15 and 17, and iso-
form 2 is a 590-residue protein that results from 
the alternatively spliced exon 16, replacing 16 
terminal residues with 11 new residues (Fig. 26.1) 
[44]. It is generally accepted that the growth sup-
pressor function of merlin is dependent on its 
ability to form a “close” (active) clamp confor-
mation where the CTD binds to a site on the 
FERM domain [45]. The “open” (inactive) and 
“closed” (active) conformations are regulated by 
a physical intramolecular interaction between the 
N- and C-termini [46]. Although phosphorylation 
of serine 518 leads to an open conformation and 
to the inactivation of merlin-1 [47], merlin-2 
which is shorter and couldn’t have the “close” 
conformation inhibits cell growth [48]. Merlin 
functions both at the membrane and in the 

Fig. 26.1 Models of tumorigenesis in schwannomatosis: 
at least three tumor suppressor genes (TSGs) are involved 
in a complex mutational model. The first hit and step for 
both is the germinal mutation of SMARCB1 (a) or LZTR1 
(b). In a second step, the allele of chromosome 22 carry-
ing wild-type copies of genes is lost. For SMARCB1 pre-

disposition syndrome involves two hits (loss of SMARCB1 
and NF2); meanwhile for LZTR1 predisposition schwan-
nomatosis includes three hits (LZTR1, SMARCB1, and 
NF2). In the third step, a somatic mutation of NF2 wild- 
type takes place, fourth hit for SMARCB1 model and fifth 
hit for LZTR1

SMARCB1 model

Germline event Somatice vents

3erd Step2nd Step

Human chromosome 22 with the
approximate mutation loci for
schwannomatosis (Adapted and reprinted
from the U.S. National Library of
Medicine).    
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nucleus, while ERMs are mainly restricted to 
membranes and the cytoplasm [41]. Recently it 
has been found that the tumor suppression func-
tion of merlin is independent of its structural role 
[48]. The F2 subdomain of the merlin FERM 
domain and a domain defined by residues 532–
579 near the C-terminal region of merlin are 
essential for inhibiting cell proliferation. The F1 
subdomain is required for maintaining the cyto-
skeletal organization but not for inhibition of cell 
proliferation.

The only/unique member of the ERM’s fam-
ily that acts as tumor suppressor is merlin [44] 
and mediates its tumor suppressive effect by par-
ticipating in multiple signaling pathways such as 
Rac–PAK and mTORC1 signaling, the EGFR–
Ras–ERK pathway, and the PI3K–Akt pathway 
and FAK–Src signaling, Hippo signaling, and 
Wnt/β-catenin signaling [49]. In addition, recent 
studies have indicated that the closed form of 
merlin translocates to the nucleus to modify 
gene expression through inhibition of the E3 
ubiquitin ligase CRL4DCAF1 [50].

26.1.2.2  Gene SMARCB1 (ID:6598) 
(SWI/SNF-Related, Matrix- 
Associated, Actin-
Dependent Regulator 
of Chromatin, Subfamily b, 
Member 1), also Named INI1/ 
/SNF5/BAF47

It is one of the core subunit proteins in the SWI/
SNF (SWItch/Sucrose Non-Fermentable) ATP- 
dependent chromatin remodeling complex 
encoded at chromosomal position 22q11.2 [51].

SMARCB1 gene comprises nine exons and 
spans approximately 50 kb, produces a 1.749-bp 
transcript variant 1 (NM_003073.3), and encodes 
isoform A. This isoform has been chosen as the 
canonical sequence, contains 385 amino acids 
(NP_003064.2), and has a molecular mass of 
44 kDa. It is universally expressed in all normal 
mammalian nucleated cells [52]. The use of a 
cryptic splice donor site in exon 2 results in a 
SNF5/INI1 protein lacking a short peptide 
sequence in its N-terminal region (Isoform B, 
376 amino acids, and 43 kDa).

LZTR1 model

Germline event Somatic events

3erd Step2nd Step1est Step

1est hit
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Fig. 26.1 (continued)
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Chromatin is a highly condensed structure of 
DNA and proteins, and modulation of chromatin 
structure regulates DNA accessibility in a wide 
range of DNA-templated processes such as tran-
scription, replication, and repair. The regulatory 
mechanisms for defining distinctive chromatin 
states include DNA methylation, posttransla-
tional modification of histones, ATP-dependent 
chromatin remodeling, and utility of histone vari-
ants (Kouzarides T. Chromatin modifications and 
their function. Cell. 2007;128:693–705).

The ATP-dependent chromatin remodeling 
complexes (remodelers) utilize the energy of ATP 
hydrolysis to modulate chromatin structure and 
are intimately associated with processes that 
require DNA access such as transcription, repli-
cation, and repair [53]. The SWI/SNF chromatin 
remodeling complex (an evolutionarily con-
served family of remodelers) is a master regula-
tor of developmental cell fate decisions and 
represents a novel link between epigenetic regu-
lation and tumor suppression. The key target 
pathways have started to be characterized 
recently.

Mammalian SWI/SNF complexes comprise of 
12–15 subunits (~2 MDa in size) and has been 
shown to play an essential role in many tissues 
and developmental processes, including verte-
brate nervous system development [54]. In view 
of the large number of variant subunits, it has 
been estimated that several hundred versions of 
functional SWI/SNF complexes may exist [55].

Among different chromatin remodelers, SWI/
SNF complexes are the more common chromatin 
remodeler dysregulated in human cancers and 
have shown to be collectively mutated in 20% of 
all human cancers [56].

SWI/SNF does not interact with one type of 
transcription factor, but rather it regulates the 
function of many diverse genes as well as the 
function of many signaling pathways suggesting 
a broad role for the complex of tumor suppres-
sion [57, 58].

The role of SMARCB1 within the complex is 
not completely understood. Loss of expression 
reflects biallelic inactivation, and these biallelic 
events may occur with or without a predisposing 
germline mutation [59].

SMARCB1 in the SWI/SNF complex plays a 
critical role in epigenetic regulation, cell cycle 
progression, and cross-talk between signaling 
cascades. Mechanisms by which SMARCB1 
suppresses tumor formation are:

 (a) By preventing cell cycle progression from G0/
G1 to the S-phase via the p16INK4a- cyclinD/
CDK4-pRb-E2F pathway cell cycle check-
point [60] and chromosomal stability [61].

 (b) By downregulating the Wnt (wingless and 
INT-1) canonical signaling pathway 
(β-catenin-dependent) [62]: secreted glycoli-
poproteins which regulates the amount of the 
transcriptional co-activator β-catenin by ubiq-
uitination and proteasomal degradation [63].

 (c) By inhibition of the Shh (sonic hedgehog) 
pathway blocking transcription of glioma- 
associated oncogene homologue (GLI) 
reducing downstream Hh pathway target 
genes (GL1, GL2, and PTCH1) [58, 64].

 (d) By repressed EZH2 transcription, the cata-
lytic subunit in polycomb repressive com-
plex 2 (PRC2), a multi-subunit epigenetic 
protein complex that regulates gene expres-
sion by catalyzing trimethylation of histone 
H3 on lysine 27 [65].

 (e) Other pathways involved in oncogenesis 
have been reported as targets of SMARCB1 
as c-MYC (codes for a transcription factor) 
and Aurora A (a member of a family of 
mitotic serine/threonine kinases) [64].

26.1.2.3  Gene LZTR1 (ID:8216) 
(Leucine Zipper-Like 
Transcription Regulator 1)

Located at 22q11.21, it contains 21 exons and 
generates multiple alternatively spliced tran-
scripts, with the longest ORF encoding an 
840-residue protein, and is expressed ubiqui-
tously and abundantly in human tissues [66]. It 
encodes a protein member of the functionally 
diverse BTB-kelch superfamily [67].

LZTR1 is a tumor suppressor gene found to be 
involved in the development of schwannomatosis 
[68]. Besides it has also been found to be involved 
in glioblastoma multiforme [69] and hepatocel-
lular carcinoma [70], among many other cancers. 
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It is also implicated in Noonan syndrome (NS), a 
developmental syndrome that is part of the larger 
group of RASopathies characterized by muta-
tions in components of the RAS-MAPK pathway 
[71], inherited in an autosomal dominant or 
recessive pattern [72, 73] and in the etiology of 
BEEC (bladder exstrophy–epispadias complex, 
which is a congenital malformation of the blad-
der and urethra) [74].

LZTR1 is an unusual BTB-kelch protein with 
distinctive structure organization, six-kelch 
repeats present in the N-terminus, and two BTB- 
BACK domains at the C-terminus, where the 
BTBII domain mediates localization of LZTR-1 
to the Golgi complex (Fig. 26.1) [66].

Further LZTR1 may also be translocated to 
the nucleus as shown for another BBK family 
member [75] because it contains a bipartite 
nuclear localization signal (NLS) at the 
N-terminus and as also indicated by WoLF 
PSORT protein subcellular localization [68].

As there is a weak homology of LZTR-1 to 
certain known members of the basic leucine 
zipper- like family, it was first proposed to be a 
negative regulator of transcriptional factors [76], 
although its exclusive localization to the Golgi 
complex made this unlikely [66].

More recently, the molecular role of LZTR1 in 
cancers and Noonan syndrome was described. 
Protein ubiquitination, one of the most frequent 
post-translational modifications in eukaryotes [77], 
has a vital role controlling signaling pathways [78]. 
Also, it was shown that LZTR1, as other members 
of the BTB-kelch superfamily proteins [79], inter-
acts with the Cullin3 (CUL3)-based E3 ubiquitin 
ligase complex [80, 81]. The RAS proteins polyu-
biquitinated by LZTR1 are directed to the protea-
some and degraded via the ubiquitin-proteasome 
pathway resulting in reduced MAPK signaling 
[82]. LZTR1 loss in Schwann cells drives dedif-
ferentiation and proliferation [81].

26.2  Melanotic Schwannoma

This is a rare, distinctive, and potentially malig-
nant neoplasm [7, 8]. Two varieties have been 
described: non-psammomatous and psammoma-

tous [1, 5], as about 50% of patients with psam-
momatous tumors have Carney complex (MIM 
188830, 605244). This tumor shows frequent loss 
of PRKAR1A gene and appears to be genetically 
different from schwannomas based on gene 
expression analysis [23].

26.2.1  Genes and Molecular 
Mechanisms

Gene PRKAR1A (ID: 5573) (protein kinase 
cAMP-dependent type I regulatory subunit alpha) 
located at 17q24.2, it encodes the most widely 
expression of protein kinase A (PKA) and is a 
key component of the cAMP signaling pathway. 
Genomic region is approximately 21 kb. The lon-
gest transcript variant NM_212472.1 is com-
posed of 11 exons; codon 1 is noncoding. It is a 
tumor suppressor gene and encodes a protein 384 
amino acids organized in a dimerization/docking 
domain at the amino terminus, followed by a 
PKA inhibitor site, two tandem binding domains 
for cAMP at the carboxyl terminus (cAMP:A and 
cAMP:B), and a linker region that contains the 
main docking site for the C subunit [83].

26.3  Neurofibroma

Neurofibromas are benign peripheral nerve 
sheath tumors, composed of a variable mixture of 
Schwann, perineurial-like, and fibroblastic cells. 
They can arise sporadically or associated with 
neurofibromatosis type 1 (NF1) (OMIM 
#162200) (10%) [7, 8]. Germline heterozygous 
pathogenic variants in NF1 gene are followed by 
somatic loss of the remaining wild-type allele in 
Schwann cells of NF1 patients, whereas somatic 
biallelic inactivation occurs in sporadic neurofi-
bromas [84].

Atypical Variant
The genetic alterations described in neurofi-

bromas with atypical features are loss of 
CDKN2A/p16, p53, SMARCA2, and others, espe-
cially on the 9p2 locus. These changes are also 
seen in MPNSTs, but not in typical neurofibro-
mas [85, 86].
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Plexiform Variant
Plexiform neurofibromas are pathognomonic 

of neurofibromatosis and have a significant risk 
of malignant transformation.

They are almost always associated with NF1, 
have a potential for malignant degeneration, and 
are a recognized precursor for MPNST in NF1 
patients [7, 8].

26.3.1  Genes and Molecular 
Mechanisms

26.3.1.1  Gene NF1 (ID:4763) 
(Neurofibromin 1)

The human NF1, located at chromosome 
17q11.2, is one of the biggest genes in the human 
genome, spans approximately 350 kb of genomic 
DNA classified as a tumor suppressor gene, 
and comprises 58 exons [87, 88]. It encodes an 
mRNA of 11 to 13 kb and codes three alterna-
tively spliced transcripts [89]. Also, the mRNA 
of NF1 may undergo RNA editing (CGA>UGA-
>Arg1306Term) resulting in premature transla-
tion termination. The unusual characteristic of 
NF1 gene is that it has three active genes called 
OMGP (164345) (oligodendrocyte myelin glyco-
protein), EVI2B (158381), and EVI2A (158380) 
(ecotropic viral integration site) within the intron 
35 but in opposite orientation (27b according to 
the previous numbering) [90, 91].

At least 11 NF1 pseudogenes have been iden-
tified in the human genome in 2q21.1 (NF1P8), 
12q12 (NF1P12), 14q11.2 (NF1P4, NF1P7, 
NF1P11, NF1P10), 15q11.2 (NF1P1, NF1P2), 
18p11.21 (NF1P5), 21q11.2 (NF1P3), and 
22q11.1 (NF1P6). These can cause confusion in 
the mutation analysis of patients with NF1.

The most abundant form of NF1 mRNA is 
NM_000267.3 transcript of about 8.5 kb, which 
contains 57 exons and encodes neurofibromin 
isoform 2 (NP_000258.1), consisting of 2818 
amino acids with a molecular weight of 280 kDa 
[92]. It is ubiquitously expressed but is enriched 
in neurons, Schwann cells, oligodendrocytes, and 
leukocytes [90].

Neurofibromin appears to be predominantly 
cytoplasmic, with different cell types displaying 
a variable subcellular localization, having a func-
tional nuclear localization signal (NLS) in exon 
43 [93].

Neurofibromin is a multifunctional protein 
with the ability to regulate several signal path-
ways associated with cell growth and prolifera-
tion. It belongs to a family of proteins known as 
Ras-GTPase-activating proteins which function 
as negative regulators for Ras proteins. It has a 
central domain of 250–400 amino acids and Gap- 
related domain (GRD) that binds to GTP-bound 
RAS, augment its intrinsic GTPase activity, and 
leads to RAS inactivation and to the inhibition of 
the RAS/MAPK signaling [94]. The aberrant 
function or decreased level of expression of genes 
that encode components or regulators of the Ras/
MAPK pathway produces disorders collectively 
known as RASopathies [95].

26.4  Perineuroma

This is a rare benign neoplasm composed exclu-
sively of perineurial cells, which develops in the 
dermis, subcutis, or deep soft tissue [96]. There 
are very few studies of genetic aberrations in 
these tumors, but both types, intraneural and soft 
tissue, have monosomy or deletion of the 22q11–
22q13.1 bands [97].

Recently an association of perineuroma with 
NF1 [98] and NF2 has been reported [99, 100].

The sclerosing perineuroma variant has been 
associated with rearrangements or deletions 10q, 
with a cryptic deletion of the NF2 gene, and with 
loss of the chromosome 13 [101–103].

26.5  Hybrid Nerve Sheath Tumor

These lesions are defined as tumors having com-
bined characteristics of two benign nerve sheath 
tumors, either juxtaposed or intermixed [23]. The 
most common hybrid nerve sheath tumor is the 
hybrid perineurioma-schwannoma, typically with-
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out syndromic association. Hybrid neurofibroma- 
schwannomas are reported at increased frequency 
in NF2 and schwannomatosis patients, and there is 
evidence that hybrid perineurioma-neurofibroma 
is associated with NF1 [104].

26.6  Malignant Peripheral Nerve 
Sheath Tumor

MPNSTs account for ~5% of soft tissue sarco-
mas and are highly aggressive tumors that occur 
either sporadically, in the setting of neurofibro-
matosis type 1 (37–64%), or arise after irradia-
tion (1%) [105].

One of the most challenging diagnoses in 
peripheral nerve tumors is MPNST, particularly 
in the sporadic setting.

Alterations in NF1, CDKN2A/p16, and p53 
were recurrently seen in MPNSTs as well as at 
some frequency in neurofibroma, with atypical 
feature spectrum, thereby being a presumably 
precursor of MPNST [23]. Recent studies showed 
inactivation of polycomb repressive complex 2 
(PRC2) in a large subset of malignant peripheral 
nerve sheath tumors, due to loss-of-function 
mutations in PRC2 subunits EED or SUZ12 
[106]. These co-occur with somatic mutations of 
CDKN2A and NF1 and are associated with a dis-
tinct DNA methylation profile.

Polycomb repressive complex 2 (PRC2) is a 
multi-subunit epigenetic protein complex that 
maintain gene repression in part by modifying 
chromatin structure, through both physical com-
paction and covalent modification of histones in 
a tightly controlled spatial and temporal manner. 
Loss-of-function mutations in EED and SUZ12 
result in PRC2 inactivation and subsequent loss 
of H3K27me3 in 34% to 73% of MPNST [21].

26.6.1  Epithelioid MPNST

Recently complete loss of SMARCB1/INI1 
expression in 24 of 57 (42%) cases of sporadic 

epithelioid schwannomas [107] has been shown 
suggesting that SMARCB1/INI1 aberrations 
may play a role in the pathogenesis in a subset of 
these tumors.

26.6.2  MPNST with Perineural 
Differentiation

Perineurial MPNSTs are exceedingly uncom-
mon, and in consequence there are scarcely 
descriptions of them. The few studies found in 
the literature only reported histologic and 
immunostaining features which are not enough 
to have a clear definition of them [108, 109] 
(Table 26.2).

Notes
 1. NCBI: National Center for Biotechnology 

Information, a division of the National Library 
of Medicine, located on the campus of the US 
National Institutes of Health in Bethesda, 
MD, USA.

 2. Gene ID is a stable ID for that particular 
locus in that organism, generates by Entrez 
Gene (NCBI’s database for gene-specific 
information).

 3. Sequence variants: DNA diagnostics critically 
depends on accurate and standardized descrip-
tion and sharing of the variants detected. 
Sequence variant nomenclature follows the 
recommendations of the Human Genome 
Variation Society (HGVS nomenclature). The 
HGVS nomenclature is authorized by the 
Human Genome Variation Society (HGVS), 
the Human Variome Project (HVP), and the 
HUman Genome Organisation (HUGO), web 
site, http://www.HGVS.org/varnomen

 4. The terms “polymorphism” and “mutation” 
are no longer used because both terms have 
assumed imprecise meanings in coloquial 
use. Therefore, following recommenda-
tions HGVS currently only neutral terms 
are used such as “variant,” “alteration,” and 
“change.”
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Clinical Management of NF1 
and Indications for Surgery

Debora Garozzo

27.1  Introduction

Neurofibromatosis (NF) comprises the most 
well-known form of phakomatoses, a group of 
genetic syndromes involving structures arising 
from the embryonic ectoderm; NF manifests with 
involvement of the nervous system, soft tissues, 
skin, and bone. Several forms have been 
described, but the most statistically frequent 
types are neurofibromatosis 1 (also known as von 
Recklinghausen’s disease) with an incidence of 
approximately 1 in 2600 to 3000 individuals and 
neurofibromatosis 2 (bilateral acoustic neurofi-
bromatosis or central neurofibromatosis) whose 
birth rate has been calculated as less than 1  in 
30,000 and schwannomatosis whose incidence is 
approximately 1 in 60,000 [1–4].

The involvement of the nervous system is typ-
ical in all three forms, yet NF2 is prevalently 
associated with central nervous system neo-
plasms, whereas NF1 and schwannomatosis 
mostly affect the peripheral nervous system.

NF1 is undoubtedly a challenging disorder. 
Although a remarkable percentage of individuals 
affected by this genetic condition may be com-
pletely asymptomatic or present minor issues, 
severe clinical phenotypes are often encountered 

(Fig.  27.1); NF1 manifestations are widespread 
and affect many of the body systems (Table 27.1). 
Therefore, complex cases may often raise a man-
agement conundrum, requiring dedicated profes-
sional skills and high expertise.

The numerous implications and high com-
plexity often related to NF treatment have 
undoubtedly demonstrated that multidisciplinary 
referral centers are the only valid sites to monitor 
the development of the disorder; as it is well 
known, NF is age-penetrating, and lifetime fol-
low- up is therefore necessary in these patients. 
Moreover, individuals affected by NF are highly 
predisposed to developing MPNSTs (malignant 
peripheral nerve sheath tumors), and specialist 
clinics represent the best possibility to enforce 
prevention strategies.

Unfortunately, the foundation of multidisci-
plinary referral centers is mostly a prerogative 
of high-income countries where a national 
healthcare system is present (e.g., the UK or 
Italy). In low-/middle-income countries or 
countries that mainly rely on private/insurance- 
provided healthcare, financial issues burden the 
possibility to offer thorough diagnostic assess-
ment; consequently, patients are often undiag-
nosed or inappropriately treated. Moreover, the 
general perception of the disorder is not accu-
rate; most patients tend to underestimate their 
issues, and non-specialized medical staff fre-
quently offer false reassurances or downplay 
the risks.
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In this chapter, we will illustrate some aspects 
related to the general management of NF patients; 
we will also focus on peripheral nerve tumors, 
although some specific aspects, such as plexi-
form tumors, prevention strategies for malig-
nancy, and management of MPNSTs, will be the 
subject of the next two chapters.

27.2  The Role of Genetic 
Counseling

At present, diagnosis primarily relies on clini-
cal grounds [5–8] (see Chap. 25). Genetic 
testing is usually indicated in selected cases 
only, such as patients that present an unusual 

Fig. 27.1 De novo NF1 in a 19-year-old male patient: asymptomatic optic pathway glioma and multiple neurofibromas 
(including the plexiform variant). The patient was also diagnosed with autism

Table 27.1 Frequency and age of onset of major clinical manifestations in NF1

Clinical manifestation Frequency Age of onset
Café-au-lait spots >99% Birth to 12 years
Frecklings 85% 3 years to adolescence
Lisch nodules 90–95% >3 years
Severe cognitive impairment 4–8% Birth
Learning disability 30–60% Birth
Cutaneous neurofibromas >99% >7 years (usually late adolescence)
Plexiform neurofibromas 27% (at physical examination)

50% (on diagnostic workup)
Birth to 18 years

MPNSTs 8–13% lifetime risk 5–75 years
Average age at diagnosis is 26 years

Optic pathway gliomas 15% (only 5% symptomatic) Birth to 7 years (up to 30 years)
Scoliosis 10% Birth to 18 years
Epilepsy 6–7% Lifelong
Renal artery stenosis 2% Lifelong
Pheochromocytoma 2% >10 years
Pseudoarthrosis of tibia 2% Birth to 3 years
Cerebral gliomas 2–3% Lifelong
Sphenoidal wing dysplasia <1% Congenital
Aqueduct stenosis 1.5% Lifelong
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phenotype or an incomplete clinical picture 
[6, 8].

On the other hand, genetic counseling prior to 
conception should be strongly advised for all 
NF1 patients to prevent cases related to inheri-
tance. Although 50% of NF cases are consequent 
to new, spontaneous mutations (de novo muta-
tions), inheritance certainly plays a major role as 
individuals affected by NF1 present a 50% risk of 
passing on the condition to their children. Albeit 
at present we cannot predict how severely the 
genetic condition manifests in offspring, the risk 
of having a severely affected child is reported to 
be about 1 in 12 when complications that cause 
lifelong morbidity or early mortality are consid-
ered [6].

Direct mutation testing of fetal DNA 
extracted from chorionic villous sampling or 
from amniocentesis and DNA markers in fami-
lies with two or more affected individuals is 
presently available for prenatal testing [6, 8]. 
However, a rather low percentage of couples 
choose to undergo prenatal tests. Patients with 
mild manifestations usually underestimate or 
completely ignore that their offspring might 
develop severe NF-related morbidity. In our 
practice, we have met a lot of parents of children 
with severe disabilities that recollected they had 
not been concerned about this possibility, sim-
ply based on their personal experience; even if 
informed about the risk, they chose to rely on 
their “good luck” (“we thought that 50% of pos-
sibilities that our baby wouldn’t be affected was 
a lot!”). On the other hand, even when parents 
are fully aware of the risk that their child might 
be severely affected, the inability to predict the 
risk discourages them from considering the 
option of prenatal assessment.

During the course of pregnancy, ultrasound 
and MRI imaging might provide some evidence 
(e.g., cardiac and cranial abnormalities) consis-
tent with NF1 in a third-trimester fetus; however 
this prenatal assessment has a limited value for 
obvious reasons [8, 9].

A much better option to prevent heritable 
cases might be preimplantation of genetic diag-
nosis; NF1 diagnosis is ascertained using single 
cells from 3-day-old embryos, and those that do 

not carry the mutation are eventually implanted 
in the mother’s womb [6, 8]. Preimplantation 
genetic diagnosis should be enforced especially 
in countries and communities where consanguin-
eous marriages are customary; unions between 
two individuals related as second cousins or 
closer are estimated to be practiced by more than 
one billion of the current global population and 
may account for up to 50% of all marriages in 
North Africa, Middle East, and South-West Asia 
as well as in large migrant communities in high- 
income countries (e.g., Pakistani migrants in the 
UK) [10]. Consanguineous marriages largely 
contribute to the incidence of genetic disorders in 
these areas [10–13]. In the United Arab Emirates 
(UAE), where one of the salient features of the 
Emirati population is the preference for marriage 
to relatives (usually first cousins), consanguinity 
with a high level of inbreeding causes high fre-
quency of genetic disorders, including neurofi-
bromatosis [13].

In addition to preventing heritable cases, pre-
implantation genetic diagnosis certainly repre-
sents the best option from an emotional point of 
view; it does not challenge any religious or ethi-
cal beliefs and avoids psychological stress in 
those couples that might have to face the choice 
of therapeutic termination of pregnancy.

27.3  Assessment and General 
Management of NF Patients

Clinical diagnosis is based on the patient’s fam-
ily history and physical examination. The latter 
primarily relies on the National Institutes of 
Health (NIH) criteria [5] that usually appear in 
the following predictable order: café-au-lait 
spots, axillary freckling, Lisch nodules, and neu-
rofibromas. The characteristic osseous lesions 
typically appear within the first year of life, and 
optic gliomas are usually diagnosed from 3 to 
6 years. Apparently 97% of NF1 patients meet 
the NIH criteria by the age of 8 years, and all do 
so by the age of 20 years [6–8]. However, nowa-
days there is emerging evidence for the need for 
a revision of NIH criteria since they have proved 
inadequate in establishing a diagnosis at an early 
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age; in de novo NF1, 50% of children younger 
than 2 years only fulfill a single NIH criterion, 
often leading to a delay in diagnosis. Therefore, 
many have suggested to add other cutaneous 
(juvenile xanthogranulomas and nevus ane-
micus) and extracutaneous clinical signs (e.g., 
choroidal nodules) [7].

After NF is clinically suspected, the patient 
should be referred to clinicians subspecializing in 
the diagnosis and treatment of this medical condi-
tion in order to provide a thorough estimation of 
the burden of the disease. When a child seems to 
be the first individual in their family to be affected 
by NF, parents should be also examined; even if it 
is well known that 50% of patients are due to de 
novo mutations, clinical assessment often reveals 
that one of the parents was indeed affected by the 
condition although asymptomatic, as often related 
to segmental/mosaic forms. Thus this might be a 
crucial piece of information especially if the cou-
ple is willing to have more children.

Since NF is an age-penetrating disorder, the 
mainstay of management is monitoring clinical 
manifestations that typically appear in predictable 
order (see Table  27.1) [6–8]. Initial assessment 
implies multidisciplinarity (Table  27.2); special 
attention should be given to detect possible visual 
impairments and learning disabilities that are par-
ticularly frequent in these little patients [6, 7, 14–
16]. Unless a severe clinical picture is already 
revealed in early age, children may be then reas-
sessed once a year. The years from the onset of 
puberty to mid- and late 20s represent the most 
vulnerable period of life for these patients, espe-
cially if they have been diagnosed with microde-
letion (deletion of the whole NF1 gene) [17, 18]. 
Puberty often triggers the “explosion” of the dis-
order; initially estimated mild or uncomplicated 
clinical pictures may turn and develop severe 
manifestations. Neurofibromas often start to grow 
in late adolescence; moreover, malignant transfor-
mation from pre-existing benign lesions or onset 
of de novo MPNST is reported to usually occur at 
mid-20s [6–8, 17, 18].

Afterwards, follow-up should be based on dis-
ease severity. In adult individuals already diag-
nosed as severe forms, lifelong monitoring in an 
NF1 specialist clinic obviously follows the pro-

gression of their clinical manifestations. Adults 
with mild clinical pictures should receive com-
prehensive education on the possible, future 
complications in order to urge them to promptly 
seek medical advice if unusual symptoms develop 
(Table 27.3). In particular, information about the 
risk of malignant transformation and symptoms 
related to neurological complications (e.g., spinal 
cord compression) is of paramount importance; 
malignancy and tumor-related neurological com-
plications are reported to be the two major causes 
of death in this population. It has been estimated 
that individuals with NF1 have a lifespan of 
approximately 15 years less than that seen in the 
general population [19–21].

Table 27.2 Assessment in children affected by NF1; 
follow-up should be regularly performed once a year

•  Evaluation of cognitive development with focus on 
scholastic progress

•  Ophthalmic evaluation including fundoscopy until 
age 7 years

•  One baseline assessment of color vision and visual 
fields at the appropriate developmental age

• Measurement of head circumference
•  Records of height and weight and attention to all 

signs related to delayed/precocious pubertal 
development

•  General cardiovascular examination, including 
blood pressure

• Evaluation of the spine
• Dermatological evaluation
•  Specialist assessment if evidence of specific 

symptoms

Table 27.3 Symptoms that should raise a red flag in NF 
patients

Onset of pain of unknown etiology
Onset of paresthesias and/or sensory motor deficits in 
the extremities
Neurofibromas that rapidly change in size and/or 
become painful
Onset or increased frequency of headaches
Impairment/loss of balance or coordination
Visual disturbances
Abnormal neurological examination
Sudden onset of hypertension
Regression of cognitive skills or loss of developmental 
milestones
Significant deviation from individual’s established 
pattern of growth
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27.4  General Introduction 
to Peripheral Nerve Tumors 
in NF and Their Assessment

Neurofibromatosis 1 (NF1) is associated with 
peripheral nerve tumors (PNTs) in at least 30% 
of cases [6, 7, 18]. Manifesting in childhood, 
PNTs mostly grow during adolescence (their 
volume increases more rapidly than body weight 
over time), and new tumors appear at an annual 
rate equal to 0.6 [22]. Whereas in sporadic 
forms, PNTs are almost invariably symptom-
atic, their NF1 counterpart may often be clini-
cally silent. This explains why, in addition to the 
superficial lesions detected on physical examina-
tion, deeply located lesions (e.g., pelvic or medi-
astinal masses) may be frequently revealed by 
diagnostic assessment. Although a remarkable 
percentage of these tumors present with slow 
growth and actually remain asymptomatic, clini-
cally silent tumors may turn and cause the onset 
of pain and paresthesias along the extremities or, 
when deeply located, compression on surround-
ing structures (e.g., dyspnoea in mediastinal 
lesions). The occurrence of a pre-existing or a 
newly formed lesion along the course of a nerve 
that suddenly presents rapid growth, associated 
with excruciating pain and onset of progressive 
neurological deficits, is also a likely possibility 
and should raise a red flag for the possibility of 
malignant transformation [18].

In comparison with sporadic forms, it is note-
worthy to emphasize that NF1 PNTs also present 
other peculiarities.

Whereas sporadic PNTs are usually benign 
forms with schwannomas as prevailing histotype, 
neurofibromas represent the hallmark in NF 
(Fig. 27.2); the schwannoma/neurofibroma ratio, 
equal to 9:1 in the general population, is reversed 
(1:9) in NF individuals [18].

In addition to the histological forms present in 
the general population, individuals affected by 
NF also harbor pathognomonic variants, the so- 
called plexiform tumors that will be further 
described in Chap. 28.

Concerning the high incidence of malignant 
forms, whereas sporadic MPNSTs are extremely 
uncommon (their incidence is estimated at 

0.001%) [23], NF1 MPNSTs account for 50% of 
the overall cases; NF patients have a lifetime risk 
to develop MPNSTs between 8 and 13% or even 
higher in individuals with microdeletion [17, 18]. 
Moreover, when compared to sporadic forms, 
NF1 MPNSTs are characterized by earlier onset 
(20–30  years versus third to sixth decade) and 
poorer survival rate [23–25]. Chapter 29 is 
focused on NF MPNSTs and deals in detail with 
assessment, management, and prevention 
strategies.

Concerning PNT’s general diagnostic assess-
ment, they are easily detected on clinical exami-
nation when superficial and of remarkable size. 
However, small lesions along the course of the 
nerves and deeply located, clinically silent 
tumors may be detected only by diagnostic 
workup. Ultrasound has been successfully uti-
lized to detect both small-/medium-sized tumors 
along the limbs and deeply located masses, 
whose diagnostic workup is then completed with 
contrast MRI.  Nevertheless we have more and 
more evidence that total body MRI should be the 
first-choice investigation to estimate the whole 
burden of tumors [25, 26].

MRI has a crucial role not only in revealing the 
presence of tumors, but it is also useful to identify 
the histological nature of the lesions. In addition 
to conventional (unenhanced T1, fluid- sensitive, 
contrast-enhanced T1-weighted sequences) MRI, 
the introduction of advanced MR imaging (DWI/
apparent diffusion coefficient mapping, dynamic 

Fig. 27.2 Neurofibroma of the median nerve, note the 
rosary beads transformation of the nerve trunk
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contrast-enhanced MR imaging) has increased the 
accuracy in ascertaining the histological nature of 
tumors, especially in detecting possible features 
of malignancy [27, 28]. However limitations are 
still present, especially related to the possibility of 
identifying atypical neurofibromatous neoplasms 
of uncertain biologic potential (ANNUBP) (see 
Chap. 29). In recent years the validity of fluoro-
2-deoxy-D-glucose PET/CT (FDG-PET/CT) as 
the only imaging modality presently available to 
noninvasively identify ANNUBP and MPNSTs 
has been highlighted in the literature [18, 29, 30]. 
Yet FDG-PET/CT and diffusion MRI are helpful 
in the assessment of a presumed malignancy; they 
cannot confirm a diagnosis of a benign PNT or of 
a MPNST.

27.5  Indications for Surgery

After the initial assessment and estimation of the 
total burden of tumors, patients should be regu-
larly followed up. General clinical examination 
and radiological assessment of deep lesions (that 
may be predisposed to malignant transformation 
especially when bulky) should be indicated once 
a year. Clear information about the clinical signs 
and symptoms suspicious for malignancy should 
be provided, urging patients to seek further con-
sultation in case of changes in their clinical state 
in between follow-ups; individuals affected by 
NF often tend to be rather compliant toward their 
“lumps” and delay their treatment. Moreover 
they are often unwilling or hesitant when offered 
surgery.

Besides the reluctant attitude to accept sur-
gery shown by patients themselves, it must be 
admitted that many physicians involved in the 
management of NF patients tend to be overcon-
servative; for fear of neurological complications, 
they only advise surgical removal of symptom-
atic tumors and often discourage their patients 
from having surgery. Although the onset of post-
operative neurological deficits cannot be com-
pletely ruled out, it must be emphasized that it is 
often a likely occurrence for procedures per-
formed by surgeons with no background in 
peripheral nerve surgery otherwise excision of 

peripheral nerve tumors can be safely achieved 
in the hands of experts. Since it also constitutes a 
valid prevention strategy, a more aggressive sur-
gical attitude should be advocated based on the 
evidence that in NF1 one-third of MPNSTs are 
consequent to malignant transformation of pre-
existing benign tumors (see Chap. 29).

On the other hand, NF individuals, especially 
those diagnosed as microdeletion, harbor a large 
number of tumors, and surgery cannot be indis-
criminately advocated for all the neoplasms. 
Indications for surgery must be selective and 
appropriate; thorough clinical assessment and 
information provided by radiological workup 
must lead the physician in taking the ultimate 
decision and choosing between conservative 
management and surgical treatment.

Based on our 20-year experience, we recom-
mend surgery in:

• Symptomatic tumors
• Lesions with radiological evidence of 

malignancy
• Bulky masses (diameter > 6 cm)

In symptomatic tumors, especially if sudden 
rapid growth, excruciating pain and onset of neu-
rological deficits occur, surgery should be 
promptly offered, even when no preoperative 
confirmation of malignancy was evident.

Concerning surgical technique, removal of 
peripheral nerve tumors has been described in 
general terms in Chap. 10, whereas Chapters 28 
and 29 include technical notes specifically related 
to excision of plexiform and malignant forms.

27.6  Conclusion

NF1 is related to a wide spectrum of phenotypes; 
although a large percentage of individuals 
affected by this genetic disorder are  asymptomatic 
or present few issues, severe clinical manifesta-
tions are less than rare.

Due to the several implications and challeng-
ing complexity in NF treatment, multidisci-
plinary referral centers are the only valid tool to 
monitor and manage complex cases; specialist 
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clinics are also essential to enforce prevention 
strategies. The role of NF associations in acting 
as reliable sources of information on the disorder 
should not be downplayed; they might prove 
extremely helpful in providing education and 
support to their affiliated patients and families.

Peripheral nerve tumors are frequently 
encountered in individuals affected by NF1. 
Since the occurrence of MPNSTs and neurologi-
cal complications are the main causes of death in 
NF patients, the role of neurosurgeons and in par-
ticular those gifted with experience in peripheral 
nerve surgery is crucial and should be further 
emphasized. In experts’ hands, surgical removal 
of peripheral nerve tumors may be safely 
achieved; it also represents the mainstay of pre-
vention for MPNSTs.
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28.1  Histological and Clinical 
Peculiarities of Plexiform 
Tumors

Peripheral nerve tumors are a typical hallmark of 
neurofibromatosis. In addition to the benign and 
malignant histotypes found in the general popu-
lation, this genetic disorder is associated with 
peculiar neoplastic variants, the so-called plexi-
form tumors [1–16]. The denomination “plexi-
form” (from the Latin plectere, meaning 
interweave) refers to their histological appear-
ance similar to a network; they diffusely grow 
along the nerves and plexuses appearing as 
deforming, multinodular masses often involving 
connective tissue and skin folds.

Two histotypes of plexiform tumors have been 
identified: plexiform schwannomas (PSs) and 
plexiform neurofibromas (PNs). Depending on 
the form of neurofibromatosis they are associated 
with, each histotype presents peculiarities related 
to their incidence rate, distribution, and natural 
history.

Plexiform schwannomas (PSs) represent a 
rare variant of Schwann cell tumor that typically 
arises in superficial soft tissues with predilec-
tion for the head and neck region [4]. Initially 

described by Harkin et al. in 1978 [5], PSs are 
benign peripheral nerve sheath tumors com-
posed of Schwann cells arranged in a plexiform 
pattern, presenting as single, soft to rubbery, 
movable, non-tender, and sometimes painful 
nodules ranging from 0.5 to 2.5  cm in diame-
ter. On histopathological analysis, these tumors 
show multiple intradermal or subcutaneous nod-
ules composed primarily of cellular Antoni type 
A regions with palisading nuclear and Verocay 
bodies. It is crucial to differentiate a plexiform 
schwannoma from a plexiform neurofibroma 
because the latter carries a significant risk of 
malignant transformation. Plexiform schwan-
nomas can be distinguished by their greater 
cellularity, nuclear palisading (with or without 
Verocay bodies) and degenerative features, such 
as hyalinized blood vessels.

PSs are found in NF2 and schwannomatosis. 
They are generally solitary [6, 7], yet multiple 
tumors have been occasionally found in NF2 
patients [8–14]. In both genetic disorders, they 
account for 5% of overall schwannomas.

Plexiform neurofibromas are histologically 
benign tumors that are made up of a variety of 
cell types including neuronal axons, Schwann 
cells, fibroblasts, mast cells, macrophages, peri-
neural cells, and extracellular matrix materials 
such as collagen. The tumor originates from the 
central aspect of the nerve, and its progressive 
growth involves multiple fascicles; although the 
fascicles may be preserved, a diffusely enlarged, 
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thickened, irregular, and tortuous nerve is 
 produced. This tumoral growth pattern results in 
very peculiar morphologic appearance, classi-
cally compared to a “bag of warms” or “rosary 
beads” (Fig. 28.1) [1–3, 16].

Plexiform neurofibromas develop in indi-
viduals with neurofibromatosis 1 (NF1) 
[1–3, 16]. They can occur in any part of the 
body although they mostly arise in plexuses 
and nerves of large caliber (e.g., the sciatic 
nerve). Physical examination detects plexi-
form tumors in about 27% of NF1 patients; 

however, when patients are investigated with 
whole-body MRI, their incidence increases 
to 50% of NF1 patients due the detection of 
internal PNs (Fig.  28.2) [1, 16]. New tumors 
are infrequent in NF1 patients with PNs and 
unlikely in patients without PNs. Concerning 
clinical presentation, 55% of PNs in childhood 
seem to be symptomatic, whereas about 17% 
of superficial PNs, 38% of displacing PNs, and 
64% of invasive PNs cause functional impair-
ment [16]. The growth of these tumors varies 
greatly among patients, and its course over 
time has not been well delineated yet. Recent 
studies suggest that it is inversely correlated 
with age, at least in younger NF1 patients; 
children with NF1 and internal PNs are at risk 
for tumor growth [16]. Most PNs grow slowly 
or not at all, and some decrease in size. Some 
may become disfiguring (Fig. 28.3), disabling, 
or deadly via compression of vital structures 
or conversion to MPNST (malignant peripheral 
nerve sheath tumor) [1–3, 16]. Prevention and 
prompt detection of malignant transformation 
actually represent an absolute priority and a 
most demanding challenge in the management 
of these patients (see Chap. 29).

Fig. 28.1 Plexiform neurofibroma of the median nerve

Fig. 28.2 Mediastinal plexiform neurofibroma
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28.2  Medical Treatment

In recent years, research has focused on identify-
ing drugs able to control or even reverse the 
ongoing growth of plexiform neurofibromas. 
Chemotherapeutic agents such as imatinib, tipi-
farnib, pirfenidone, sirolimus, or selumetinib 
[17–22] have been tested on cohorts of children 
and adults affected by NF. Some trial results were 
promising even reporting between 20 and 44% 
decrease in tumor volume in more than 70% 
patients over a 6-month period [17]. However, 
until present date, these trials have not provided 
unquestionable evidence of their effectiveness; 
patient cohorts are insufficient to warrant the 
treatment as beneficial [17–22]. Several trials are 
still ongoing, trying to gather further evidence on 
possibilities of medical control on plexiform neu-
rofibromas growth, especially on tumors that are 
deemed inoperable.

Although many authors concluded that the 
drugs were rather well tolerated, in reality the 
percentage of serious adverse events (e.g., hypo-
thyroidism, leukopenia, cardiac myopathy, ocu-
lar toxicity including retinal vein occlusion, 
retinal pigment epithelial detachment, and 

impaired vision) consequent to the administra-
tion of these agents is not negligible; for 
instance, in Killock’s selumetinib trial on 50 
children, toxicities resulted in dose reductions 
and treatment discontinuation in 28% and 10% 
of patients, respectively [17]. Moreover, grade 1 
or 2 side effects of the treatment (e.g., nausea, 
vomiting, abdominal pain, diarrhea, fatigue, and 
frequent headaches) are extremely frequent and 
contribute to disruption of life quality, often 
prompting patients to request discontinuation of 
the drug. Additionally, the possible conse-
quences of long- term administration in young 
patients are unknown and this concern should be 
also kept in mind when enrolling patients for 
these trials.

28.3  Remarks About Surgical 
Removal of Plexiform 
Tumors

Surgery still remains the current mainstay of 
treatment for these neoplasms. It can be undoubt-
edly challenging especially in disfiguring and/or 
deeply located lesions.

Fig. 28.3 Disfiguring plexiform neurofibromas
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Regardless of the surgical approach used to 
expose the lesion, in tumors with disfiguring 
growth, removal should be performed planning 
more than one procedure, especially in children. 
When attempted in one single procedure, removal 
of bulky, widespread plexiform tumors is typi-
cally characterized by remarkable blood loss. 
Bleeding does not result from major feeders; 
these tumors behave like huge sponges soaked 
with blood, continuously dripping throughout the 
procedure. This apparently unremarkable yet con-
tinuous bleeding is extremely insidious; it may be 
underestimated and not timely compensated, until 
signs of severe acute anemia manifest during the 
procedure. This may result in severe postoperative 
complications, especially in children. Hence it is 
preferable to plan the surgery in stages; for 
instance, a plexiform tumor growing along the 
whole course of the sciatic nerve and its terminal 
branches might be removed in three stages.

Surgery is always performed under general 
anesthesia, and nerve stimulation rules out 
administration of paralytic agents. PNs appear as 
bulky, fusiform expansions of a nerve trunk; 
nerve fibers are dispersed amid the tumoral mass 
or have undergone neurofibromatous transforma-
tion. The surgeon must identify the functional 
fibers with the help of nerve stimulation in order 
to preserve them. Yet, due to the high percentage 
of nerve fibers affected by neurofibromatous 
transformation, radical removal is often not fea-
sible and surgery just results in gross tumor deb-
ulking; radical excision would be achieved only 
at the expense of function.

Some of these tumors may actually be inopera-
ble as the neurofibromatous growth involves all the 
nerve fascicles in such a way that radicality implies 
jeopardizing the function; unless the lesion has been 
clearly diagnosed as malignant or there are other 
major indications for radical removal, we believe 
function should never be sacrificed.

Regardless of accurate hemostasis, postopera-
tive bleeding is persistent and may result in the 
formation of a progressively growing blood col-
lection at the surgical site; subcutaneous drains 
should preferably be inserted and removed 
2–3 days afterwards.

Another frequent complication is related to 
wound healing. In many cases, the skin overlying 

plexiform tumors is particularly thin (due to 
remarkable reduction of the dermal layer), and 
this affects the healing process; second intention 
healing is frequent in these cases. Preoperative 
consultation with a plastic surgeon and their 
involvement in the procedure may help for the 
prevention of such complication.

28.4  Recurrence After Surgical 
Removal of Plexiform 
Tumors

Since removal often just results in gross debulk-
ing, regrowth is likely. The postsurgical growth 
behavior of plexiform tumors has been followed 
up in a study published by Nguyen et al. in 2013 
[23]; in their report the authors found that the 
median tumor progression was 0.6% change per 
year and 2.9% from baseline. Patients aged 
21  years and younger had the highest progres-
sion rate; for every year of age, the mean growth 
rate decreased by −0.463 mean percent. With 
age as a continuous variable, age, the site of the 
tumor, and depth were the only factors associ-
ated with tumor progression. When surgery 
achieved radical removal, no relapse during 
observation (mean, 2.9  years; range, 1.1–
5.8 years) was observed.

28.5  Conclusions

PNs are frequently encountered in NF1 patients. 
Since physical examination only detects superfi-
cial lesions, patients should be regularly screened 
with whole-body MRI to detect internal PNs. 
These tumors present a high risk to undergo 
malignant transformation; at present, no pharma-
ceutical trial has proved effective in arresting or 
reversing the growth of these tumors, and surgery 
remains the current mainstay of the treatment. In 
bulky widespread tumors, surgical removal should 
be performed in more than one procedure to pre-
vent extensive bleeding, predisposing to compli-
cations related to severe ischemia. When 
preoperative  examination reveals that the skin 
overlying the tumor is extremely thin, wound 
healing may be problematic; multidisciplinary 
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management with involvement of a plastic sur-
geon may be helpful in preventing these 
complications.

Function should never be sacrificed to achieve 
radical removal unless there is clear evidence of 
malignancy or other major issues (e.g., compres-
sion of vital structures).
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Management of MPNST 
in Neurofibromatosis

Debora Garozzo, Zarina S. Ali, and Eric L. Zager

29.1  Epidemiology 
and Peculiarities 
of NF-Related MPNSTs

MPNSTs are aggressive soft tissue sarcomas 
associated with dismal clinical outcomes.

Historically, these tumors have been referred to 
as “malignant schwannomas,” “neurogenic sarco-
mas,” or “neurofibrosarcomas.” These malignancies 
are rare, accounting for 5–10% of all soft tissue 
tumors. They are estimated to present an annual 
incidence of 1/1,000,000 individuals in the general 
population. Sporadic MPNSTs (sMPNTs) could be 
underestimated owing to the possible misclassifica-
tion of other sarcomas. It is unquestionable that in 
individuals with neurofibromatosis type 1 (NF1), 
the risk of MPNST is dramatically increased with 
50% of MPNSTs diagnosed in NF1 patients [1–3].

Although there is a general agreement on the 
higher incidence of MPNSTs in NF1 patients, 
until now their precise incidence is still contro-
versial in the medical literature, ranging from 
2–5% to 8–13% [1–8]. These statistical discrep-
ancies might be due to inherent biases related to 

the population examined in these studies. There 
is an underrepresentation of elderly patients with 
this diagnosis reported in the literature, as they 
may not have been referred to tertiary centers his-
torically. Similarly, many patients with minimal 
or no clinical manifestations often remain undi-
agnosed. Reports usually include a relatively low 
number of mildly affected patients with NF1, 
thus presenting a probable ascertainment bias 
toward more severely affected NF1 patients with 
MPNST. Consequently, a realistic calculation of 
the lifetime risk of MPNSTs in NF1 is unclear.

The association between a deletion of the 
whole NF1 gene (microdeletion) and MPNSTs 
has been undeniably highlighted. Microdeletion 
(equivalent to a loss of 1.5  MB) is found in 
5–10% of cases, and this subgroup of patients is 
characterized by a peculiar phenotype that easily 
identifies them on clinical examination (see 
Table 29.1). Microdeletion remarkably raises the 
lifetime risk of MPNSTs: this subgroup of 
patients has been estimated to have a 16–25% 
chance of developing malignancy [9–13]. Other 
factors that may be associated with a higher risk 
of developing MPNST in people with NF1 are 
the occurrence of neurofibromatous neuropathy, 
exposure to therapeutic radiation, previous occur-
rence of MPNST, or the occurrence of MPNST in 
a relative with NF1 [7, 14].

The higher incidence of MPNST is not the 
only hallmark of these malignant neoplasms in 
NF. Mean age at diagnosis of MPNST for NF1 
patients is younger in comparison with the 
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 general population; NF-MPNSTs are usually 
detected in early or mid-20s, whereas sporadic 
MPNSTs (sMPNTs) usually manifest between 
the third and sixth decade [3, 7].

Clinical presentation may differ as well. 
Presenting signs in sMPNSTs are most com-
monly pain, a rapidly enlarging mass along the 
course of a nerve, usually associated with pro-
gressive neurological deficit. Although the clini-
cal manifestations of NF-MPNSTs may present a 
similar course, a large percentage of these 
patients may develop malignancy in pre-existing 
tumors [1–3, 7, 13, 15, 16]. While most NF 
patients have benign neurofibromas and their 
plexiform variants, these tumors may frequently 
undergo malignant transformation. Indeed, path-
ological examination reveals coexisting benign 
neurofibroma in 81% of cases, suggestive of 
benign pre- existing tumor origin [1]. Malignant 
change has been estimated to occur in up to 38% 
of deeply located tumors (e.g., mediastinal or 
pelvic masses). These are often clinically silent. 
In addition, bulky neoplasms (diameter > 6 cm) 
seem to be highly predisposed to malignant trans-
formation [1, 3, 7, 13].

Finally, when considering the prognostic role 
of a patient’s NF1 status with regard to the 
MPNST treatment, outcomes seem to remain sig-
nificantly poorer in NF-related patients in com-
parison with sporadic cases. Only one-third of 
patients are alive at a 5-year follow-up [3, 4, 6, 
17, 18], although survival rates have recently 
been reported to improve, especially in females 
(46% versus 22%) [19]. The genetic factors 

underlying sMPNST and NF-MPNST differ, thus 
explaining the different natural course of the neo-
plasm in these two populations. It has also been 
suggested that the dismal outcome of MPNSTs in 
NF might be related to a delay in diagnosis and 
treatment in NF1 patients in comparison with 
non-NF1 patients. The presence of a rapidly 
growing mass, especially when painful and asso-
ciated with progressive functional impairment, 
raises a red flag for the non-NF patient and 
prompts their medical attention, whereas NF1 
patients may be complacent about the presence 
of their many and often clinically silent tumors 
and they are often unaware of the risk of develop-
ing malignancy [3, 13, 20].

29.2  Factors Triggering Malignant 
Transformation and the Role 
of Atypical Neurofibromas

The factors that trigger malignant transformation 
are still unrecognized. Mutation of both copies of 
the NF1 gene has been demonstrated in MPNST, 
but this is a known feature of benign neurofibro-
mas as well and therefore cannot be sufficient to 
explain the onset of malignant transformation. It 
is likely that additional genetic changes, such as 
loss of function of p53, may also contribute. 
Research has demonstrated epidermal growth 
factor receptor (EGF-R) expression and function 
in MPNST, including both primary tumors and 
cell lines. Since EGF-R expression is not charac-
teristic of normal Schwann cells, these findings 
suggest that activation of EGF-R may be involved 
in the process of malignant change [21–23].

Prediction of malignant transformation in 
pre- existing tumors is clinically and histologi-
cally challenging. In recent years research has 
focused on a histologic subgroup of neuro-
fibromas that seem to have a cardinal role in 
malignant change, the so-called “atypical neu-
rofibromas.” Morphologically and radiologically 
indistinguishable from purely benign forms, they 
present histologic features typical of malignancy 
and seem likely to be precursors for MPNSTs 
[24]. After a consensus meeting in October 
2016, the histopathologic features and molecular 

Table 29.1 Clinical features associated with microdele-
tion in NF1

Facial dysmorphism
Delayed cognitive development and/or learning 
disabilities
Attention-deficit/hyperactivity disorder
Cognitive impairment
Congenital heart disease
Hyperflexibility of joints
Large hands and feet
Muscular hypotonia (more evident in shoulders) or 
bone cysts
Childhood overgrowth
Higher number of peripheral nerve tumors
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 mechanisms involved in the malignant transfor-
mation of neurofibromas were outlined. Nuclear 
atypia alone is generally insignificant. However, 
the detection of other findings such as atypia, 
loss of neurofibroma architecture, high cellular-
ity and/or mitotic activity >1/50 but <3/10 high-
power fields should raise a red flag for possible 
malignancy. At present, the term “atypical neu-
rofibromatous neoplasms of uncertain biologic 
potential (ANNUBP)” for lesions displaying at 
least two of the above-mentioned features has 
been introduced in the current use. However, 
such tumors are diagnosed inconsistently as atyp-
ical neurofibroma or low-grade MPNST. Further 
investigation is necessary to highlight pathologic 
triggers in their evolution toward malignancy. 
Neurofibromas contain numerous S100 pro-
tein/SOX10-positive Schwann cells and CD34- 
positive fibroblasts. Both these components 
are reduced or absent in MPNST. Loss of p16/
CDKN2A expression, elevated Ki67 labeling and 
extensive nuclear p53 positivity are also features 
of MPNST that can, to some degree, occur in 
ANNUBP. Some authors consider the complete 
loss of trimethylated histone 3 lysine 27 expres-
sion potentially more reliable, as it has been 
immunohistochemically detected in about half of 
MPNSTs [14, 24, 25].

Considering their role as MPNST precursors, 
identification of ANNUBP should be a priority in 
malignancy prevention. Many of these tumors are 
clinically silent and deeply located in the medias-
tinum or pelvis. It has been noted that patients that 
develop MPNSTs at a young age seem to present 
with a higher number of internal neurofibromas in 
comparison with the MPNST- free counterparts 
[26, 27]. Thus estimating the whole tumor burden 
in these patients is important as a possible marker 
of likelihood to develop malignancy. Whole-body 
MRI has proven to be a valid tool in screening 
these patients and to ascertain the presence of 
internal neurofibromas that cannot be identified 
on physical examination [27].

As initially mentioned ANNUBP are morpho-
logically and radiologically indistinguishable 
from their fully benign counterparts. In recent 
years more and more research has highlighted the 
validity of fluoro-2-deoxy-D-glucose PET/CT 

(FDG-PET/CT) as the only imaging modality 
presently able to noninvasively identify 
ANNUBP.  These neoplasms typically demon-
strate avid uptake of the tracer (Fig. 29.1). In the 
studies reported in the literature, sensitivities 
ranged from 91 to 100% although specificity 
ranged from 72 to 95% depending on the differ-
ent protocols applied to perform the investiga-
tion. In order to maximize its accuracy, early 
images should be taken at least 90 min after intra-
venous [18F]-2-fluoro-2-deoxy-d-glucose is 
administered. Although no optimal SUVmax cut- 
off exists in the published literature, the use of 
SUVmax 3.5 as a cut-off was adopted by most tri-
als [13, 28, 29]. Recent reports have identified 
low ADC values in DWI sequences of MRI as 
highly suggestive of malignancy [30].

29.3  Indications for Surgery 
and Key Principles in MPNST 
Removal

For fear of neurological complications, surgical 
removal of peripheral nerve tumors in NF patients 
is generally recommended for symptomatic 
tumors only. Yet, it can be safely performed by 
surgeons with experience and expertise in the 
field.

Based on the evidence that malignancy fre-
quently occurs in pre-existing benign tumors, and 
given the above considerations about ANNUBP, 
the authors support the adoption of timely surgi-
cal intervention when appropriate. Prolonged 
conservative management in the presence of 
changing anatomic pathology or symptomatol-
ogy has the potential to jeopardize the possibility 
to rescue the patient from the fatal prognosis 
associated with malignant transformation of dis-
ease. In our opinion, surgical intervention should 
be considered not only in symptomatic tumors 
but also for those lesions that, although clinically 
silent, present a high likelihood of undergoing 
malignant transformation.

Patients are often recommended to undergo a 
fine-needle aspiration or core biopsy. In our 
experience, there is a limited role for diagnostic 
biopsy. Needle biopsies often provide nondiag-
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nostic samples or sampling errors. Since malig-
nant change may initially affect only a small 
portion of the tumoral mass in bulky lesions, 
biopsies may be misleading, providing false reas-
surance and downplaying the risk of malignancy 

[13, 31, 32]. Moreover needle biopsies have the 
potential to induce significant neuropathic pain 
syndrome and/or neurologic deficit due to fas-
cicular disruption. If there is bleeding in associa-
tion with the biopsy, the resultant scar formation 

a b

c

d e

Fig. 29.1 Positron emission tomography (PET)/com-
puted tomography (CT) and magnetic resonance imaging 
(MRI) appearance of malignant peripheral nerve sheath 
tumor (MPNST). A 42-year-old male with NF1 with a 
large left buttock MPNST. (a) Low-dose CT images 
revealed a large complex mass in the left buttocks measur-
ing up to 15  cm with a hypodense center suggestive of 
central necrosis. (b) Axial PET/CT fused images demon-
strate increased peripheral fluorodeoxyglucose (FDG) 
uptake in the lesion in keeping with viable tumor. There is 

no FDG uptake in the central hypodense regions in keep-
ing with central necrosis. (c) Sagittal PET/CT fused 
image. (d) T2-weighted MRI demonstrates the heteroge-
neous appearance of the large left buttock MPNST. (e) 
Postcontrast T1 fat-saturated image demonstrates periph-
eral irregular enhancement corresponding to the viable 
FDG-avid regions with central nonenhancing necrotic 
region. (Reproduced with permission from Hong et  al.: 
Malignant Peripheral Nerve Sheath Tumors. In: Manual 
of Peripheral Nerve Surgery, Thieme 2018)
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may obscure surgical planes for subsequent 
tumor resection. It may be that MRI with DWI 
combined with FDG-PET/CT can direct the 
biopsy to the most metabolically active region to 
improve the diagnostic yield of needle biopsies. 
Some have advocated open biopsies for more 
reliable tissue sampling. The downside here is the 
likelihood of seeding tumor cells into surround-
ing tissue. It must also be noted that accom-
plished peripheral nerve surgeons may encounter 
few, if any, difficulties in removing tumors that 
are superficially located, with low risk of compli-
cations, offering these patients the option of radi-
cal resection of lesions that are proven to be 
malignant.

On the other hand, deeply located masses may 
require a multidisciplinary approach in order to 
provide the peripheral nerve surgeon access to 
the tumor.

It is not within the scope of this chapter to 
describe the surgical steps of peripheral nerve 
tumor removal, yet we will only include a few 
key remarks.

As we previously mentioned, in NF1 patients, 
MPNSTs may present two different patterns of 
clinical manifestation, clearly correlated with the 
morphological behavior of the neoplasm [13]. 
When MPNSTs are completely clinically silent 
or only responsible for pain/paresthesias without 
neurological deficits, their gross morphology is 
indistinguishable from benign forms. Often, 
these tumors appear well-encapsulated, respect-
ing the nerve anatomy and its surrounding tis-
sues. These tumors can be radically removed 
while preserving the nerve of origin and its 
function.

On the other hand, when tumors present at the 
onset with progressive neurological deficits, they 
tend to be infiltrative (Figs.  29.2 and 29.3). 
Grossly, they appear as an asymmetrical enlarge-
ment of the nerve trunk, often presenting adhe-
sions to the surrounding structures. These tumors 
frequently have firm consistency and necrotic/
hemorrhagic regions scattered on their surface 
(Fig.  29.4). The infiltrative behavior of these 
neoplasms is usually related to histological find-
ings consistent with high-grade malignancy 
(Fig.  29.5). Since neural function has already 

been impaired by the destructive nature of the 
tumor, in these cases, the surgeon’s priority is to 
radically remove the tumor and prevent local 
recurrences and metastatic spread. Resection of 
the neoplasm and its nerve of origin is manda-
tory, extending resection as distally as possible 
on each pole of the tumor in order to maximize 
local control of the infiltrative nerve disease. The 
margins of the resection may appear tumor-free 
under magnified vision at surgery; however, 
repetitive intraoperative biopsies are invaluable 
in ascertaining tumor-free boundaries. 
Surrounding soft tissues must be included in the 
resection in order to minimize the risk of local 
recurrence and metastatic spread.

Functional deficits can be compensated, in 
some cases, by distal nerve or tendon transfers 
during the same surgery [13, 32, 33]. Nerve graft 
reconstruction is usually not a feasible option in 
these cases, for several reasons. The tumor resec-
tion typically results in a long gap between the 
two nerve stumps, often longer than 10 cm. It is 
well known that excessive length of a nerve graft 
unfavorably impacts the functional outcome. 
Postoperative radiotherapy represents another 
impediment to regeneration through a nerve 
graft [13, 32]. In selected cases, distal nerve 
transfers can be performed distant from the irra-
diated area. Nerve transfers may provide func-
tional restoration in several months; tendon 
transfers might be preferred in selected cases as 
the patient may regain function shortly after the 
procedure [33].

29.4  Post-surgical Treatment

Surgery is definitely the mainstay of treatment in 
MPNSTs [13, 32–34]. Concerning adjuvant ther-
apy, radiotherapy has proved beneficial in limit-
ing local recurrence [32–35]. Whenever available, 
hadrontherapy may be preferred as it may be 
more effective than conventional radiotherapy 
[36, 37]. Data concerning chemotherapy are con-
troversial [32, 33, 38].

For many years, limb amputation or disarticu-
lation has been included in the treatment of these 
tumors, and it is still advocated by some authors. 
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In our opinion it should be abandoned in most 
cases. Amputation seems to be associated with a 
lower rate of local recurrence, yet it does not pro-
vide longer survival in comparison with limb- 
sparing procedures, and it has a devastating 

impact on quality of life [32, 33, 39, 40]. The rate 
of postoperative complications is high (up to 
44% of cases), including a significant percentage 
of patients that are condemned to live with phan-
tom limb pain (up to 85% of cases).

a b

c d

Fig. 29.2 Ultrasound and magnetic resonance imaging 
(MRI) appearance of an axillary malignant peripheral 
nerve sheath tumor (MPNST). A 38-year-old female pre-
sented with a left axillary mass and targeted ultrasound of 
the left axillary lesion was performed. Gray scale (a) and 
Doppler (b) ultrasound demonstrate a mildly heteroge-
neous hypoechoic circumscribed lesion with minimal 
internal vascularity. Subsequent ultrasound-guided biopsy 
revealed an MPNST. MRI of the axillary lesion was per-

formed and STIR (short tau inversion recovery; [c]) 
sequence demonstrates an oval heterogeneous axillary 
lesion. Postcontrast T1 fat-saturation sequence (d) dem-
onstrates heterogeneous peripheral dominant enhance-
ment with central nonenhancing cystic and/or necrotic 
areas. (Reproduced with permission from Hong et  al.: 
Malignant Peripheral Nerve Sheath Tumors. In: Manual 
of Peripheral Nerve Surgery, Thieme 2018)
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a b

Fig. 29.3 Magnetic resonance imaging appearance of a 
right thigh malignant peripheral nerve sheath tumor with 
rhabdomyosarcoma, a “triton tumor,” in a 33-year-old 
female with neurofibromatosis type 1. (a) Sagittal short 
tau inversion recovery (STIR) sequence demonstrates a 
large heterogeneous predominantly hyperintense lesion 
corresponding to the expected location of the sciatic nerve 
in the lower thigh. Peritumoral edema is seen at the proxi-
mal aspect of the lesion (white arrow). There is subcutane-

ous soft tissue edema in the lower thigh as well. (b) 
Sagittal T1 sequence demonstrates a predominantly 
hypointense lesion with areas of heterogeneity likely 
reflecting blood products/necrotic debris. A “tail sign” is 
seen at the proximal aspect of the lesion representing con-
tinuity with the sciatic nerve (white arrow). (Reproduced 
with permission from Hong et al.: Malignant Peripheral 
Nerve Sheath Tumors. In: Manual of Peripheral Nerve 
Surgery, Thieme 2018)

a b

Fig. 29.4 Gross appearance of malignant peripheral 
nerve sheath tumor (MPNST). (a) Excised MPNST from 
femoral nerve. (b) Cut gross specimen. Note grayish, 
fleshy appearance and regions of necrosis. (Reproduced 

with permission from Hong et al.: Malignant Peripheral 
Nerve Sheath Tumors. In: Manual of Peripheral Nerve 
Surgery, Thieme 2018)
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29.5  Conclusions

MPNSTs rarely occur in the general population 
but frequently manifest in NF1 patients. 
Specifically, patients whose genetic screening 
detects a microdeletion seem to be remarkably 
predisposed to develop these malignant neo-
plasms. A worrisome feature of NF-related 
MPNSTs is the possibility that they may arise 
due to malignant transformation of pre-existing 
benign lesions, making prevention a major prior-
ity in the management of patients affected by this 
genetic disorder. At present, we have not identi-
fied all the factors associated with malignant 
change, and clearly further preclinical work is 

required to understand this pathophysiology. A 
histologic subgroup (ANNUBP) has been identi-
fied that are considered precursors of MPNSTs. 
At this time, surgical resection with wide margins 
is the mainstay of treatment. Multicenter clinical 
trials are needed to establish the roles for radia-
tion therapy, chemotherapy, and immunotherapy.
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NF1 Neurofibromatosis type 1
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NSAID Non-steroidal anti-inflammatory drug
VEGF Vascular endothelial growth factor
WB-MRI Whole-body MRI

30.1  Introduction 
and Epidemiology

Schwannomatosis is the least common form of 
neurofibromatosis and is characterized by for-
mation of multiple non-cutaneous schwannomas 
without the presence of bilateral vestibular 
schwannomas [1]. Of the neurofibromatosis sub-
types, neurofibromatosis type 1 (NF1 or von 
Recklinghausen’s disease) accounts for approxi-
mately 96% of all cases, neurofibromatosis type 
2 (NF2) for 3%, and schwannomatosis for the 
remaining 1% [2]. However, there is a lack of 

high-quality epidemiological evidence, and 
some suggest that the true incidence of schwan-
nomatosis is similar to that of NF2 [3]. A 
population- based study from the United 
Kingdom documented a point prevalence of 1 in 
126,315 persons and an incidence of 1 in every 
68,956 live births [4]. In this same study, the 
mean age of diagnosis was 41.9  years (range 
15–66), and the mean age at death was 76.9 
(range 55–80), suggesting that schwannomatosis 
is associated with a later age of onset and better 
prognosis than the related NF2 [4]. Similar find-
ings were made in an earlier Finnish study, 
which reported a median age of onset of 45 and 
an annual incidence of 0.06 per 100,000 person-
years [5]. Some series have described a slightly 
higher disease burden among females [6]; how-
ever the Finnish study [5] and the International 
Schwannomatosis Registry (ISR) [7] suggest a 
weak predilection for males and no predilection 
for any specific race. Approximately one in three 
cases is classified as segmental schwannomato-
sis—defined by the presence of either multiple 
peripheral schwannomas in a single limb or mul-
tiple spinal schwannomas affecting ≤5 contigu-
ous segments [6, 8, 9]. Lastly, though familial 
cases of schwannomatosis have been used for 
genetic investigations, they comprise only 
13–25% of all cases [4, 10].Z. Pennington · D. Lubelski · R. Medikonda  
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30.2  Presenting Symptoms

In 75–85% of cases, newly diagnosed patients 
with schwannomatosis do not have a family his-
tory of the disease [3]. The majority of lesions 
localize to the neck, trunk, and extremities, with 
relative sparing of the autonomic nerves [3]. As 
the lesions grow, they generate symptoms e.g., 
neurologic disability, neuropathic pain, or 
locoregional organ dysfunction by compressing 
the affected nerve and surrounding structures. 
Because of the slow-growing nature of the 
lesions in this disease, the vast majority of which 
are WHO grade 1 lesions [5], it is common for 
patients to present after a symptom prodrome of 
7 years or longer [6, 11]. When they do present, 
the most common presenting symptom is iso-
lated neuropathic pain (29–46%), followed by 
discovery of an asymptomatic, palpable mass 
(17–27%) [6, 7, 12]. Additionally, 11–33% of 
patients will have both pain and a palpable mass 
on exam [6, 7, 12]. Neurological deficit is 
uncommon as a presenting feature [13, 14], 
being seen in only 20% of patients at the time of 
diagnosis and being the only presenting symp-
tom in 4% of patients [7].

Given the nature of the disease, patients often 
have chronic symptoms, most frequently chronic 
pain, which affects up to three-quarters of patients 
with schwannomatosis [6, 7, 9, 12]. Schwannomas 
have been reported for all somatic nerves of the 
peripheral nervous system, including both the 
peripheral nerves (affected in 81–89% of patients) 
and spinal nerves (74%) [4, 6, 12]. Lesions in 
both the peripheral nerves and spinal roots are 
seen in roughly 55% of patients [4]. A systematic 
review by Chick and colleagues [11] focused on 
patients with sporadic schwannomatosis and 
found that on average patients had 4.6 peripheral 
nerve tumors and 2.6 spinal tumors; the mean 
number of peripheral nerve lesions was lower in 
those with spinal tumors however (2.7 vs 5.7). 
Interrogation of the peripheral nerve tumors 
demonstrated roughly equal involvement of the 
lower and upper limbs, with the most commonly 
involved nerves being the sciatic, ulnar, radial, 
and median nerves [11]. These data contrast with 
those previously published by Plotkin et al. [15], 

who performed whole-body MRI on 51 patients 
with familial or sporadic schwannomatosis and 
found the greatest burden of peripheral nerve 
schwannomas was within the legs. Both studies 
reinforce the relatively wide distribution Ṅof 
peripheral nerve lesions in this population. A 
contemporary study by the same group found 
that among spinal lesions, the most affected level 
is the lumbar spine (53%), though lesions are 
also commonly seen in the thoracic (35%) and 
cervical spine (23%) [6]. Multilevel involvement 
is seen in just over 40% of patients with at least 
one spinal schwannoma [6].

Overall, cranial nerve involvement is uncom-
mon in schwannomatosis (8–11% of patients), 
and where it occurs, the trigeminal nerve is the 
most commonly affected [4, 6, 10]. Classically, 
schwannomatosis has been distinguished from 
NF2 by the absence of bilateral vestibular 
nerve involvement [8]. Case reports now exist 
describing unilateral vestibular nerve involve-
ment in schwannomatosis patients [4, 16]. 
Additionally, the phenotype of segmental neu-
rofibromatosis type 2 can be similar to that of 
schwannomatosis, making definitive diagnosis 
difficult. In such cases, genetic workup is cru-
cial for definitive diagnosis and should include 
analysis of the NF2 and SMARCB1 genes in 
at least two anatomically distinct schwanno-
mas. Schwannomatosis- related lesions will 
demonstrate a four-hit, three-step mutation pat-
tern with biallelic inactivation of both the NF2 
and SMARCB1 genes [17]. Along these lines, 
patients with schwannomatosis will show dis-
tinct NF2 mutations in the different tumors, 
whereas patients with NF2 will have an identi-
cal NF2 mutation in all lesions [18].

30.3  Diagnostic Criteria

Formalized research diagnostic criteria for 
schwannomatosis were originally presented in 
1996 by MacCollin and colleagues [19], who 
later refined them to give formalized clinical 
diagnostic criteria in 2005 [8]. The clinical crite-
ria defined profiles for both “definite” and “pos-
sible” cases. “Definite” cases were defined as 
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patients meeting one of two descriptions: (1) 
sporadic variety—age >30  years with two or 
more non-intradermal schwannomas (at least 
one histologically confirmed) and no vestibular 
tumor or (2) familial variety—patient has ≥1 
histologically confirmed non-vestibular schwan-
noma and ≥1 first-degree relative meeting the 
criteria of description 1. “Possible” cases were 
split into three categories: (1) patients less than 
30 years of age with ≥2 non-intradermal schwan-
nomas (≥1 histologically confirmed) and with-
out an NF2 mutation or evidence of vestibular 
tumor on magnetic resonance imaging (MRI), 
(2) patients older than 45 with two or more non-
intradermal schwannomas (at least one patho-
logically confirmed) and no symptoms of 
vestibulocochlear nerve dysfunction or NF2 
mutation, and (3) patients with at least one non-
vestibular schwannoma and ≥1 first-degree rela-
tive meeting the criteria for “definite” 
schwannomatosis [8].

Since that time, the diagnostic criteria have 
been modified to incorporate the advances in 
genetic testing as well as to incorporate updates 
in the understanding of the pathology, includ-
ing elimination of vestibular schwannoma and 
NF2 mutations as exclusion criteria. These lat-
est criteria, published by an international cohort 
of experts, allow for diagnosis based upon clin-
ical features alone or based upon a combination 
of clinical and genetic data (Table 30.1) [7].

30.4  Distinction 
from Neurofibromatosis 
Type 2

Clinically, schwannomatosis and NF2 share 
many phenotypic features, which can make their 
differentiation difficult. However, given the sig-
nificantly poorer natural history of NF2 [4], 
differentiation of the two pathologies has prog-
nostic significance. As recently summarized by 
Kehrer- Sawatzki et al. [10], borrowing from the 
work of MacCollin [20], Merker [6], and others, 
there are several phenotypic findings that can be 
used to distinguish schwannomatosis from NF2. 
Features unique to NF2 include the presence of 
bilateral vestibular schwannoma (90–95% of 
cases), ependymomas (18–58%), skin plaques/
cutaneous lesions (41–48%), intradermal tumors 
(27%), retinal hamartomas (6–22%), epiretinal 
membranes (12–40%), and subcapsular cataracts 
(60–81%). Additionally, intracranial meningio-
mas (45–58% in NF2 vs 5% in schwannomato-
sis), unilateral vestibular schwannomas (18% 
of NF2 cases), non-vestibular cranial nerve 
schwannomas (24–51% vs 9–10%), and subcu-
taneous tumors (43–48% vs 23%) are all more 
common in NF2 than in schwannomatosis and 
should raise clinician suspicion for this disease 
entity. Schwannomas of the spine and peripheral 
nerves characterize both lesions, and their distri-
bution cannot be used to reliably distinguish the 

Table 30.1 Criteria for the diagnosis of schwannomatosis as published by the Johns Hopkins Comprehensive 
Neurofibromatosis Center [7]

Clinical diagnosis (Meets one of below) Combined clinical and genetic diagnosis (Meets one 
of the below)

•  ≥2 non-intradermal 
schwannomas

   –  ≥1 pathologically 
confirmed

•  No evidence of 
bilateral vestibular 
schwannoma on 
MRI

•  ≥1 pathologically 
confirmed schwannoma 
or intracranial 
meningioma

•  ≥1 first-degree relative 
with schwannomatosis

•  ≥2 tumors with 22q 
loss-of-heterozygosity and 
≥2 distinct, somatic NF2 
mutations

•  ≥2 pathologically 
confirmed schwannomas 
or meningiomas

•  Germline SMARCB1 
or LZTR1 mutation

•  ≥1 pathologically 
confirmed 
schwannoma or 
meningioma

Exclusion criteria
• Germline NF2 mutation
•  Schwannomas occur only in region of prior 

radiotherapy

•  Meets diagnostic criteria for neurofibromatosis type 2
• First-degree relative with NF2

LZTR1 leucine-zipper-like transcription regulator 1, MRI magnetic resonance imaging, NF2 neurofibromatosis type 2, 
SMARCB1 SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily B

30 Schwannomatosis: Review of Diagnosis and Management



374

two pathologies [10]. Ultimately, however, muta-
tion analysis of LZTR1, NF2, and SMARCB1 
is the gold standard for distinguishing the two 
conditions.

30.5  Imaging and Workup

From the perspective of the neurosurgical clinical 
population, patients with schwannomatosis com-
prise only a small fraction of all patients who 
undergo operative management of schwannomas, 
estimated at 2–10% [5, 8, 21, 22]. Consequently, 
identification of a single meningioma or schwan-
noma does not necessarily merit an investigation 
for schwannomatosis. For this determination, the 
diagnostic criteria identified by the ISR [7] may 
be useful.

30.5.1  Imaging

Magnetic resonance imaging constitutes the gold 
standard of imaging in schwannomatosis and 
unless contraindicated should be used in all cases 
[1]. For those with contraindications, contrast- 
enhanced, high-resolution computed tomography 
is the next best option, though ultrasound can be 
considered for the evaluation of peripheral 
nerves. On MRI, suspicion of schwannomatosis 
should be raised by the presence of multiple, 
well-defined, round lesions extending along the 
length of peripheral nerves and within the spinal 
roots. The most common sites of involvement are 
the peripheral nerves (81–89%) followed by the 
spinal nerves (74%); cranial nerve involvement is 
rare [4, 6, 12]. Generally spinal lesions are found 
in one location, however they may affect multiple 
levels in one-third of cases [6]. Lesions of the 
peripheral nerve most commonly localize to the 
arms (46%) and legs (45%) but can implicate any 
peripheral nerve, including those of the head and 
neck (29%), chest (16%), pelvis (15%), and 
abdomen (9%) [6].

On CT, schwannomas appear as well- 
circumscribed masses that are hypo- to isodense 
relative to skeletal muscle with variable contrast 
enhancement. On MRI, lesions are low-to- 

intermediate intensity on T1-weighted sequences 
and high signal intensity on T2-weighted 
sequences and short-T1 inversion recovery 
(STIR) sequences [1]. MacCollin and colleagues 
[8] reported that lesions may have more homoge-
neous T2 signal hyperintensity relative to iso-
lated, non-schwannomatosis-related lesions. 
Schwannomatosis-associated lesions demon-
strate heterogeneous contrast enhancement, sec-
ondary to regions of cystic degeneration, which 
can be used to help distinguish them from neuro-
fibromas [1]. In patients with multiple demon-
strated schwannomas of the peripheral or spinal 
nerves, full radiological workup for schwanno-
matosis and other neurofibromatoses should be 
pursued, including contrast-enhancing sequences 
of the brain and spine. Brain imaging should 
include thin cuts (<3  mm) through the internal 
auditory canals to help differentiate schwanno-
matosis from NF2 [23]. Whole-body MRI 
(WB-MRI) can also be considered for diagnosis 
or the assessment of global disease burden [24] 
and is increasingly being used in clinical practice 
[23]. In a recent review on the imaging of patients 
with neurofibromatoses, Ahlawat and colleagues 
[23] recommended WB-MRI be performed using 
a 1.5- or 3-Tesla scanner and suggested the acqui-
sition diffusion-weighted imaging, a fluid- 
sensitive sequence (T2 short tau inversion 
recovery), and an anatomic sequence (T1 volume- 
interpolated breath-hold examination). The 
authors argue that WB-MRI is indicated for the 
definitive diagnosis of schwannomatosis in those 
without a previous diagnosis. WB-MRI is also 
indicated for longitudinal surveillance of known 
peripheral nerve sheath tumors to determine the 
optimal time for intervention or to monitor prog-
ress while on treatment. Lastly, WB-MRI can be 
used to distinguish patients with segmental phe-
notypes from those with germline presentations.

30.5.2  Pathology

As indicated by the ISR criteria, pathological 
confirmation of a schwannoma is required to 
make the diagnosis of schwannomatosis. 
Schwannomas in this disease process are histo-
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logically very similar to sporadic schwannomas 
treated in patients without schwannomatosis. 
Consequently, while pathologic confirmation of 
one or more schwannomas is necessary to make 
the diagnosis, it is not sufficient. Similar to spo-
radic schwannomas, schwannomatosis- 
associated lesions are classically eccentric to the 
affected nerve and encapsulated by the epineu-
rium. Neurofibromas, in contrast, classically lie 
centrally within the nerve and intercalate into the 
surrounding axons [1]. Schwannomas demon-
strate two near-pathognomonic histological 
 patterns, known as Antoni A and Antoni 
B. Respectively, these patterns are characterized 
by regions of high cellularity (Antoni A) and low 
cellularity (Antoni B) [6]. Antoni A regions are 
punctuated by Verocay bodies—regions of pali-
sading, spindle-shaped nuclei interspaced with 
nuclear-free zones. Antoni B regions, which may 
reflect degeneration of Antoni A regions, are 
characterized by cystic degeneration and disorga-
nized cellular matrix [1]. It has been suggested 
based upon small series that intra-tumoral myx-
oid changes, peritumoral edema, and an intraneu-
ral growth pattern are more common for 
schwannomatosis-related lesions [8]. However 
these features are not consistent across samples 
and should not be considered diagnostic.

30.6  Involvement of Genetics 
and Nonsurgical Specialties

Similar to patients with other neurofibromatoses, 
those with schwannomatosis benefit from multi-
disciplinary management. As previously 
described for neurofibromatosis 1 and 2 [25], a 
family history should be obtained, prioritizing 
first-degree relatives, to help distinguish sporadic 
from familial cases and identify other persons at 
risk. Consultation with genetic medicine should 
also be pursued to discuss family planning and 
the potential impact of the patient’s disease on 
current and future offspring. Involvement of pain 
management is also crucial as medical manage-
ment of chronic pain forms the core of treatment 
for patients with schwannomatosis, and many of 
these patients have extremely complex medica-

tion regimens, commonly including more than 
five agents of different classes [6]. Additionally, 
referral to a therapist or psychiatrist to discuss 
psychological comorbidity can be considered, as 
some case series have suggested that comorbid 
depression may be seen in nearly one in three 
patients with schwannomatosis [6]. Lastly, 
patients may benefit from referral to a support 
group composed of patients with schwannomato-
sis and other neurofibromatoses, such as those 
organized through the Children’s Tumor 
Foundation.

30.7  Genetics

Hulsebos et  al. provided the first description of 
the genetics of schwannomatosis in their report 
on a father-daughter pair with familial schwan-
nomatosis [26]. Their report, along with other 
early data, suggested that schwannomatosis 
results from mutations in the SWI/SNF-related 
matrix-associated actin-dependent regulator of 
chromatin subfamily B (SMARCB1) [2, 12]. 
However, since that time, many patients meeting 
the clinical definition of schwannomatosis have 
been found to have SMARCB1-negative tumors. 
Some of these patients have been observed to 
have mutations in other genes, including leucine- 
zipper- like transcription regulator 1 (LZTR1) and 
NF2. The degree to which each of these muta-
tions contributes to the clinical pathology is not 
clearly delineated, but emerging evidence sug-
gests that their role may be different in familial 
and sporadic cases. Supporting this hypothesis 
includes population-based data documenting that 
mutations in SMARCB1 are more common in 
patients with familial schwannomatosis, whereas 
LZTR1 mutations are seen in similar proportions 
of familial and sporadic cases [4].

30.7.1  SMARCB1

Alternatively known as INI1, BAF47, or hSNF5, 
SMARCB1 was the first gene described in the 
pathogenesis of schwannomatosis [26]. The gene 
sits on the long arm of chromosome 22 (22q11.2) 
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and is found six megabases centromeric to the 
NF2 gene, which may account for the similarity 
in clinical presentation between schwannomato-
sis and NF2 [2, 27]. The SMARCB1 gene encodes 
a protein responsible for intracellular targeting of 
the SWI/SNF chromatin complex [10], an ATP- 
dependent protein complex that controls DNA 
structure through the movement of histone pro-
teins [28–31]. The gene exhibits haplosuffi-
ciency, and patients require two inactivating 
mutations. Despite this, inheritance is autosomal 
dominant, likely secondary to recombination 
events between homologous chromosomes dur-
ing mitosis. The index mutation in SMARCB1 
can occur in either germline or somatic cell lin-
eages. In both cases, a similar event sequence is 
described, whereby homologous recombination 
leads to loss of heterozygosity in the mutant cell 
[28]. In germline mutations, this “first hit” occurs 
in germline cells and may be inherited, whereas 
for somatic mutations, the index mutation occurs 
in a somatic cell line [28]. In this latter group of 
patients—approximately 30% of those with 
schwannomatosis [8]—the patient is a genetic 
mosaic and is classified as having segmental 
schwannomatosis [12]. Though irrelevant to the 
overall pathogenesis, the segmental phenotype 
has potential therapeutic implications in that 
tumorigenesis is limited to a limb or ≤5 spinal 
segments, thereby reducing the portion of the 
body that requires monitoring [8, 9].

In contrast to many other disease-causing 
mutations, mutations in the genes implicated in 
schwannomatosis (i.e., SMARCB1) are embry-
onic lethal [32, 33], similar to what is seen with 
NF2 [34]. Consequently, biparental inheritance 
is not seen in schwannomatosis, though unipa-
rental inheritance is seen in 10–20% of cases 
[5, 19]. Comparison of the disease-causing 
mutations in familial and sporadic cases has 
demonstrated the main distinction to be the 
prevalence of “non- truncating” mutations. 
Familial cases have been found to have higher 
proportions of “non- truncating”—ones that are 
missense or splice-site mutations; the exact 
therapeutic significance of this is unknown 
however [27].

30.7.2  LZTR1

The second gene commonly implicated in the 
pathogenesis of schwannomatosis is the LZTR1 
gene, which lies at position 22q11.23, roughly 
three megabases centromeric to SMARCB1 [35]. 
In contrast to SMARCB1, the function of LZTR1 
is at present unknown [35]. However, like 
SMARCB1, mutations appear to be inherited in 
autosomal dominant fashion [35]. Mutations in 
this gene were first documented by Piotrowski 
and colleagues in 2014 [35] in a series of eight 
probands with either familial or sporadic schwan-
nomatosis. Mutations in LZTR1 have subse-
quently been identified in other patients with 
schwannomatosis, and it is estimated that LZTR1 
mutations occur in roughly 29% of familial cases 
and 24% of sporadic cases [4].

Other mutations have been implicated in 
schwannomatosis, including NF2, which is seen 
in up to 8% of sporadic cases in population-based 
studies [4]. However, review of samples collected 
by the International Schwannomatosis Registry 
has suggested that NF2 mutations may be far 
more common, occurring in 69% of tested 
patients [7]. Of note, NF2 mutations in schwan-
nomatosis occur only in somatic cell lineages and 
are thought to represent a “second hit,” distin-
guishing them from the NF2 mutations seen in 
neurofibromatosis type 2 [10]. Regrettably, over 
half of patients with sporadic disease and nearly 
a third of patients with familial disease have no 
identifiable pathogenic variant. Mutations in 
COQ6, which encodes a monooxygenase 
required for coenzyme Q10 (ubiquinone) biosyn-
thesis, have been described in one family and 
posited as a locus that increases susceptibility to 
develop schwannomatosis; however the mecha-
nisms by which it would do so are unclear [36]. 
Additionally, mutations in the TSC1, DDR1, 
CAST, ALPK2, TSC2, and TAB genes have been 
described in studies employing whole-exome 
sequencing [10]. The significance of these muta-
tions is similarly unclear at present. Secondary to 
these gaps in current understanding, the genetics 
of schwannomatosis remain an area of ongoing 
investigation.
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30.8  Pathogenesis

Based largely upon candidate gene studies and 
small clinical series, it is currently thought that 
schwannomatosis may develop through a 
multiple- hit mechanism involving at least two 
genes. In the most common mechanism, separate 
mutations in the two copies of SMARCB1 result 
in the loss of heterozygosity for the gene [10, 37]. 
The sites of original mutation appear to be at the 
5′ or 3′ end of the SMARCB1 gene, in contrast to 
other tumors associated with SMARCB1, like 
rhabdoid tumors [10]. Consequently, the 
 mutations are “non-truncating” and lead to the 
production of stable SMARCB1 transcripts cod-
ing for abnormal, truncated proteins, which have 
been identified on Western blot [10]. These pro-
teins may retain partial functionality, in contrast 
to rhabdoid tumors, where nonsense mutations 
lead to complete loss of protein product [38]. 
Notably, mutant SMARCB1 proteins in schwan-
nomatosis retain the ability to inhibit cyclin D1, a 
key regulator of the cell cycle [38]. However, the 
proteins appear to be unstable and may be inef-
fective in helping to target the SWI/SNF complex 
to the proper chromatin regions.

After the mutations in SMARCB1, the second 
set of mutations are posited to occur in NF2, 
again with a single somatic cell mutation leading 
to loss of function through loss of heterozygosity 
[10]. This creates a four-hit/three-step process 
whereby schwannomas form in these patients: 
(1) initial SMARCB1 mutation, (2) mutation in 
the second copy of the SMARCB1 locus along 
with mutation of the NF2 locus in a somatic cell 
line, and (3) loss of heterozygosity at the NF2 
locus through a mutation in the second copy [10]. 
A similar theoretical model is invoked in those 
with wild-type SMARCB1 and mutant LZTR1, 
whereby the initial hit is in one of the LZTR1 
gene copies. A mutation in the second copy of the 
long arm of chromosome 22 then occurs, mutat-
ing both the second LZTR1 copy and a copy of 
the NF2 gene. As a fourth hit, the remaining NF2 
gene becomes mutated, resulting in loss of het-
erozygosity for both loci. However, as the 
SMARCB1 gene lies between LZTR1 and NF2, it 

is thought to be exceedingly unlikely for such a 
model to accurately explain tumorigenesis in 
these patients. Rather, it is posited that LZTR1 
mutant tumors are best described by a five-hit/
three-step model, in which tumorigenesis occurs 
as described in the LZTR1 model with the excep-
tion that one of the SMARCB1 wild-type copies 
becomes mutated prior to the mutation in the 
NF2 gene. In this model patient schwannoma 
cells are homozygous mutant for LZTR1 and NF2 
but heterozygous for SMARCB1.

30.9  Management of Tumors 
and Symptoms

30.9.1  Medical Versus Surgical 
Management

Given the genetic predisposition to form new 
lesions in patients with schwannomatosis, symp-
tomatic management forms the core of treatment 
[12]. First and foremost is control of chronic 
pain, which occurs at high rates among this clini-
cal population [6]. Strategies for management of 
chronic pain include both pharmacologic [6] and 
non-pharmacologic therapies. With regard to 
pharmacotherapy, the γ-aminobutyric acid 
(GABA) analogs gabapentin and pregabalin are 
considered first-line agents, along with intermit-
tent courses of short-acting opioids and non- 
steroidal anti-inflammatory agents (NSAIDs) 
[39]. Where these agents fail or are unable to pro-
vide sufficient analgesia, other drug classes can 
be considered for the management of neuropathic 
pain, including anticonvulsants (e.g., topiramate, 
carbamazepine), serotonin-norepinephrine reup-
take inhibitors (e.g., duloxetine), tricyclic antide-
pressants (e.g., amitriptyline), triptans (e.g., 
rizatriptan, zolmitriptan), and topical treatments 
(e.g., lidocaine patches) [39]. Large case series 
have demonstrated that patients with schwanno-
matosis require a median of three analgesic med-
ications, most commonly gabapentin (44%), 
oxycodone (43%), and amitriptyline (37%) [6]. 
However, nearly one in ten may require more 
than ten medications as part of their pain regimen 
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[6]. Non-pharmacologic, non-operative manage-
ment can be conducted in tandem with all of 
these pharmacologic therapies. These interven-
tions include mindfulness-based stress reduction 
techniques, biofeedback, acupuncture, and hyp-
nosis, and larger case series suggest that they 
may be underutilized [6].

Surgical management is generally reserved for 
those patients with tumors causing neurologic 
compromise, failed non-operative pain manage-
ment, or which are rapidly expanding and con-
cerning for possible dedifferentiation to a 
malignant peripheral nerve sheath tumor 
(MPNST) [1, 12]. Radiation therapy has been 
previously described for symptom management 
in other members of the neurofibromatosis syn-
drome family; however there is a theoretical risk 
of malignant transformation to MPNST [12]. For 
this reason, we recommend against the use of 
radiation for symptom management unless the 
lesion is enlarging on serial imaging and cannot 
be treated with surgery [40]. At present there is 
no clear role for chemotherapy [1].

30.9.2  Operative Intervention

Given the benign nature of the lesions in schwan-
nomatosis [5], symptomatology and failure of 
medical management play key roles in determin-
ing surgical candidacy. Pain is by far the most 
common indication for surgical intervention, 
reported to be the primary indication in up to 
80% of patients [6]. Unfortunately, a significant 
proportion of patients experience limited benefit 
with surgical intervention in this context, as 
nearly two in every five patients operated for pain 
have persistent local pain and over 25% experi-
ence no improvement in their pain [6]. Even for 
those who do experience post-operative relief, 
pain recurs in nearly three-quarters due to lesion 
recurrence or development of a new tumor.

Excision of schwannomas involving the cra-
nial nerves has also been described [21] though it 
is less common than surgical intervention for spi-
nal or peripheral nerve schwannomas. In their 
series of 14 patients with schwannomatosis, 

Gonzalvo et  al. [21] reported excising cranial 
nerve schwannomas in five patients (5/6 lesions 
implicated the trigeminal nerve). Specific out-
comes were only reported for one of these proce-
dures, after which the patient experienced 
anesthesia dolorosa. Globally however, they 
reported good outcomes, identifying preservation 
of, or improvement in neurological function fol-
lowing excision for 30 of the 32 treated tumors in 
patients with familial schwannomatosis. They 
reported that only 2 of their 14 patients experi-
enced tumor recurrence, suggesting that the post- 
operative natural history of schwannomatosis 
may differ from that of NF2, which is commonly 
characterized by local recurrence. However, a 
more recently published series by Alaidarous 
et  al. [9] described outcomes in nine surgically 
treated patients with segmental schwannomatosis 
of the upper or lower limb. Tumor recurrence 
requiring repeated surgery was seen in five 
patients at a median follow-up of 3  years. 
Therefore, the natural course for surgically 
treated lesions remains unclear.

As suggested by the above series, the evidence 
for the surgical management of lesions in patients 
with schwannomatosis is limited. Given that 
schwannomatosis, like other neurofibromatoses, 
is characterized by tumor recurrence and multifo-
cal disease, similar principles can be used to 
guide surgical intervention in both. For lesions of 
the peripheral nerves, this means that two manda-
tory principles must be adhered to (1) the use of 
microsurgical technique and (2) intraoperative 
electrical stimulation for functional nerve fiber 
mapping. For electrical stimulation, it has previ-
ously been recommended to use a threshold of 
1 mA; if stimulation of a fascicle with this cur-
rent produces a motor response, the fascicle is not 
taken [41]. Additionally, we recommend the use 
of intraoperative neuromonitoring as it has been 
shown to help reduce the risk of new post- 
operative neurological deficit [41].

The exact surgical approach employed is dic-
tated by the lesion site and is beyond the scope of 
this chapter. However, in general we plan the sur-
gical incision to allow access to the proximal and 
distal segments of the affected nerve. We also 
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perform electrical stimulation prior to resection 
to map out the functional nerve fibers and find a 
silent/safe surgical corridor through which we 
can make the epineurium incision. Dissection 
proceeds eccentrically from the central tumor 
until the parent fascicle is isolated; depending on 
the size and location, intracapsular dissection and 
en bloc resection versus intralesional debulking 
may be used to facilitate excision [42]. The prox-
imal and distal fascicle that enter and exit the 
tumor are then transected after complete mobili-
zation of the lesion. Early identification of the 
entering or exiting fascicle can facilitate subse-
quent dissection. The goal of performing meticu-
lous dissection is to achieve gross total resection 
with no or minimal damage to healthy fibers. We 
believe that the latter concern of prioritizing 
function preservation is especially important in 
schwannomatosis, as recurrence rates are likely 
higher than with sporadic lesions, and patients 
have a high risk of developing new, symptomatic 
lesions. However, where possible, gross total 
resection still remains the gold standard for both 
peripheral nerve [43–45] and spinal schwanno-
mas [46, 47].

The major complication of surgery is iatro-
genic nerve injury, as dissection involves manip-
ulation of the affected nerve. For this reason, 
management by an experienced peripheral nerve 
surgeon is recommended [12]. One series exam-
ining operative outcomes of 40 spinal schwan-
noma resections in patients with schwannomatosis 
[6] found that nearly half of patients had persis-
tent post-operative deficits, most commonly sen-
sory (33%) or motor abnormalities (40%). In this 
same series, 145 peripheral nerve surgeries were 
performed, with 27% of treated patients having 
persistent post-operative deficits. Sensory abnor-
malities (17%) and motor weakness (7%) were 
again the most common.

30.9.3  Prognosis

As with other neurofibromatoses, schwannoma-
tosis is a progressive condition, and patients 
develop additional lesions as time progresses. A 

recent systematic review found that patients with 
schwannomatosis develop nearly one new tumor 
each year [11]. Prognosis for the disease can then 
be described in terms of impact of survival and 
likelihood of symptom relief. With regard to the 
latter, prognosis is relatively poor as more than 
two-thirds of patients have been reported to expe-
rience chronic pain even after aggressive surgical 
and medical management [6]. Yet, unlike NF2, 
schwannomatosis has only minimal impact on 
life expectancy, with a mean age at death of 
76.9 years relative to an average of 80.9  in the 
general population [4]. Unlike the other neurofi-
bromatoses, the occurrence of malignant periph-
eral nerve sheath tumor in schwannomatosis is 
extremely rare [40].

30.10  Monitoring and Follow-Up

There is no uniformly accepted guideline for the 
management of patients with schwannomatosis. 
However, in a recent review, Evans and col-
leagues recommended that patients with schwan-
nomatosis undergo baseline MRI imaging of the 
brain and spinal cord at the time of diagnosis for 
all patients [48]. In their view, the timing of fol-
low- up should then be guided by the mutational 
profile of the patient. For those with SMARCB1 
mutations, they recommend repeat brain and 
spine MRI imaging every 2–3  years starting at 
the age of 10 [48]. By contrast, for patients with 
only LZTR1, they recommend delaying serial 
follow-up imaging until the age of 15–19 years. 
In the case of both SMARCB1 mutant and LZTR1 
mutant patients who have clinical signs that can 
be correlated with their underlying disease, the 
authors offer that obtaining a whole body MRI 
might be reasonable [48].

For patients who meet the clinical diagnostic 
criteria of schwannomatosis, but who have not 
had mutational analysis, we recommend that 
genetic testing be pursued. Though of limited 
prognostic value in the context of clinically diag-
nosed disease, mutation identification can be 
used to assist with family planning and has the 
potential of influencing investigative therapies.
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30.11  Future Directions

Relative to research on the other neurofibromato-
ses [49], research in schwannomatosis has been 
limited, likely due to a combination of the dis-
ease’s rarity and relatively recent identification in 
the clinical literature. However, with the forma-
tion of multi-institutional, multinational collabo-
rations, notably the International 
Schwannomatosis Registry, it appears more 
likely that breakthroughs in schwannomatosis 
may be seen in the near future. Subjects of 
research are likely to focus on the areas in which 
there are the greatest knowledge shortcomings, 
including the pathogenesis of these lesions and 
systemic therapies to halt or reverse the growth of 
schwannomas. A recently completed phase 2 trial 
(NCT01207687) looking at the use of the vascu-
lar endothelial growth factor (VEGF) antibody, 
bevacizumab, found it to be safe in patients with 
NF2 and to produce promising responses in 
radiographic tumor size and serum markers of 
disease burden [50]. Given the phenotypic simi-
larities between schwannomatosis and NF2, it is 
possible that bevacizumab might also produce 
promising results in schwannomatosis [40, 51]. 
Additionally, trials are ongoing examining the 
therapeutic potential of the anti-nerve growth 
factor tanezumab (NCT04163419) as well as a 
vaccine of antigen-specific T cells modified 
ex  vivo using immune-modified dendritic cells 
(NCT04085159).

30.12  Conclusions

Schwannomatosis is a rare hereditary syndrome 
characterized by the formation of multiple 
schwannomas in the peripheral nerves, spine, and 
cranial nerves. Relative to the other neurofibro-
matoses, schwannomatosis is poorly character-
ized and represents an opportunity for great 
therapeutic advancement. Current standard of 
care for these patients is medical management of 
chronic pain and operative excision of lesions in 
cases of refractory pain that is attributable to the 
schwannoma(s). Future directions include better 
definition of the underlying pathophysiology and 

identification of systemic agents capable of halt-
ing or reversing the disease course.
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