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Preface

Neurofibromatosis (NF) is a proliferative disorder that is inherited in an autosomal-
dominant fashion and can involve cutaneous sites (skin), the nervous system, or 
gastric tissues. NF treatment is a medical challenge. Although there have been signifi-
cant improvements in responses with the use of target-directed therapies in recent 
years, surgery and radiation remain the primary approaches to the management of 
NF. Advanced unresectable NF is commonly resistant to systemic therapies because 
of the lack of knowledge regarding the best mechanism(s) for drugs to penetrate the 
proliferative membranes.

The most common forms of NF are observed in the skin and nervous systems. NF 
type 1 (NF1) or von Recklinghausen’s disease is an autosomal disorder caused by a loss 
of function mutation, either de novo or inherited, on the neurofibromin 1 (NF1) gene 
and presents with neurofibromatosis café-au-lait macules in the skin, freckles, and gli-
omas of the optic nerve. NF type 2 (NF2) has an autosomal dominant genetic pattern 
(loss of function mutation of the NF 2 gene) and presents as vestibular schwannomas 
and meningiomas.  

NF1 accounts for about 96% of all NF cases with a prevalence of 1 in 3000 births. It 
occurs equally between gender and races. Fifty percent of patients have a spontaneous 
mutation, and the other half have an inherited mutation. There is 100% penetrance 
with variable expressivity. NF2 accounts for about 3% of all cases and has a preva-
lence between 1 in 33,000 births and 1 in 87,410 births. 

Overall, long-term responses for NF have improved. However, there remains a paucity 
of useful therapeutic tools for the management of pediatric and adolescent patients 
with NF involving the CNS who are otherwise healthy but are seldom referred for 
clinical trials with novel new agents because they are younger than 18 years of age. 
Without new therapies, the management and support of pediatric and adolescent 
patients with CNS NF will remain inadequate; thus, more clinical research efforts 
in this area are badly needed. Only through new research endeavors and concepts 
are there possibilities of eradicating NF, especially NF involving the central nervous 
system.

Neurofibromatosis – Diagnosis and Treatment reviews recent developments in new 
approaches to NF diagnosis and treatment through neurocutaneous studies and col-
laborations, in-depth discussions, and reviews of diagnostic and therapeutic concepts 
that will improve the management and care of patients with NF-associated neurologi-
cal challenges and disabilities.

‘Each of us has been given the wisdom to reach our goals – just think about where we have 
been and where we are now – please do not stop! 
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It is an honor and pleasure to serve as editor for this volume. I hope that it will assist 
in bringing together clinicians, scientists, and researchers to investigate and develop 
new methods to improve the management of NF.

Lee Roy Morgan, MD, Ph.D.
CEO,

DEKK-TEC, Inc.,
New Orleans, LA, USA
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Chapter 1

Introductory Chapter:  
Current Status of 
Neurofibromatosis – Diagnosis  
and Treatment
Lee Roy Morgan, Branko Jursic and Marcus L. Ware

1. Introduction

Neurofibromatosis (NF) is a group of genetic diseases that are associated with 
tumors that develop in the cutaneous and nervous systems. There are three types of 
neurofibromatosis that are each associated with unique signs and symptoms [1–3].

Neurofibromatosis type 1 (NF1) also known as von Recklinghausen disease causes 
skin changes (cafe-au-lait spots, freckling in armpit and groin area); bone abnormali-
ties; optic gliomas; and tumors in the nerve tissue or under the skin. Signs and symp-
toms are usually present at birth. NF1 is the most common neurofibromatosis [1].

Neurofibromatosis type 2 (NF2) causes acoustic neuromas; hearing loss; ringing 
in the ears; poor balance; brain and/or spinal tumors; and cataracts at a young age [4].

Schwannomatosis (NF3) presents with schwannomas, pain, numbness, and weak-
ness; it is the rarest type of NF [3].

All three types of NF are inherited in an autosomal dominant manner [1].
Every chapter in “Neurofibromatosis—Diagnosis and Treatment”, reviews 

approaches to the diagnosis and treatment of NF through neurocutaneous studies, 
in-depth discussions, and/or reviews of diagnostic and therapeutic concepts that 
will improve the management and care of patients with NF-associated neurological 
challenges and disabilities.

2. Types of NF

NF is a rare genetic disorder. NF1 was originally characterized as the triad of poly-
ostotic fibrous dysplasia of bone, precocious puberty, café-au-lait skin pigmentation, 
and associated endocrinopathies including hyperthyroidism, growth hormone excess, 
FGF23-mediated phosphate wasting, and hypercortisolism [1]. NF2 classically involves 
the nervous system—acoustic neuromas with hearing loss and optic gliomas—the 
McCune-Albright Syndrome (MAS) [1]. NF2 also induces bilateral acoustic neurofibro-
matosis and vestibular schwannoma neurofibromatosis [1, 3]. It is much less common 
than NF1 and is characterized by multiple tumors on the cranial and spinal nerves. 
Tumors that affect both of the auditory nerves and hearing loss beginning in the teens 
or early 20s are generally the first symptoms of NF2. Schwannomatosis (NF3) presents 
with schwannomas, pain, numbness, and weakness; it is the rarest type of NF [5].
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The three types of neurofibromatosis (NF) are all proliferative disorders that are 
inherited in an autosomal dominant fashion, can involve cutaneous sites (skin), the 
nervous system or gastric tissues, and remain a medical challenge [1]. Although there 
have been significant improvements in responses with the use of target-directed 
therapies in recent years, surgery and radiation remain the primary approaches to the 
management of NF. Advanced unresectable NF is commonly ‘resistant to systemic 
therapies’ because of the lack of knowledge regarding best mechanism(s) for drugs to 
penetrate the proliferative membranes [6–9].

3. History

Records and reports of neurofibromatosis, as we currently appreciate the condi-
tion, were reported centuries ago [1]. The tumors and condition were first known as 
von Recklinghausen disease, the first person to describe NF [1]. There has been a slow 
improvement in the therapeutic approaches to the types of NF. The latter might only 
be associated with the improved quality of life available through support care only.

4. Histology

NF1 is usually associated with mutations on chromosome 17 with encoding of a 
cytoplasmic protein—neurofibromin. Neurofibromin is a tumor suppressor protein 
and regulator of cell proliferation signaling and differentiation. Neurofibromatosis 
(NF1) is a result of dysfunction or lack of neurofibromin, resulting in uncontrolled 
cell proliferation and tumor development (Figure 1) [1].

Figure 1. 
Example of NF1.
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The most common forms of NF are observed in the skin and nervous systems. NF1 
or von Recklinghausen’s disease is an autosomal disorder (caused by a loss of func-
tion mutation, either de novo or inherited, on the neurofibromin 1 gene and presents 
with café-au-lait macules in the skin, freckles, and gliomas of the optic nerve. 
Neurofibromin also binds to microtubules and has a role in the release of adenylyl 
cyclase, a cyclase involved in cognition, resulting in cognitive impairment [1].

NF1 tumors are usually benign arising from supporting Schwann nerve cell tissues 
but cause neurological damage by compressing nerves and other tissues [1].

NF type 2 (NF2) has an autosomal dominant genetic pattern (a loss of function 
mutation on chromosome 22). The mutation involves the Schwann cell genetic encod-
ing of a cytoplasmic protein—Merlin [8]. Merlin regulates multiple growth factors, 
and its absence or during NF2 gene mutations, there are formation of tumors—ves-
tibular schwannomas and meningiomas.

The latter results in bilateral acoustic neuromas involving the vestibulocochlear 
nerve or cranial nerve 8 and loss of hearing [8].

Schwannomatosis (NF3) has only recently been classified as a neurofibromatosis and 
involves mutations on Schwann cell SMARCB1 genes, resulting in spinal and peripheral 
nerve tumors in the perineal area [1]. The SMARCB1 gene and the chromosome 22 
are different gene sites; however, mutations in both genes result in NF3 tumors. The 
SMARCB1 gene is located near the NF2 tumor suppressor gene, and thus, the original 
thoughts were that they were the same disease; the latter concept has been reversed [9].

5. Epidemiology

NF1 involves about 96% of all neurofibromatosis cases. Prevalence is 1 in 3000 births. 
It occurs equally between gender and races. Fifty percent (50%) of patients have a sponta-
neous mutation, and the other half have an inherited mutation. NF2 makes up about 3% 
of all cases and has a prevalence between 1 in 33,000 births with the disorder. The damage 
to nearby vital structures such as cranial nerves and brain tissue can be life treating [1].

NF3 is the rarest of the group (<1% incidence), and typically life expectancy is not 
affected in the latter patients with Schwannomatosis [1].

NF1 is the most common of the NF types and may be ‘increasing in occurrence’, 
but knowledge and management skills with the disease have improved, and presenta-
tions of the disease are not as prevalent; however, debilitation still exists—as noted 
above. Overall, long-term responses for NF have improved [1].

However, there remains a paucity of useful therapeutic tools and best approaches 
to therapy for pediatric and adolescent patients with NF involving the CNS, whom 
are otherwise healthy, but are seldom referred for clinical trials with novel new agents 
because they are <18 years of age.

6. Therapy: current and new

The neurofibromas that develop are usually initially benign, and surgical removal 
is optional—cosmetic, symptomatic, etc. However, for any neurological changes, new 
developments in sizes or progression to a malignant stage, a referral to a neurologist 
and/or surgeon is important [10, 11].

Treatment may include surgery, focused radiation, or chemotherapy. Acoustical and 
optic tumors may cause communication impairment and are often electively surgically 
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removed. Monitoring for new signs of progressive neurological deterioration is mandatory, 
especially in the pediatric and adolescent aged group. Cataracts must be a considered a risk 
for all ages. Assessment for hearing impairment must be monitored for all ages [1–3].

Plexiform neurofibromas have malignant potentials (8–13% risk) and must be 
monitored closely—malignant tumors can develop peripherally in nerve sheaths [7].

Radiation can be used, but there is increased risk of malignant transformation [1].
Surgery to remove NF2 tumors completely is one option. Surgery for vestibular 

schwannomas does not restore hearing and usually reduces hearing. Sometimes surgery is 
not performed until functional hearing is lost completely. Surgery may result in damage to 
the facial nerve resulting in some degree of facial paralysis. Focused radiation of vestibu-
lar schwannoma is associated with a lower risk of facial paralysis than open surgery, but is 
more effective in shrinking small to moderate tumors than larger tumors [4, 8–10].

Chemotherapy with a drug that targets the blood vessels of vestibular schwan-
noma can reduce the size of the tumor and improve hearing, but some tumors do 
not respond at all, and responses are only temporary. Bone malformations can be 
corrected surgically, and surgery can also correct cataracts and retinal abnormalities. 
Pain usually subsides when tumors are removed completely [6, 9, 11].

In April 2020, the U.S. Food and Drug Administration approved selumetinib 
(Koselugo) as a treatment for children ages 2 years and older with NF1. The drug 
helps to stop tumor cells from growing [11].

Selumetinib (Figure 2) is a kinase inhibitor that is a selective inhibitor of the 
enzyme mitogen-activated protein kinase (MAPK kinase or MEK) subtypes 1 and 2. 
These enzymes are part of the MAPK/ERK pathway, which regulates cell proliferation 
(i.e., growth and division) [11].

Imatinib mesylate has also been approved as treatment for plexiform neurofibro-
mas in patients with neurofibromatosis type 1: a phase 2 trial [7, 11].

All drugs being used possess bio-releasable reactive halogenated moieties that 
could interact with DNA and interfere with genetic replication [7, 11].

In summary, the core therapeutic challenges to obtaining long-term objective 
responses include

• Transport of drugs into the tumor sheaths

• Although the use of protocols that include tumor target markers is becoming 
popular, the penetration of neurofibromas is still an issue.

Figure 2. 
A. Selumetinib (Koselugo) & B. Sulfate salt.
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• For focal lesions, surgical resection followed by chemotherapy plus radiation

• The absence of Merlin protein is an issue. Studies with Merlin are of major 
interest for future clinical trials.

• Developing new drugs that are small or have unique transport mechanism(s)

• Identifying surface receptors on the affected nerve sheaths will assist with drug 
transport into the NFs.

7. Conclusion

This has been an attempt to review the history, pathology, and treatments avail-
able for neurofibromatosis. Minimal information is available regarding chemotherapy 
for the types of NF that are known; however, clinical trials are in progress worldwide. 
The positive responses observed and reported to date are support for continued clini-
cal trials in neurofibromatosis.

Interesting chapters are presented in this book that review some of the progress 
being made that will allow improved management for this disease.

Abbreviations

NF1, NF2, NF3  Neurofibromatosis
SRS   Stereo-radiosurgery

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Neurofibromatosis Type 2:  
Case Presentation and Review of 
the Literature
Tayler D. Payton and Marcus L. Ware

Abstract

Patients diagnosed with neurofibromatosis type 2 (NF2) are likely to develop 
vestibular schwannomas, meningiomas, and other tumors that may be difficult 
to treat. These tumors and their locations can pose unique challenges for patients, 
caregivers, and medical providers. We describe a case of a patient with NF2 who 
presented with multiple tumors including bilateral vestibular schwannomas and 
multiple meningiomas. This case highlights the medical and surgical complexity 
of care of patients with NF2 and the need for ongoing surveillance by a multidisci-
plinary medical team. We also provide a brief review of literature focusing on NF2 
and its treatment.

Keywords: neurofibromatosis type 2, case studies, NF2, vestibular schwannomas, 
meningiomas

1. Introduction

Our patient is a 63-year-old gentleman with several weeks’ history of drooling, 
dysarthria, and altered mental status. His relevant past medical history included a 
brain tumor that had been removed 10 years earlier at a local hospital (no records 
available). According to his family, the patient had a single follow-up visit after surgery 
and had done well since. On examination, the patient was confused; he was oriented to 
people, but not place or time. Cranial nerve examination was unremarkable except for 
dysarthria and slight tongue deviation to the left. He had severe ataxia with a positive 
Romberg sign. His neurological exam was otherwise normal. He had an MRI that 
showed small bilateral vestibular schwannomas and multiple meningiomas including a 
large tumor attached to the falx on the right, a large tumor in the occipital region, and 
a cerebellar tumor causing compression of the fourth ventricle (Figure 1). Given these 
findings, the patient was diagnosed with neurofibromatosis Type 2 (Table 1).

The patient’s symptoms were clinically related to cerebral compression and 
hydrocephalus caused by his right occipital and large cerebellar tumor. He was offered 
surgical intervention. The patient underwent a combined right occipital and posterior 
fossa craniotomy for tumor removal. Pathological evaluation of both tumors showed 
WHO Grade I meningioma. His postoperative images showed excellent resection with 
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good decompression (Figure 1). The patient did well postoperatively, and he returned 
to his normal level of function over the next 3 months. The patient was followed in 
our multidisciplinary CNS clinic every 4 months thereafter with an MRI of the brain 
with and without contrast.

One year after surgery, the patient began having difficulty with his balance and 
developed bilateral hand weakness. He had an MRI that showed compression of the fora-
men magnum with development of a cervical syrinx (Figure 2). The patient was offered 
and underwent a suboccipital craniectomy with C1 and C2 laminectomies and duro-
plasty to decompress his cerebellum and brainstem. The patient did well after surgery 

Figure 1. 
Post-contrast T1-weighted MRI images in the axial orientation. Panel A shows a large meningioma that is 
attached to the posterior falx. Panel B shows a large meningioma attached to the dura of the posterior fossa. The 
arrows in this panel point to his vestibular schwannomas. Panels A and B show brain compression and narrowing 
of the right lateral ventricle in Panel A and 4th ventricle in Panel B. Panel C shows that the compression has been 
alleviated in the occipital area, and Panel D shows decompression in the posterior fossa. Panels A and B were 
performed before surgery. Panels C and D were performed 3 months after surgery.
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and returned to his normal function after 6 weeks. Eight months after surgery, he had a 
routine MRI with and without contrast that showed growth of three of his tumors. The 
patient was not symptomatic at the time. Given his history, the patient and his family 
elected to have these tumors treated with stereotactic radiosurgery. These tumors were 
treated with 12 Gy to a 50% isodose line (a relatively low dose of radiosurgery). Three 
months after this treatment, he developed gait instability, and MRI showed extensive 
edema associated with treated tumors. He was treated with dexamethasone (steroids) 
for 6 months. His symptoms resolved after several weeks of treatment. Unfortunately, 
we attempted to wean his steroids on three occasions with return of his symptoms. At 
this point, the patient was treated with bevacizumab infusion every 2 weeks. His swell-
ing resolved after 4 cycles, and bevacizumab was discontinued. The patient is currently 
at his baseline and has continued follow-up in our multidisciplinary CNS clinic.

2. Literature review

Neurofibromatosis (NF) is a neurocutaneous syndrome characterized by the 
development of tumors of the central or peripheral nervous system including the 

1. Bilateral vestibular schwannomas <70 years of age

2. Unilateral vestibular schwannoma <70 years and a first-degree relative with NF2

3. Any two of the following: meningioma, schwannoma (non-vestibular), ependymoma, cerebral 
calcification, cataract, and first-degree relative to NF2 or unilateral vestibular schwannoma and 
negative LZTR1 testing.

4. Multiple meningiomas and unilateral vestibular schwannoma or any two of the following: 
schwannoma (non-vestibular), neurofibroma, glioma, cerebral calcification, and cataract

5. Constitutional or mosaic pathogenic NF2 gene mutation from the blood or by the identification of an 
identical mutation from two separate tumors in the same individual.

Table 1. 
Clinical criteria for NF2 [1, 2].

Figure 2. 
A T2-weighted sagittal view of the cerebellum and cervical spine of our patient. In Panel A, we can see the 
compression of the cerebellum with a syrinx in the cervical spinal cord. Panel B shows decompression of the 
cerebellum with reduction in size of the syrinx in the spinal cord. The arrows point to the syrinx in these two images.
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brain, spinal cord, organs, skin, and bones [3]. Neurofibromatosis has three types: 
NF1, which is the most prevalent in 96% of the cases, NF2 in 3% of the cases, and 
schwannomatosis (SWN) in less than 1% of cases. NF1, or Von Recklinghausen’s 
disease, causes a variety of clinical manifestations such as multiple flat, light-brown 
patches of skin pigment (café-au-lait spots), skin fold freckling, visible neurofi-
bromas under the skin, and small nodules of the iris (Lisch nodules) [3]. NF1 gene 
located on 17q encodes a tumor suppressor protein called neurofibromin, a tumor 
suppressor protein that is produced in nerve cells, oligodendrocytes, and Schwann 
cells. A mutation in neurofibromin that renders it nonfunctional promotes the growth 
of neurofibromas throughout nerves in the entire body.

NF2 is an autosomal dominant multiple neoplasia syndrome that is a result of 
mutations in the NF2 suppressor gene, which is located on chromosome 22q [4]. The 
clinical diagnostic criteria have changed over time [5]. The current diagnostic criteria 
are described in Table 1 [1, 2]. This gene encodes for the protein Merlin (moesin-
ezrin-radixin-like protein) also known as Schwannomin [6]. Merlin is involved in the 
anchorage of the cytoskeleton to the cell membrane and is important for cell growth, 
protein translation, and cellular proliferation. Merlin blocks signaling caused by inte-
grins and tyrosine receptor kinases at the membrane [7]. The absence of a normally 
functioning Merlin protein has been found to be associated with a predisposition to 
tumor formation [8]. This protein also negatively regulates Schwann cell produc-
tion, and loss of this protein’s functionality allows for Schwann cells to overproduce 
[7]. Various types of mutations, such as protein-truncating alterations (frameshift 
deletions/insertion and nonsense mutations), splice-site mutations, and missense 
mutations have been identified [9]. The milder type of NF2, Gardner type, has been 
found to be associated with missense mutations [10]. Nonsense/frameshift mutations 
produce a truncated protein and tend to be associated with a more severe phenotype, 
earlier onset, more rapid disease progression, and higher tumor burden with more 
spinal and intracranial tumors in addition to vestibular schwannomas [11].

Although many patients have symptoms before coming to medical attention, the 
average age of diagnosis of NF2 is 25 years [10]. Epidemiological studies place the 
incidence of NF2 between 1 in 33,000–40,000 live births, and there is no apparent 
difference in the proportion of men versus women who develop NF2 [10]. No preva-
lence has been described based on ethnicity. The actuarial survival after diagnosis is 
15 years, and the average age of death is 36 years.

3. Tumors associated with NF2

Schwannomas are proliferations of neoplastic cells which show histologic, 
ultrastructural, and molecular similarities to the Schwann cells of the peripheral 
nervous system. They often arise at the glioma–Schwann cell junction within the 
internal auditory meatus and commonly arise from the superior vestibular nerve [10]. 
Vestibular schwannomas are the most common tumor in NF2 and are usually present 
bilaterally. Bilateral vestibular schwannomas are the distinctive feature of neurofibro-
matosis type 2 and are identified in 90–95% of patients [12]. This was the finding that 
established the diagnosis in our patient presented here (Table 1). Vestibular schwan-
nomas clinically present as hearing loss progressing to deafness, dizziness and balance 
problems, tinnitus, facial nerve paralysis, and brainstem compression. Although 
more than 99% of vestibular schwannomas in NF2 are benign, they remain a sub-
stantial cause of morbidity because of their location [13]. Vestibular schwannomas 
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rarely progress to malignancy, and sometimes unilateral vestibular schwannomas 
completely regress in size [14]. In the case presented here, the patient has partial hear-
ing loss and functions well with hearing aids. His hearing is monitored annually, and 
he continues to do well. Trigeminal nerve schwannomas are the most commonly seen 
after vestibular, with oculomotor schwannomas following as the third most common 
schwannoma seen intracranially [10].

Meningiomas are the second most common tumor type in NF2, and the most 
common central nervous system tumor occurring throughout the central nervous 
system in 50–75% of individuals, often with multiple tumors [15]. Meningiomas are 
proliferations of neoplastic cells with histologic, ultrastructural, and immunopheno-
typic evidence of meningothelial cell differentiation. These proliferations can vary 
in histological appearances and genetic aberrations. Intracranial meningiomas are 
diagnosed in 45–58% of patients with NF2, and spinal meningiomas are diagnosed 
in approximately 20%. NF2-associated meningiomas occur most frequently in the 
supratentorial region in the frontal, parietal, and temporal regions as well as along 
the falx cerebri [16]. Although some meningiomas remain static and do not require 
active treatment, meningiomas associated with NF2 tend to be higher grade than 
sporadic tumors [5]. In the case discussed here, our patient has a predominance of 
meningiomas. Meningioma growth and associated swelling were the major cause of 
morbidity in this patient. Nearly all patients with NF2 develop meningiomas at some 
time throughout the progression of the syndrome. 50% of patients with NF2 present 
with schwannomas and meningiomas; 90% present with spine tumors in addition to 
schwannomas [10].

Ependymomas are proliferations of neoplastic cells with histologic, molecular, and 
ultrastructural similarities to the ependymal cells of the ventricles and spinal canal 
[16]. These tumors are diagnosed in approximately 33–53% of individuals with NF2, 
most commonly involving the posterior fossa and cervicomedullary region of the 
spine. Ependymomas associated with NF2 more often arise in patients who possess 
a truncating NF2 mutation, indicating that this tumor type is more associated with 
aggressive variants of NF2. Various spinal tumors may occur in patients with NF2 and 
can be found in the cervical, thoracic, and lumbar regions. Continued growth of spi-
nal tumors causes loss of motion, numbness, tingling, and eventually paralysis [10].

Studies show that NF2 patients are frequently diagnosed with peripheral neuropa-
thies [16]. Peripheral neuropathy in NF2 patients often presents as a mononeuropathy 
in children and as a polyneuropathy in adults. Nerve biopsies from patients with 
NF2 suggest that peripheral neuropathy results from local compression of nerves by 
Schwann cells tumors or non-mass-forming Schwann cell proliferations. Peripheral 
neuropathy can be difficult to treat and involves symptomatic control like neuro-
pathic medication.

4. Patient presentation

Patients with NF2 can present with a variety of clinical manifestations. 
Ophthalmologic abnormalities are present in most patients, including cataracts 
(70–80%), retinal changes (20–44%), strabismus (12–50%), amblyopia (12%), optic 
nerve sheath meningiomas and other optic pathway tumors (10–27%), and extra-
ocular movement abnormalities (10%). NF2 patients may also develop retinal hamar-
tomas [16]. Cutaneous lesions are a frequent manifestation that patients present with 
NF2; however, cutaneous lesions are far more common with the NF1 subtype [16]. 
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The cutaneous nodules associated with NF2 tend to present in a paler form and have 
more irregular margins in comparison to the lesions seen in NF1. There are three types 
of skin tumors that occur in NF2: NF2 plaques, nodular schwannomas, and neurofi-
bromas. Approximately 70% of NF2 patients exhibit cutaneous lesions, and the most 
frequent type are “plaque-like” dermal plexiform schwannomas associated with slight 
pigmentation and increased hair growth. Subcutaneous nodular schwannomas that 
are associate with peripheral nerves are also present [16].

5. Patient management and treatment

The central goal of management of NF2 should be to maintain patient function 
and quality of life while managing tumor load. This can be extremely challenging. The 
literature shows strong evidence that these patients are best managed by a multidis-
ciplinary team involving genetics, neurosurgery, otolaryngology, ophthalmology, 
neurology, radiology, pathology, and audiology [17]. Patients with NF2 at centers 
with this approach have better outcomes overall. We have embraced this multidisci-
plinary approach, and NF2 patients are followed in our Multidisciplinary CNS Tumor 
Clinic with these services available. In general, treatments for patients with NF2 can 
be divided into 4 major categories: conservative therapy, surgery, radiosurgery, and 
chemotherapy.

6. Conservative therapy

Despite the high prevalence of patients with multiple tumors, most meningiomas 
and spinal tumors are asymptomatic and are first discovered on MRI [10]. We recom-
mend routine surveillance in all patients with NF2 whether or not they are symp-
tomatic from their tumors. Patient visits should always include a complete physical 
examination and the appropriate imaging which usually includes a high-quality MRI 
of the brain and/or spine with and without contrast. MRIs are always compared to 
the previous MRIs for any detrimental changes. This comparison may be challenging 
in patients with multiple tumors in multiple locations (such as the patient presented 
here). A dedicated neuroradiologist is essential in these cases. The frequency of 
visits and imaging may vary from 4 months to annually based on clinical parameters. 
Patients with vestibular schwannomas require regular audiology evaluations, and 
patients with tumors affecting the optic pathway require regular vision evaluations. 
At our center, this is performed by a neuro-ophthalmologist. The patient discussed 
here was found to have asymptotic tumor growth during a routine surveillance visit. 
Such care allows tumors to be treated before they can grow to larger sizes.

7. Surgery

Surgery is often the treatment of choice when an NF2 patient has a tumor that is 
actively growing. Growing meningiomas may result in increased intracranial pres-
sure, intractable headaches, hydrocephalus, and seizure disorders [10]. The patient 
presented here had symptoms from direct cerebral and cerebellar compression as well 
as hydrocephalus. In the case of this patient, surgery was necessary, and the patient 
derived great benefit from this intervention. Meningiomas involving the skull base 
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may be much more difficult to remove and have a higher risk of postoperative neu-
rological morbidity. Spinal meningiomas and schwannomas can cause symptomatic 
compression and often require surgery. The difficulty of removing these tumors 
depends on tumor size and location. Ependymomas rarely require removal. However, 
when spinal ependymomas are removed, they may also be challenging and require an 
experienced team. Vestibular schwannomas should be surgically addressed when they 
are growing because they can cause brainstem compression, hearing loss, and facial 
paralysis. We firmly believe that these tumors should be operated at centers that have 
multidisciplinary teams that manage a high volume of patients.

The patient presented here also had an additional surgery for decompression of 
an acquired Chiari malformation with associated syrinx, or expanded space within 
the spinal cord. A Chiari malformation is defined as the caudal displacement of the 
cerebellar tonsils below the level of the foramen magnum [18]. Syringomyelia, or the 
presence of a syrinx, can present in 30–70% of cases and can cause neurological defi-
cits [19]. The cause of this problem is the lack of flow across the foramen magnum, 
and first-line treatment involves restoring this flow surgically. Adequate decompres-
sion with restoration of flow leads to resolution of the syrinx with abatement of 
symptoms. In this case, our patient presented with difficulty with balance and devel-
oped bilateral hand weakness; both are classical symptoms of cervical syrinx. In this 
case, the patient had known posterior fossa crowding that improved after decompres-
sion. We attribute his development of a syrinx to both scarring after surgery, which 
can decrease the flow of CSF across the foramen magnum, and residual compression 
caused by other tumors in his posterior fossa that were not addressed by his previous 
surgery. As expected, surgical decompression of the posterior fossa, cervical laminec-
tomies, and duroplasty restored the flow of CSF from his posterior fossa to the spinal 
canal and resulted in deflation of his syrinx and complete resolution of his symptoms. 
Although this is not a problem that is unique to patients with NF2 or meningiomas, 
this case is instructive in the management of acquired Chiari malformation and the 
management of associated syrinx.

8. Radiosurgery

Stereotactic radiosurgery (SRS), or radiosurgery, is a treatment of tumors and 
other lesions using well-collimated, multiple small beams of ionizing radiation 
to treat a target, while reducing toxic exposure to surrounding tissues. SRS has 
been shown to be a safe and effective treatment for vestibular schwannomas and 
meningiomas in patients who do not have NF2 [20–22]. A recent study has shown 
that this is also the case in patients with NF2 [23]. These authors showed that in 18 
patients with 120 convexity meningiomas, radiosurgery achieved a 99.1% tumor 
control rate with only a 0.8% risk of radiation-induced adverse events. The tumor 
volume ranged from 0.10 to 21.3 cm3 (median 0.66 cm3), with a median marginal 
dose range of 12–25 Gy (median 12 Gy) in this study. These results show that radio-
surgery was safe and effective overall. Our patient experienced radiation-induced 
edema that had a protracted course after treatment with radiosurgery. The tumors 
treated in our patient were 5.9, 11.5, and 26.1 cm3 and were all treated with 12 Gy to 
the 50% isodose line. The radiation doses between tumors were negligible. Given 
that our patient had swelling associated with even the smallest tumor treated, we 
suspect that this is an idiosyncratic outcome that we cannot attribute to radiation 
dose or tumor size.
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9. Chemotherapy

There are established chemotherapy treatments for NF2. Vascular endothelial 
growth factor (VEGF)-A is important in the growth of schwannomas [24, 25]. Studies 
have shown tumor shrinkage and hearing improvement after patients begin treatment 
with bevacizumab (a monoclonal antibody against VEGF-A) [25–29]. There are a 
number of ongoing phase II clinical trials looking at this drug as a possible treatment. 
There are ongoing phase II clinical trials evaluating other agents including Icotinib, 
Axitinib, everolimus, Crizotinib, Brigatinib, and Selumetinib [3]. There is no current 
chemotherapy for meningiomas. The current data for the treatment of meningiomas 
with bevacizumab are mixed at best [30–34]. Our patient was placed on bevacizumab 
to treat his cerebral edema. Although this was quite effective in reducing the swelling 
associated with his tumor, there was no notable changes in the size of either of his 
vestibular schwannomas or meningiomas secondary to bevacizumab.

10. Conclusion

In our case report, we detail the care of one of our patients with NF2. We have used 
this case to emphasize the challenges involved in the care of these patients. This patient 
has done well overall secondary to the care provided to him by all of his providers. We 
have also reviewed the literature of NF2 and other conditions affecting his care. Our 
goal with this description and review of the literature is to better elucidate the needs of 
these patients and the issues involved in providing care for patients with NF2.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Considering the limited benefit of current therapies for NF2-associated 
tumors, immunotherapy prevails as a promising treatment strategy with the 
potential to selectively eliminate tumor cells. This chapter focuses on the concepts 
of cancer immunotherapy, specific challenges unique to nervous system tumors, 
and current preclinical studies and clinical trials. We highlight several promis-
ing advances which may help to overcome the unmet therapeutic need in NF2-
associated tumors.

Keywords: immunotherapy, emerging therapy, clinical trials, NF2-associated tumors, 
immunotherapy strategies

1. Introduction

Neurofibromatosis type 2 (NF2) is characterized by the development of nervous 
system tumors including vestibular schwannomas, meningiomas, and ependymomas 
[1–3]. Although these tumors are typically histologically benign, they may exhibit 
aggressive growth, cause devastating neurological disability, and lead to complica-
tions that result in early mortality [4, 5]. Current treatments for NF2 associated 
tumors involve multidisciplinary collaborations and include surgical resection, pos-
sible radiation, and chemotherapy—all of which are non-curative and are associated 
with the risk of permanent hearing loss or future development of malignancy [6, 7]. 
The identification of two-hit alterations to the NF2 gene on chromosome 22q12 [8, 9] 
and subsequent aberrations in the merlin and PI3k/Akt/mTOR pathways have led to 
extensive investigations into targeted therapies, yet none have demonstrated signifi-
cant benefit to garner approval [10–20]. Therefore, a significant unmet need exists in 
the management of NF2 associated tumors.

Immunotherapy prevails as an appealing treatment strategy due to its potential 
to generate tumor-specific responses to selectively eliminate tumor cells. Since 
2014, growing success in liquid and solid tumors has resulted in over 50 separate 
United States Food and Drug Administration approvals for immunotherapies [21]. 
Notable exceptions to the list of indications are central and peripheral nervous 
system tumors. This chapter focuses on the underpinning principles of immu-
notherapy, specific challenges unique to nervous system tumors, and promising 
emerging advances which may overcome the unmet therapeutic need in NF2 associ-
ated tumors.
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2. Immunotherapy strategies

The immune system recognizes deviations from natural homeostasis as danger-
ous and employs the innate and adaptive immune systems to protect the body from 
“non-self ” such as bacteria, viruses, and cancer. While innate immunity drives 
rapid responses through evolutionarily conserved mechanisms, adaptive immunity 
develops over days and is honed against specific antigens. In applying this concept 
to cancer immunology, it is possible to leverage each of the key executors—the 
cancer cell, antigen presenting cell, and effector T cell—as an immunotherapeutic 
strategy (Figure 1).

2.1 Leveraging tumor: cancer vaccines and oncolytic viruses

Direct targeting of the tumor cell has been attempted through methods such as 
cancer vaccines and oncolytic viruses.

Vaccines are designed to prime the immune system to induce a tumor-directed 
response. Crucial to this mechanism is the identification of a pre-identified tumor 
specific antigen. Cautionary tales in tumor antigen escape were identified through 
experience in glioblastoma with rindopepimut (CDX-110), an epidermal growth 

Figure 1. 
Cancer immunology and principles of immunotherapy. (1) Tumor cells undergo phagocytosis by an antigen 
presenting cell (APC). (2) The APC presents tumor associated antigens on an MHC molecule to a naïve T cell. 
Dendritic cells have the most effective antigen presentation and T cell activation. Macrophages are subtyped into M1 
anti-tumor and M2 pro-tumor/anti-inflammatory. Natural killer cells are part of the innate immune system and are 
capable of both antigen presentation and T cell activation. (3) T cell activation occurs when the appropriate T cell 
receptor (TCR) pairs with a matching tumor-associated antigen. Additional costimulatory signals such as B7-CD28 
and cytokines are necessary to guide the differentiation and expansion of effector cells into cytotoxic T cells, helper T 
cells, regulatory T cells, and B cells. Each of these effector cells have unique markers and functions (Table 1). (4) The 
cytotoxic T cell eliminates the cancer cell in a process involving perforins, granzymes, and lysozymes.
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factor receptor variant III (EGFRvIII) “vaccine” composed of EGFRvIII conjugated to 
the potent immunogenic substance KLH. Rindopepimut effectively activated humoral 
immunity through the endogenous formation of EGFRvIII antibodies. In a series 
of early phase clinical trials in recurrent glioblastoma, rindopepimut demonstrated 
improvement in overall survival [22–25]. However, the phase 3 study was terminated 
early for futility, as survival was similar in the experimental and control arms [26]. 
Although 84% of tumors that originally expressed EGFRvIII lost expression at 
recurrence, this phenomenon of antigen escape was observed in both the control and 
treatment arms—thereby challenging the notion that EGFRvIII targeting therapies 
were solely responsible for the outgrowth of EGFRvIII-deficient glioblastoma cells.

The challenge with cancer vaccines remains difficulty in identifying a tumor-
associated antigen and the intrinsic evolution of antigens over time through antigen 
escape. However, a potential alternative to vaccines based on pre-identified high 
quality endogenous neoantigens is through in-situ introduction of tumor-associated 
antigens via oncolytic viruses.

Oncolytic viruses are engineered to selectively infect cancer cells, leading to cell 
death and endogenous release of tumor antigens to promote a secondary immune 
response. An example of an oncolytic virus is the recombinant nonpathogenic polio-
rhinovirus chimera, which infects malignant cells via CD155 receptor and causes tumor 
cell death. This releases tumor antigens into the microenvironment, attracting immune 
cells which then are sub-lethally infected by the virus to create a sustained pro-inflam-
matory cytokine response [27]. Additional viruses modified for oncolytic purposes 
include herpes, adeno, reo, vaccinia, measles, newcastle, and parvovirus [28].

2.2  Leveraging antigen presenting cells: dendritic cell vaccines, macrophages, 
natural killer cells

Dendritic cells represent the most effective antigen presenting cell in phagocytos-
ing cancer cells and training T cells. Dendritic cell vaccines have been a mainstay of 
immunotherapy through the leukapheresis, ex vivo loading or pulsing with various 
antigen sources (including peptides, DNA, RNA, liposomes), and then delivery of 
dendritic cells intradermally as a “vaccine” administered to the patient. The concept 
of dendritic cell vaccines has been explored in several groups, with recent promise 
demonstrated in newly diagnosed glioblastoma [29].

Macrophages make up the predominant immune infiltrate within intracranial 
tumors. For example, in vestibular schwannomas, macrophages—rather than 
Schwann cells—constitute up to 70% of proliferating cells [30]. Macrophages confer 
both anti-tumor (M1) and pro-tumor (M2) properties. Tumor-associated macro-
phage markers remain under investigation, but M1 macrophages (iNOS+, CD86+, 

Cell type Markers Function

Cytotoxic T cell TCR, CD8+ Kill cells

Helper T cell TCR, CD4+ Enhance immune function

Regulatory T cell TCR, CD4+ Dampen immune function

B cell BCR Antibody production

Table 1. 
Effector cell types.
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CD80+, HLA-DR+) are classically tumor-resistant in the setting of phagocytotic 
and antitumor inflammatory signatures. Alternatively, M2 macrophages (CD206+, 
CD204+, CD163+) promote immunosuppression, angiogenesis, and neovascular-
ization [31]. The unique balance of immune-stimulating and immunosuppressive 
properties marks macrophages as an ideal candidate for immune modulation and 
directed polarization.

Natural killer (NK) cells represent 5–15% of circulating lymphocytes [32]. As 
members of the innate immune system, they are not limited by MHC restriction and 
do not require priming. To date, NK cells have encountered minimal issues with cyto-
kine release syndrome (as with CAR T cells) and maintain antigen specificity such as 
for antibody-mediated cell engagers. NK cells therefore serve as appealing targets of 
immunotherapy.

2.3  Leveraging effector cytotoxic T cells: adoptive transfer, CAR T cells, 
checkpoint inhibitors, BITE therapies

T cells serve as the end effector to trigger tumor cytotoxicity through lysozymes, 
granzymes, and perforins. Potential mechanisms of T cell manipulation include 
adoptive transfer of genetically engineered CAR T cells, reversal of T cell exhaustion 
through checkpoint inhibitors, and localization of T cells to targets through bispecific 
T cell engagers (BITEs).

Adoptive transfer precipitates T cell activation by enlisting T cells through har-
vesting of autologous T cells, which are trained and expanded ex vivo against tumor, 
and transferred back to patients. However, there is significant difficulty in generating 
large numbers of functional tumor-specific T cells.

Out of this need arose the concept of CAR T cells, which are genetically modified 
T cells expressing chimeric antigen receptors (CARs). Such engineered CARs are 
chimeric because they combine both antigen-binding and T-cell activating functions 
into a single receptor (Figure 2). CARs are thereby programmed to recognize antigen 
without the need for MHC presentation or costimulatory signals to activate prolif-
eration or clonal expansion in situ. Additional CAR modifications include bispecific 
CARs that target multiple tumor-associated antigens to minimize off-tumor effects 
or mitigate antigen escape; masked CARs with tumor-expressed proteases capable of 
cleaving linkers to scFvs of CARs for selective activation specifically by tumor cells; 
and switchable CARs to target peptide neo-epitopes present on a tumor-associated 
antigen-binding antibody (rather than the tumor cell) [33].

In a case report from a phase 1 clinical trial for IL13Ra2 CAR T, a patient with 
recurrent multifocal intracranial glioblastoma underwent resection and direct 
intratumoral infusion with CAR T cells with local control. However, he subsequently 
developed continued progression of non-resected areas and developed leptomenin-
geal spread with spinal metastases. Additional intraventricular infusions of CAR T 
cells via a rickham reservoir led to dramatic clinical and radiographic response that 
lasted 7.5 months; however his disease ultimately recurred [34]. CAR T cells have thus 
far had limited efficacy in brain tumors due to antigen escape, limited T cell persis-
tence, exhaustion, and adequate delivery to the tumor.

An effective mechanism of crosslinking T cells to their target is through bispecific 
T cell engagers (BITEs). BITEs are antibody constructs comprised of a CD3 antigen 
binding segment and a tumor-antigen binding segment.

All T cells, including engineered CAR T cells, demonstrate limited persistence due 
to exhaustion over time. T cell expression of CTLA-4 and PD-1, as well as engagement 
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with PD-L1, deactivates T cells and triggers apoptosis. Checkpoint blockade with ipili-
mumab, nivolumab, atezolizumab, or pembrolizumab inhibits these inhibitory signals, 
thereby re-activating exhausted T cells. Checkpoint inhibitors are of interest because 
they are off the shelf; however, they have had limited benefit as a monotherapy in ner-
vous system tumors. There remains significant promise in the use of checkpoint inhibi-
tors (and other checkpoints such as IDO1 and TIM3) neoadjuvant to surgery [35, 36], 
with radiation [37], or in combination with other immune modulating therapies.

3. Unique challenges to immunotherapy

Despite the elegant simplicity of the immune system, many intrinsic and extrin-
sic obstacles pose therapeutic challenges to immunotherapy via immune escape, 
immune privilege, low tumor antigenicity, and a cold tumor microenvironment. 
Immunotherapy aims to counteract each of these intrinsic hurdles and tumor evasion 
techniques.

3.1 Cancer immune escape

Cancer immune escape is based upon the theory of immune surveillance, in which 
the immune system recognizes and destroys transformed cells before they give rise to 
detectable tumors. However, the building burden of genetic instability and immune 
pressure leads to immune escape and ultimately tumor progression.

3.2 Immune privilege and the blood-brain barrier

Historically, the central nervous system (CNS) has been considered an immune 
privileged organ due to an intact blood brain barrier and absence of a typical lymphatic 

Figure 2. 
CAR T cells of 1st generation, 2nd generation, 3rd generation. (A) 1st generation CARs exhibit single chain 
variable fragment to target a tumor antigen moiety and are limited by poor persistence. (B) 2nd generation CARs 
are supplemented by the presence of a co-stimulatory domain and are associated with increased toxicity. (C) 3rd 
generation CARs have both co-stimulatory domains.
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system. Early studies in rabbits demonstrated that allogeneic skin grafts placed on 
different organs of the body were rapidly rejected, but skin grafts placed on the brain 
escaped rejection [38]. However, this assumption of immune privilege has been 
challenged considering recent evidence for CNS lymphatics, or glymphatics [39–41]. 
Evidence for CNS lymphatics was based on observations that radiolabeled polyethylene 
glycol and albumin injected in the brain could be detected in the cervical lymphatics 
and along the olfactory nerve [42–46]. Further work described an additional route for 
the egress of soluble antigen via perivenous and periarterial structures [39, 40].

Therefore, the brain is not as immunologically privileged as once thought. But it 
continues to hold true that the blood-brain barrier limits the traversing of molecules, 
recombinant proteins, or gene-based medicines that are larger than 50 Da. Poor pene-
tration across the blood-brain barrier occurs with approximately 98% of small molecule 
drugs and nearly all large molecules. Most chemotherapies, targeted therapies, and 
drug-antibody conjugates unfortunately do not cross the blood-brain barrier [47, 48].

3.3 Low tumor antigenicity

A second mechanism of immune escape is inherent to the tumor itself. Nervous 
system tumors have low antigenicity, making it difficult for the immune system to 
recognize the tumor as non-self to generate an immune response. Tumor-associated 
antigens may be identified through genetic, biochemical, and predictive computa-
tional approaches [49].

3.3.1 Low tumor mutational burden

The success of immunotherapy in melanoma and NSCLC is in part due to the high 
tumor mutational burden from UV- and smoking-related DNA damage. A high tumor 
mutational load provides a high availability of neoantigens, which are easily recog-
nized by the patrolling immune system to induce an antitumor immune response 
[50–53]. However in glioblastoma, fewer than 4% of glioblastomas have an inherent 
high tumor mutational burden, as the median tumor mutational burden is 4 [54].

3.3.2 Rarity of common tumor-specific antigens

As an alternative to overall mutational load, antigens of high tumoral specificity 
may serve as an optimal target for the immune system. Across patients there unfor-
tunately exists a low number of shared common mutations in NF2 associated tumors. 
Additionally, in gliomas there is significant heterogeneity within a single tumor, as 
a tumor-associated antigen is not necessarily expressed on every cell across a tumor. 
Furthermore, as observed in the example of the tumor-specific antigen EGFRvIII, 
expression of tumor antigens varies not only with location, but also with time. Serial 
evaluation of tumors demonstrates transformation over time, such as with the loss of 
the tumor-associated antigen EGFRvIII in glioblastoma [26], thereby contributing to 
immune escape.

3.4 Cold tumor microenvironment

Gliomas notoriously create a highly immunosuppressive microenvironment 
characterized by few functional antigen presenting cells, in addition to abundant 
immunosuppressive APCs and regulatory T cells [55]. We continue to learn more 
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about the abundant monocytic and dendritic cell populations which predominate the 
bulk of tumor infiltrating immune cells [56–58]. Brain tumors such as glioblastoma 
are therefore considered immunologically “cold.”

4. Vestibular schwannomas

4.1 Background

Over the past several decades, significant research has been conducted to understand 
the underlying mechanisms of vestibular schwannoma development and to identify 
effective treatments for these tumors. It has been long recognized that regions of inflam-
matory cells penetrate vestibular schwannomas (Antoni B regions) [59]. Serum and 
tumor extracts from patients with vestibular schwannomas overexpress immunogenic 
mediators including IL-1B, IL-6, TNF-a, ICAM-1, and CXCR4 [60–67]. Fast-growing 
vestibular schwannomas express elevated IL-34 and M-CSF, which may be responsible 
for chemotaxis of tumor associated macrophages [68] and higher levels of inflammation 
correlating with longer duration of symptoms [69].

More recent work has explored the role of inflammation [30] and identification of 
precise tumor infiltrating immune populations in vestibular schwannomas [70, 71]. 
CD163+ tumor-associated macrophages (M2) are associated with the volumetric 
growth of vestibular schwannomas [72] and shorter progression-free survival 
[73–76]. Regulatory T cells (CD4+, CD25+, FOXP3+) suppress tumor-specific immu-
nity [77] and are more prominent in progressive vestibular schwannomas [78, 79]. 
Progressive vestibular schwannomas in patients demonstrate increased expression of 
PD-L1 and other checkpoints such as TIM-3 [80], potentially implicating a mecha-
nism of PD-L1 mediated immune evasion [81, 82].

4.2 Immunotherapy strategies

4.2.1 Checkpoint inhibitor

Preclinical and clinical investigations have explored the potential role of check-
point inhibitors in the management of vestibular schwannomas. Mouse models 
treated with PD-1 blockade successfully demonstrated reduction in schwannoma size, 
underscoring the potential therapeutic effect of checkpoint inhibitors in vestibular 
schwannomas [83].

4.2.2 Oncolytic bacteria

A recent preclinical study employed the bacterial cancer theory to demonstrate the 
effectiveness of intratumoral injections of bacteria within hypoxic areas of angiogenic 
tumors, thereby triggering lysis of tumor cells and antitumor responses [84] such as 
shift of macrophages from M2 (pro-tumor) to M1 (anti-tumor) subtypes [85, 86]. 
In human xenograft and mouse syngeneic models, a highly attenuated strain of 
Salmonella typhimurium (VNP00002) was capable of inducing cytokine and effector 
cell profiles toward enhanced innate and adaptive immune responses to control the 
growth of intrasciatic benign schwannomas [87]. The mechanism is consistent with a 
vaccination-based immunotherapy and supports further evaluation in NF2 vestibular 
schwannomas.
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4.3 Future directions

These preclinical results provide important evidence to support the potential role 
of immunotherapy in the treatment of NF2-associated vestibular schwannomas. 
Clinical trials are needed to fully understand the safety and efficacy of this approach 
and to determine the optimal treatment regimen for patients with this condition.

5. Meningiomas

5.1 Background

An understanding of the intricate interaction between meningiomas and the 
immune system offers opportunities for immunotherapy-based treatments. Within 
meningiomas, up to one quarter of all cells are macrophages [88–91]. Macrophages 
make up the largest fraction of immune infiltrates (up to 80%) [89] and are pre-
dominantly the immunosuppressive M2 phenotype [92]. High grade meningiomas 
and recurrent meningiomas harbor a higher proportion of M2 macrophages [88, 93], 
and M2 macrophages are independently associated with worse prognosis [94]. Other 
immune infiltrates include T cells and B cells [95]. Although the degree of Treg 
infiltration has not yet been demonstrated as an independent prognostic factor, grade 
3 meningiomas have increased penetration of Tregs, supporting the potential role 
of immunosuppression in developing resistance and immune escape [96]. Further 
contribution to an immunosuppressive response in meningiomas is the high expres-
sion of several checkpoint molecules including NY-ESO-1, PC-L1, PD-L2, B7-H3, and 
CTLA-4 [96–100], which have been associated with tumor recurrence, progression, 
and worse prognosis [99].

5.2 Immunotherapy strategies

5.2.1 Interferon-alpha

The initial use of immune modulating therapies in meningiomas employed the 
cytokine interferon-alpha (IFN-a). A pilot study in both low and high grade menin-
giomas demonstrated that treatment with IFN-a demonstrated a slight regression or 
stable disease lasting from 6 to 14 months (n = 6) [101]. An additional phase 2 trial in 
grade 1 meningiomas demonstrated a 6-month progression free survival (PFS-6) of 
54% and a median progression free survival (mPFS) of 7 months [102]. However, a 
retrospective cohort study in high grade meningiomas demonstrated a limited PFS-6 
of only 17% and mPFS of 3 months [103]. These studies served as proof-of-concept in 
the potential role of immune modulation for meningiomas.

5.2.2 Checkpoint inhibitors

In a recent phase 2 trial evaluating the efficacy of pembrolizumab in sporadic 
recurrent grade 2 and 3 meningiomas (n = 24), PFS-6 was 0.48 (90% CI: 0.31–0.66) 
and mPFS reached 7.6 months (90% CI: 3.4–12.9 months). The adverse event profile 
matched that of other PD-1 inhibitor studies, including fatigue, pruritis, and 20% 
experienced CTCAE grade 3 or higher adverse events [104]. Another recent phase 2 
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trial evaluating the efficacy of nivolumab in recurrent grade 2 and 3 meningiomas 
(n = 25) demonstrated PFS-6 of 42.4% (95% CI: 22.8–60.7) and median overall 
survival of 30.9 months (95% CI: 17.6-NA). The investigators concluded that a subset 
of patients benefitted from therapy but overall, the study did not meet its predefined 
endpoint [105]. Although these studies were not strictly for NF2 associated menin-
giomas, the results warrant further investigation, particularly in a dedicated NF2 
population.

5.2.3 Adoptive transfer

We currently await results from a recently-completed phase 2 trial which evalu-
ated anti-NY-ESO1 T cell receptor-gene engineered lymphocytes [106]. In this study, 
11 patients with NY-ESO1-expressing tumors (melanoma, meningioma, breast 
cancer, non-small cell lung cancer, and hepatocellular cancer) were treated with T 
cells that had undergone TCR-engineering via retroviral transfection. The patients 
completed lymphodepletion with cyclophosphamide and fludarabine prior to infu-
sion of the modified T cells with enhancement by aldesleukin. If beneficial, this study 
may support prior preclinical data in targeting NY-ESO-1 as an immunotherapeutic 
strategy for the treatment of meningiomas [107].

5.3 Future directions

These clinical trials provide evidence of the potential of immunotherapy as a 
treatment option for meningiomas. However, it is important to note that these studies 
are preliminary and that more research is needed to determine the best approach for 
incorporating immunotherapy into the treatment of NF2-associated meningiomas.

6. Ependymomas

6.1 Background

Genomic analysis has demonstrated that ependymomas are molecularly distinct 
from gliomas such as glioblastoma. However, as a subtype of gliomas, significant 
interest and investigation is ongoing in the ependymoma tumor microenvironment 
and potential immunotherapy targets. Qualitative analysis of tumor-infiltrating 
immune populations reveals that increased cytotoxic T cells (CD8+), a high ratio of 
CD4+/CD8+ cells, and increased number of IDO+ cells (dendritic cells) are associ-
ated with favorable prognosis. Alternatively, elevated FOXP3+ Tregs, CD68+ TAMs, 
and M2 polarization (high ratio of CD163/AIF1+ cells) are associated with poor 
prognosis [108].

Ependymomas express a subset of unique tumor-associated antigens which 
may serve as potential targets for vaccine or oncolytic therapies due to their 
selective overexpression in tumor compared to normal brain tissue, including 
EphA2, IL-13Ra2, Survivin, and WT1 [109, 110]. Response to bevacizumab in 
NF2 associated ependymomas [111, 112] suggests that VEGF may serve as another 
target antigen for further immunotherapy development. This builds upon prior 
work demonstrating that more significant immune responses may correlate with 
improved survival [113].
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6.2 Immunotherapy strategies

6.2.1 Peptide vaccine

There is an ongoing phase 1 trial of the SurVaxM vaccine in children with progres-
sive or relapsed ependymoma, medulloblastoma, high grade glioma or newly diag-
nosed diffuse intrinsic pontine glioma (NCT04978727) [114]. The SurVaxM vaccine 
targets Survivin, a protein that stabilizes microtubules during spindle formation and 
whose high expression in several malignancies including ependymomas is associated 
with unfavorable prognosis [115]. The vaccine employs several strategies to create 
an antitumor effect, including through the incorporation and enhanced binding of 
multiple MHC class I epitopes, cytokine support, and antibody-mediated cell killing. 
SurVaxM has completed a phase 2 trial in newly diagnosed glioblastoma, with no 
serious adverse events [116].

Under investigation for children with recurrent ependymoma is an additional 
tumor antigen peptide-mediated vaccine. In this phase 1 trial, HLA-A2 restricted 
synthetic tumor antigens will be administered in combination with the immunoadju-
vant imiquimod to stimulate an immune response (NCT01795313) [117]. We eagerly 
await results from these trials.

6.2.2 Oncolytic virus

The ongoing phase 1 trial of oncolytic HSV-1 G207 in combination with single dose 
radiation for children with recurrent or refractory cerebellar brain tumors seeks to use 
an engineered herpes simplex virus-1 to selectively replicate in and kill tumor cells 
(NCT03911388) [118]. While several past and ongoing oncolytic HSV brain tumor 
trials have been completed, therapeutic resistance has remained a challenge in relation 
to intratumoral delivery of the viral vector, the tumor microenvironment, and failure 
of the host’s immune response [119].

6.2.3 CAR T cell therapy

Adoptive transfer with CAR T cells is an active area of investigation for 
 ependymomas. Microarray analysis of pediatric ependymomas identify the human 
epidermal growth factor receptor 2 (HER2) as a potential tumor-associated antigen 
target, with preclinical experiments confirming antigen recognition [120]. There is 
an ongoing phase 1 trial of HER2 specific CAR T cells in children with recurrent or 
refractory ependymomas (NCT04903080) [121]. Additionally, there is an ongoing 
phase 1 trial of IL-13Ra2 CAR T cells in adults with ependymoma, leptomeningeal 
glioblastoma, or medulloblastoma (NCT04903080) [122]. Up to 67% of ependymoma 
cells express IL-13Ra2, which is associated with poor prognosis [123]. Early benefit 
with IL-13Ra2 CAR T cells in refractory glioblastoma [34] supports its use as a feasible 
therapy in ependymomas.

However, considering lessons learned from glioblastoma, concerns for an immu-
nosuppressive microenvironment and tumor heterogeneity may limit the effective-
ness of single-target CAR T therapies in ependymomas [124]. Tandem CAR T cells 
targeting more than 1 tumor-associated antigen may help to mitigate tumor antigen 
escape [125].
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6.2.4 Checkpoint inhibitor

An ongoing phase 1 trial is evaluating the safety and preliminary efficacy of 
pembrolizumab (anti-PD1) in young patients with recurrent, progressive, or refrac-
tory brain tumors including ependymoma (NCT02359565) [126]. Additional novel 
checkpoint inhibitors such as the humanized IgG4 anti-PD-1 monoclonal antibody 
tiselizumab (BGB-A317) are under investigation (NCT02407990), with promising 
preliminary efficacy in stabilizing a case of extensive ependymoma with spinal and 
lung metastases for a duration of 18 months [127].

6.2.5 Macrophage modulation

Magrolimab is a first-in-class humanized IgG4 monoclonal antibody that blocks 
the macrophage checkpoint CD47, thereby inhibiting exhaustion of phagocytic 
macrophages. In a first-in-human basket trial of solid tumors (n = 84), magrolimab 
(Hu5F9-G4) was well tolerated [128]. No maximum tolerated dose was reached, 
and toxicities were mild to moderate, including transient anemia (57%), fatigue 
(64%), headache (50%), fever (45%), or chills (45%). An ongoing phase 1 trial 
of magrolimab in recurrent or progressive brain tumors is currently enrolling 
(NCT05169944) [129].

6.3 Future directions

Although extensive preclinical and clinical investigations have explored immuno-
therapy strategies in ependymoma, none are exclusively in the setting of NF2 muta-
tions. Further investigation into the differences between sporadic and NF2-mediated 
ependymomas are necessary.

7. Conclusions

Immunotherapy has established itself as the fourth pillar of cancer therapy, 
following surgery, radiation, and chemotherapy. Thus far, there has been limited 
exploration into the potential of immunotherapy for NF2-associated tumors. No 
immunotherapy clinical trials have been conducted in vestibular schwannomas, 
a few studies are ongoing in meningiomas, and increasing clinical investigation 
is underway in ependymomas, borrowed predominantly from prior studies in 
glioblastoma. Potential strategies to harness the immune system include cancer 
vaccines, oncolytic viruses, dendritic cell vaccines, macrophage modulators, NK 
cell therapies, adoptive transfer, CAR T cells, checkpoint inhibitors and bispecific T 
cell engagers. Although current trials are not specifically restricted to patients with 
underlying NF2, future investigations may offer more insight in this unique popu-
lation. Additional challenges include effective delivery of immunotherapy to the 
nervous system, reliable assessment of response versus progression through imaging 
and biomarkers, and rapid clinical trial accrual in this small and rare population. 
We hope that insights and limitations from our past experiences [130] will inform 
and pave the way for future advances toward a more effective treatment for NF2 
associated tumors.
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Abstract

Neurofibromatosis (NF1) is a rare genetic disease that predisposes to tumors in the
peripheral and central nervous systems and other neoplasms. Neurofibromas are com-
plex benign tumors involving various cell types. Among them, plexiform neurofibromas
are locally invasive peripheral nerve sheath tumors (PNs) that can cause disfigurement
and functional limitations. Based on histopathological and magnetic resonance imaging
(MRI) data, PNs display variable morphology and behavior. The appearance of distinct
nodular lesions (DNLs) in PNs raises concerns about an increased risk of transformation
into malignant peripheral nerve sheath tumors (MPNSTs). Surgery represents the pri-
mary treatment option for NF1-related PN, although recently, specific targeted agents,
that is, MEK inhibitors, have been shown to be partially effective. Several surgical
techniques have been proposed for PNs to decrease intraoperative bleeding and facili-
tate tumor excision of either diffuse PNs or rapidly growing nodular PN. However,
despite improving surgical methods, complete tumor excision can be achieved in only a
few cases. In this frame, it emerges evident that searching for appropriate surgical and
pharmacological treatments for neurofibromas is a priority challenge. In this chapter,
we will review current treatments approved by the scientific/clinical community,
emphasizing the most recent progress in this field.

Keywords: neurofibromatosis type 1, neurofibroma, treatment, neurofibroma
surgery, tumour progression, MPNST, MEK inhibitors, Selumetinib

1. Introduction

Neurofibromatosis type 1 (NF1; OMIM 613113) is an autosomal dominant disease
affecting approximately 1 in 2500 individuals worldwide. NF1 is associated with
cutaneous, neurologic, and orthopedic symptoms, some of which are progressive and
lead to significant morbidity or mortality. The latest consensus has been reached for
diagnosis and resumed in the guidelines for neurofibromatosis type 1 recently
published [1, 2]. Among the clinical features considered was the development of
characteristic tumors such as neurofibromas or gliomas; the presence of cutaneous
findings including cafè au lait macules (CALMs), skinfold freckling, juvenile
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xanthogranulomas, and nevus anemicus, ophthalmologic markers such as Lisch
nodules and choroidal abnormalities and the occurrence of characteristic osseous
lesions such as sphenoid wing dysplasia, scoliosis, anterolateral bowing of the lower
leg, pseudarthrosis.

This syndrome is caused by pathogenic variants in the NF1 gene encoding
neurofibromin enzyme (Nf1). Nf1 operates as a GTPase-activating protein (GAP) that
negatively regulates the RAS/MAPK pathway activity by accelerating the hydrolysis of
RAS-bound GTP [3]. All alterations in the NF1 gene result in loss-of-function of the
Nf1, causing an uncontrolled cell proliferation and growth. The neurofibromin
haploinsufficiency, and the consequent Ras proto-oncogene hyperactivation, make
NF1 a tumor predisposing disease [4]. Nf1 affected individuals, display increased risk
of certain cancers, including female breast cancer <50 years, gastrointestinal, neuro-
endocrine brain and hematopoietic tumors [5–7].

The most relevant manifestation of NF1 is the appearance of tumors in both the
Central (CNS) and Peripheral Nervous Systems (PNS) as gliomas and neurofibromas,
respectively. Of the tumors involving the nervous system, peripheral nerve sheath
tumors (cutaneous and plexiform neurofibromas) are frequently found in between 30
and 60% of subjects with NF1, depending on diagnostic modalities (symptomatic Vs
screening) and can present at a various age range from congenital to young adulthood
(median age 5.5 years). In addition, 8–13% of individuals harboring a PN can develop
a malignant peripheral nerve sheath tumor (MPNSTs) [8, 9]. The appearance of
distinct nodular lesions (DNLs) in PNs raises clinical concerns, as these changes are
correlated to increased risk of transformation into Atypical Neurofibroma (AN) or
MPNSTs [10], the prognosis of which is ominous due to delayed diagnosis, early
metastasis, and poor response to systemic therapy [11]. Atypical neurofibromatous
neoplasms of uncertain biological potential (ANNUBPs), are potentially premalignant
lesions with unique biology still under investigation but are often characterized by
specific histological features including cytological atypia, hypercellularity, loss of
neurofibroma architecture, and an increased mitotic index [12]. Also ANNUBP can be
associated with additional somatic genetic events such as heterozygous or homozy-
gous loss of CDKN2A/B in addition to NF1 alteration [13] and often display a more
aggressive growth behavior. Furthermore, individuals with AN/ANNUBP are at
higher risk for the development of malignant peripheral nerve sheath tumors
(MPNSTs), with a 33% incidence in one study versus the cumulative MPNST risk of
15.8% in the general NF1 population [6, 14].

Even though a large number of histological changes between PNs and MPNSTs has
been described, a clear molecular definition of the stepwise characteristics of PN
evolution towards MPNSTs is currently under investigation [15, 16]. The effort to
fully elucidate the development and progression of these tumors, finalized to identify
genes suitable for diagnostic markers and pharmacological targets, is made even more
difficult by their structural heterogeneity and a complex tumor-host interaction.

Neurofibromas arise within nerves and comprise multiple cell types, including
Schwann cells, fibroblasts, perineural cells, mast cells, and macrophages [17]. The
PNST development requires both biallelic loss of NF1 in Schwann cells, and a haplo-
insufficient microenvironment. Whereas the knowledge on the molecular basis of
Schwann cell transformation is increasing, a deeper understanding of the exact con-
tribution of the microenvironment in the Schwann cells neoplastic transformation
[18] it is still elusive. The current concept in the NF1 field states that the tumorigenic
proliferation of Nf1 haplo-insufficient Schwann cells depends on an inflammatory
milieu triggering a powerful burst of mixed mitogenic signals from both
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collagen-secreting fibroblasts and pericytes stimulated by mast cells [19]. A consider-
able amount of data speak in favor of this pro-inflammatory model, in primis the
discovery that mast cell have a central role in sustaining chronic inflammation, cell
proliferation, and potent extracellular matrix deposition (ECM) leading to fibrotic
tissue deposition; however, this model does not entirely fulfill the molecular signature
proper of “tumorigenic” cells able to grow in the absence of basal membrane binding,
possessing higher proliferative potential and own metabolism [17] and further inves-
tigation are required to fully understand how microenvironmental cells contribute to
Schwann cell transformation.

In general, PNs are characterized by a slow-growing behavior tending to exhaust
after a definite period of time. In addition, many PN can manifest prolonged quiescent
phases, or sometimes even undergo a spontaneous partial regression, rendering its
natural history often unpredictable [20].

From a prospective NF1-PN study (“NCI natural history”) [21] the median PN
volume change was +21.3%/year. Other studies suggested that infants or young chil-
dren at PN diagnosis tend to present with more rapidly growing lesions compared to
young adults [11, 20, 22].

While PNs may be asymptomatic, a proportion of PNs can lead to various mor-
bidities, ranging from disfigurement, pain, functional motor-sensitive deficits, which
can also be associated with life-threatening complications such as bleeding and vital
structures (e.g., airways) obstruction.

In most cases, stable PN not causing morbidity should be observed, as they may
never progress or cause symptoms and an active intervention should be offered only
to those patients who manifest progressive growth over time causing significant
symptoms which cannot be treated otherwise (e.g. pain medications ineffective) [23].

Furthermore, as morbidity is often secondary to the PN anatomical distribution,
some locations (e.g., paraspinal, orbital, neck) may cause more symptoms than others
(limbs, pelvis) and more often require an active treatment, irrespectively from their
actual size.

PNs rapidly growing (>20% increase in volume in the prior year) are painful and
with high risk of malignant transformation, thus should be considered for treatment
[23]. In addition, PNs can exert a mass effect, compressing nearby structures (such as
the trachea or blood vessels), and either stimulate bone growth or lead to bone
erosion. PNs can also cause spinal cord compression, weakness, cranial neuropathy,
disfigurement, and pain.

Although surgical treatment is the only curative treatment option, and it is indi-
cated for symptomatic PNs, the tumor’s complete removal is frequently not possible
or associated with severe morbidity, especially in deep-seated tumors involving mul-
tiple nerves [24]. For instance, diffuse PNs spread extensively along connective tissue
and surrounding normal tissue structures with indistinct borders, whereas nodular
lesions are well-demarcated. Also, PNs have a rich vascular network and can bleed
profusely during surgery.

Several surgical techniques have been proposed for PNs to decrease intraoperative
bleeding and facilitate tumor excision of either diffuse PNs or rapidly growing nodular
PN (DNL) [25, 26]; however, despite the improvement in surgical methods, reports
on post-surgical outcomes suggest that complete tumor excision can be achieved in
only low rate of cases (about 10–15%). Sometimes PN re-growth occurs in those who
underwent either partial or subtotal resection [27, 28].

In this chapter, we will provide an overview of the most recent advances of tumor
biology knowledge and treatment of neurofibromatosis derived peripheral tumors.
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1.1 Non-surgical management of NF1-associated plexiform neurofibroma (PNs)

About 85–95% of PN are considered inoperable. Most of the times a complete
surgery is not feasible due to the PN intimate anatomy and growth within the nerve
fascicles as well as a significant vascularity leading to an increased risk of bleeding.
Moreover, PN regrowth is frequent after incomplete surgery, particularly in young
children, therefore any benefit of debulking surgery should be carefully balanced
against risks.

Consequently, non-surgical treatment has been historically used to treated inoper-
able and symptomatic PN.

Unfortunately, until recent times, multiple trials have so far failed to identify any
active agent against inoperable and symptomatic PN representing thus a clearly
unmet medical need for a significant proportion of NF1-PNs.

First Roberston in 2012 published a phase II trial with series of 23 children or
adults with NF1-PN in which 6/23 (26%; 95% CI: 10–48%) experienced ≥20%
decrease in volume of one or more plexiform tumors and 30% had symptomatic
improvement. Main predictive factors for Imatinib response were a smaller
tumor (<20 cm3 volume), head and neck location, while age was not predictive of
response [29].

Few years later Weiss et al, published their experience (n = 46) on a phase II trial
with the mTOR inhibitor Sirolimus, which showed Median TTP was 15.4 months
compared to the historical placebo cohort (tipifarnib trial) of 11.9 months. No subjects
achieved a partial response, and the largest volume decrease was 17%. Overall,
Sirulimus was well tolerated (stomatitis, increased liver and cholesterol level) and it
appeared as a reasonable alternative to imatinib with the advantage of a liquid for-
mulation available [30].

Another trial with peg-interferon-alfa-2b compared to placebo also showed mini-
mal response rate [31].

A tremendous advance in understanding of NF1 PN pathophysiology was only
possible with the use of pre-clinical mouse model of NF1 mimicking patients’
tumors, particularly those from N. Ratner’s group and NCI (Bethesda) and allowing to
test biological-based pre-clinical drug screening. These advances have rapidly
identified the MAPK pathway signaling as the main driver of NF1-PN, focusing
on MEK as an actionable target of MAPK downstream pathway, which subsequently
led to the pre-clinical testing of MEK inhibitors in mouse models showing a
remarkable and unprecedented response rate with significant tumor shrinkage in PN
models [32, 33].

Following such preclinical evidence provided, a phase I/II trial (SPRINT) was
launched at NCI testing a selective orally available MEK1–2 inhibitor currently under
development for other indications (uveal melanoma), named Selumetinib [22]. Volu-
metric MRI assessments and functional outcomes such as quality of life were included
in the study methods as primary and secondary outcomes respectively.

The exceptional response rate for a phase I trial, with a volumetric Partial Response
(PR) of 20% volume reduction in 71% of the 50 enrolled children which was con-
firmed by the phase II data (PR = 68%) with relatively favorable toxicity profile [34].
A reduction of PN volume by a median change of 27.9% (�55.1% – +2.2%) was
documented in the SPRINT trial. Median time to initial response, cycles (range) was 8
monthly cycles (range 4–20), and time to best response, was 16 cycles (range 4–36)
suggesting that many patients tended to respond many months or even years after
Selumetinib initiation. Progression-free survival (PFS) at 3 years after therapy start
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was of 84%. Mean duration of treatment was 24 months. However, at the time of
analysis 23/50 (46%) children remained on treatment for a median of 4 years,
experiencing a durable and/or ongoing response.

From the cohort of 50 children with NF1-PN suffering from a median of 3 target
morbidities at baseline, before treatment. A functional effect was also demonstrated,
including a significant improvement/amelioration of patient’s symptoms, including
pain, disfigurement, and quality of life, as well as an objective improvement in
strength, range of motion and pulmonary function based on REiNS standardized
response criteria.

Based on the SPRINT data on safety, radiological and clinical efficacy, Selumetinib
(Koselugo) at the doses of 25 mg/m2 BID has been now granted approval from FDA
and EMA as the first licensed drug in children aged 2 or more, with NF1 and inoper-
able and symptomatic PN. Despite at present Koselugo can be only offered to those
children able to swallow capsules, a currently ongoing phase I/II trial is evaluating an
alternative sprinkle formulation in young children (>1 year) and will likely extend its
indication to younger children not able to swallow capsules.

An additional stratum from the SPRINT trial evaluated the role of preventive use
of Selumetinib in children with NF1-PN at risk of developing severe symptoms and
showed similar efficacy (PR = 72%) and absence of symptoms during treatment and
rate of volumetric shrinkage (�32,7, range � 16,8 to – 39,7%). From this specific
subgroup of asymptomatic PN, younger patients were more likely to respond in terms
of radiological tumor shrinkage when compared to older children suggesting a poten-
tial extended indication to start Selumetinib early in selected young children at risk,
and before they develop PN-related symptoms [34].

1.2 Selumetinib real world data and ongoing studies

After its approval in US, UK ad EU, few retrospective cases series based on Early
Access Program and compassionate use have contributed with real world data,
including large institutional series from Espirito Santo et al. [35] in which all but one
among the 19 patients who were treated with Selumetinib had a sustained clinical and/
or radiological response mainly within the first 2–3 months from start.

Also, Cacchione et al. [36] from 13 patients (7 males, 6 females) -median age
3 yr-treated with either selumetinib [12] or Tranetinib (1) documented a PR rate of
23%, with a median time to onset of response to treatment of 12 cycles (6–30 range).
All other patients were stable (SD = 69%) except in one case who had a rapid pro-
gression, and who was subsequently diagnosed with a malignant nerve sheath tumor
(MPNST). A smaller series from Baldo et al. showed PN reduction of >20% in 16 out
of 17 PN (94%). One PN remained stable and no PN progressed while on active
treatment. Mean follow-up was relatively short (12 months) at the time of
publication [37].

In addition to the SPRINT study, other Selumetinib trials are currently ongoing in
US, UK or Europe. In adults, KOMET randomized trial of Selumetinib against placebo
is open and enrolling patients with symptomatic and inoperable PN (NCT04924608).
Moreover, a PASS (post authorization safety)- study will evaluate long-term Koselugo
safety and other possible side effects including endocrine function in children. Two
trials are evaluating alternative dosing, either intermittent (5 days on/2 days off,
UK-GOSH (NCT 03326388) or a lower dose maintenance phase (US only, MJ Fisher
personal communication) both aiming at optimizing treatment compliance and
long-term tolerability.
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1.3 Other MEKi efficacy data

Other MEKi have been tested against NF1-PN in other ongoing or more recently
completed trials (cancel). One of the most relevant is the phase II trial (TRAM-01)
including 46 children treated with a median of 16 months of Trametinib, a capsules
and liquid formulation available MEKi, and showing that 17 out of 28 evaluable
children with NF1-PN had a confirmed PR (60%) and a median decrease of - 30% as
documented from a semi-automated volumetric calculation. In the meanwhile,
Ronsley et al. [38] published their experience with Trametinib compassionate use
showing response in 3/6 pediatric patients with NF1-PN.

Caution in direct comparison of various MEKi studies as study design, outcome
measure, and enrolment criteria were slightly different by age, progressive/non pro-
gressive prior to start. Therefore, given the lack of direct comparison between various
MEKi used to treat PN, it is not possible to assign a clear superiority of any MEKi at
current stage.

With this in mind, other agents have shown promising data against NF1-PN both
in children, such as the MEK inhibitors Binimetinib (19 children 2–16 yr., and a PR
rate of 74%) or Mirdametinib (19 young adults 16–25 yr. and PR 42%, SD 53%, PD
5%) or Cabozantinib, a multiTKI targeting c-Kit, VEGFR2, MET, RET, FLT3 which
was associated with a PR of 42% in 19 adults (>16 yr) with NF1-PN [39–41].

1.4 Selumetinib and other MEKi toxicities

Side effects from selumetinib were overall mild, with 10% who interrupted treat-
ment due to intolerable or recurrent toxicities, but up to 30% of patients required in a
dose reduction.

Notably, there were no AEs resulting in patient death and side effects were always
reversible with drug interruption. Most frequently encountered and clinically detect-
able adverse effects (AE) were predominantly skin toxicity such as follicular or
acneiform rash, paronychia in 52–58% (grade I/II) and 4–10% (Gr 3) often
presenting within the first 2weeks of initiation of therapy and gastrointestinal side
effects such as nausea, abdominal pain, diarrhea and, less frequently vomiting. In
addition, elevation of creatinine kinase was frequently seen during monitoring of
blood tests, but most often asymptomatic and not requiring any active intervention or
drug interruption [42].

The most serious dose-limiting side effects of MEK inhibitors may involve cardiac-
with decrease of ejection fraction, which was reported in 6–10% of children from
SPRINT trial. Differently from the adult series, ophthalmic- with retinal fluid and
detachment-toxicity was not reported within the SPRINT dataset [32, 42, 43].

Main side effects from Trametinib were similar to other MEKi, and including
skin, gastrointestinal toxicities and asymptomatic CPK elevation, generally mild and
manageable with an adequate supportive care or dose interruption and further
adjustments.

While various MEKi seem to share a class-effect of similar toxicities, potential
differences in frequency and severity of side effects may perhaps be due to the
specific dose needed to achieve response for each MEKi.

A preventive strategy as well as regular monitoring of AE are of paramount
importance as AEs are frequent and might require dose adjustments and dose reduc-
tions, due to AEs or other reasons, can lead to PN regrowth. Prevention of side-effects
since the very first start of MEKi, particularly in high-risk subjects such as
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post-pubertal and young adolescent patients is a key factor to potentially help
maintaining a durable response [23].

Other relevant aspects of MEKi treatment: Optimal duration, events after inter-
ruption, prevention of malignant degeneration.

While in the SPRINT trial treatment with Selumetinib was planned for an
undetermined period of duration, limited to 24 months in case of stable disease only,
long-term data available from a subset of patients showed that 23/50 (46%) patients
remained on treatment beyond the initial 24 months period of scheduled treatment
phase (Median TTP: 36 cycles, range 16–48), thus adding useful information regard-
ing effect durability and long-term safety and tolerability. ORR and safety profile
were confirmed. Furthermore, it was shown that among those patients who
interrupted treatment, a proportion of cases with PN regrowth was seen, after a
median of 3–5 months from interruption [32].

In addition, from the Trametinib TRAM-01 trial out of the 36 patients (80%) who
discontinued treatment after the planned 18 months initial duration, 7 (19,4%)
suffered from PN progression after a median of 6.1 months (range 5.2–17,9) from
end of Trametinib, the majority of whom were successfully rechallenged with
Trametinib [44].

While these data do not provide a clear nor evidence-based indication on the
optimal duration of treatment with various MEKi it appears clear that interrupting it
too early may lead to PN symptomatic regrowth, particularly in young children and
that the majority of children with NF1-PN who need treatment, will need to stay on
drug for a relatively long period of time, posing significant challenges in terms of long-
term tolerability, safety and, last but not least sustainability for the health system and/
or other reimbursement mechanisms.

Early data on response after re-challenge at the same time, suggest that it is also
possible, after a planned period of time (2–3 years), to consider a “drug holiday” based
on clinician, or parent’s shared decision, with the back-up option to restart MEKi in
case of rebound growth after treatment interruption [23].

The role of MEKi against atypical Neurofibroma (AN/ANNUBP) is still unclear but
some cases may still respond while on treatment. However, it seems also clear from
SPRINT and other dataset that MEKi cannot prevent the malignant degeneration of
PN to a MPNST. Therefore, any PN which progress while on MEKi should raise the
suspicion of an ongoing degeneration whose additional somatic mutations (CDKN2A,
PRC, TP53) render the treatment ineffective [45].

1.5 Conclusions

The treatment paradigm of PN has dramatically changed since the use of MEKi,
which proved able to alter the natural growth trajectory of PN in children and, in
many cases, a significant short-term clinical benefit.

Long-term side effects, overall benefit as well as optimization of treatment indica-
tion, duration and tolerability represent key unanswered questions which need to be
addressed.

Upcoming collaborative projects (Eu-Pearl) are in the pipelines paving the
way towards a more patient-centered approach to identify and prospectively validate
PRO/ObsRO measures that specifically assess PN-related morbidities focusing
on QOL as a first important step to significantly ameliorate and mitigate PN
morbidities.
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2. Surgical management of neurofibromatosis type

2.1 The plastic surgery contributes to therapeutic neurofibroma treatment

The distinctive tumor of NF1 is the neurofibroma. Histologically, neurofibromas
are tumors that develop from peripheral nerves and are made up of a variety of cell
types, including Schwann cells, myelinated and unmyelinated axons, fibroblasts,
endothelial cells, and mast cells [46]. Discrete cutaneous neurofibromas develop at
dermal nerve terminals. They present as soft, well-defined, sessile or pedunculated
nodules with clinical findings that range in size from a few millimeters to several
centimeters. Although stinging and itching sensations can be annoying, they rarely
cause pain or discomfort. Subcutaneous neurofibromas are firm rubbery nodules that
arise along the course of the peripheral nerve beneath the dermis and they can be
painful and tender.

Numerous lesions, even thousands, appear primarily on the face, trunk, and prox-
imal limbs.

Malignant transformation in these tumors is rare although the emotional and social
impact can affect a patient’s quality of life [47, 48]. Plexiform neurofibromas repre-
sent a significant cause of patient morbidity. Plexiform neurofibromas occur in
approximately 30–50% of patients who have NF1.

They are composed of the same cell types as cutaneous neurofibromas [49]. Mas-
sive tumors known as diffuse plexiform neurofibromas spread to nearby organs,
bones, and soft tissues. A deep tumor may be indicated by thicker and
hyperpigmented skin that is overlaying the area. Plexiform neurofibromas can
develop within the first year of life or be present at birth in patients with neurofibro-
matosis, with a frequency of 24,1–32%. These tumors’ size and location affect how
clinically significant they are. They may show up as painful lesions under the skin or
asymptomatic bumps. They have the ability to fill space and produce a mass impact
when close to significant structures because of their growing potential.

They are also related to a 10% risk of malignant degeneration. The progression
tendency of these neurofibromas cannot be established a priori, however, associated
risk factors have been identified. Head and neck localization, age < 10 years, and
incomplete surgical excision are in fact associated with an increased progression rate
[27, 47].

Malignant Peripheral Nerve Sheath Tumors are quite rare in the general popula-
tion, with an incidence of 0.001%. However, as many as 60% occur in patients with
N1, with an approximately 10% lifetime risk of developing it. These are highly
aggressive tumors that usually evolve from plexiform neurofibromas. In NF1-affected
patients, they generally have an earlier onset, around the second and third decades of
life, and a worse prognosis [47, 50]. Unfortunately, surgery is still the only available
therapeutic option for this type of neurofibroma because it is impossible to forecast
how it will develop over time.

The time and type of surgery are the two most challenging considerations about
surgical treatment. Large neurofibromas can require subtotal surgical resection, which
may require a staged procedure (Figures 1 and 2).

According to our experience, early radical surgery during the initial procedure will
result in the greatest long-term outcomes. Each patient must receive individualized
care, taking into account the needs that are dictated by their particular diseases. A
multidisciplinary approach is the best form of care for people with neurofibromatosis,
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both in children and adults. Each patient is different and presents particular difficul-
ties for the patient’s healthcare professionals. Making timely and suitable judgments
requires knowledge of the disease, how it progresses, and any potential morbidities.
Timing of the operation will depend on symptoms, deformities, disability, and disease
development.

Surgery as the last choice is frequently not the most effective option and can
produce more severe morbidity. A well-timed operation can significantly reduce long-
term deformity and impairment.

The surgical approach of cutaneous and subcutaneous neurofibromas is generally
simpler. Since the extension is limited to the epidermal-dermal level, pre-operative
imaging investigations are generally not required. The surgery goal is not only to
radically remove the lesion but to ensure an aesthetical outcome. The type of recon-
struction depends both on the size and the excision area. Minor excisions without skin

Figure 1.
Voluminous plexiform neurofibroma of the upper eyelid in patient with NF1.
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tension can be addressed with direct sutures. Following the surgical ladder, major
lesions on the other hand may require graft usage, collecting the donor skin from a
neurofibromas-free area, and local, pedunculated or free flaps.

The NF1-affected patient will often present with multiple neurofibromas to be
removed. In cases of multiple modest-size cutaneous neurofibromas, a considerable
number of lesions can be removed within the same surgical session. The limit of
removable lesions under local anesthesia depends on the amount of anesthetic that can
be safely used, and on the patient’s tolerance. In our experience, it is not rare to reach a
dozen removed neurofibromas per single surgical session (Figure 3). To avoid mis-
understandings and exaggerated expectations, however, a priority of the lesions being
removed should be agreed upon with the patient before the surgery, leaving any
others for future sessions.

Likewise, especially for neurofibromas involving high esthetic interest areas, such
as the face, it is advisable to make sure that the patient understands that he will have a

Figure 2.
One-week follow-up after neurofibroma removal and eyelid reconstruction surgery.
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scar in place of the neoformation. Scar massages with silicon-based gels should be
recommended for the 2–3 months after surgery, to promote proper scar maturation.

In case of unsatisfactory results, the patient should be invited to wait at least six
months or one year before a possible touch-up. Both scars and blemishes can improve
over time, making surgery superfluous. The risks relating to these surgeries are rather
limited. They mainly concern possible recurrence and surgical wound complications,
such as delayed healing, dehiscence, or local infection. No absolute indications for
antibiotic therapy are recommended, but if comorbidities that can favor
infection onsets are present, the operator may recur to pre-operative antibiotic
prophylaxis [51].

Figure 3.
Numerous cutaneous neurofibromas in patient with NF1.
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The histological examination should always be requested for each excision, even
once the diagnosis has already been formulated. Plexiform neurofibromas, on the
other hand, represent a tougher surgical challenge. For surgical excision indications, in
addition to the esthetic and pain, which they share with cutaneous neurofibromas,
they present functional impairment. Following significant volumetric growth, they
can compress nerve structures and lead to functional deficits.

A periodic follow-up is the only valid method to monitor their evolution and evalu-
ate surgery indications. Preoperative imaging is required andMRI is considered the gold
standard. Compared to other methods such as ultrasound or CT, MRI allows a better
margins definition, which is often unclear, a better tissue distinction, and the evaluation
of nerve/vascular infiltration and local invasion. MRI can also be used to classify plexi-
form neurofibromas into three classes: superficial, displacing, and invasive [52].

The excision should be as radical as possible to avoid tumor recurrences.
Early interventions seem to improve both the outcome, as the exeresis operation

remains more confined without extending to other districts, and the recurrence rate.
Ideally, the tumor should be removed at its superficial level, as this appears to

effectively prevent a recurrence. Once the tumor is in the invasive phase, the recur-
rence rate is in fact around 20%, rising to 46% for incompletely excised cases [53].

For advanced neoformations, when the tumor grows to invade nerve fascicles, it
could be unfeasible for the surgeon to remove it without having to sacrifice the nerve,
thus causing a possible functional deficit of which the patient must be informed
during the collection of informed consent for surgery.

Among the potential risks, the vascularization status of these neoformations
should be investigated during pre-operative routines.

In the case of particularly vascularized neurofibromas, known as hemangioneur-
ofibromas, angiography with pre-operative embolization can be planned, to signifi-
cantly reduce bleeding risk during and after surgery [54].

Acting as subcutaneous expanders, a skin laxity could remain after these tumors’
enucleation. If this happens, a skin lozenge could be removed around the incision to
re-tension the tissues.

Especially for large volumes tumors, it is possible, after performing accurate
hemostasis, to place a drain to prevent hematomas and seromas formation.

In the case of voluminous neurofibromas involving lower limbs, the possibility of
prescribing anticoagulant therapy or the use of elastic stockings until normal walking
is resumed is advisable to prevent deep vein thrombosis. Antibiotic prophylaxis may
be indicated if there are concurrent risk factors for infection or a drain is in place.

MRI is the reference diagnostic to evaluate the tumor extent and its relationship
with adjacent structures. However, to confirm the lesion malignancy, it is necessary to
resort to other methods like F-2-deoxy-D-glucose positron emission tomography
(FDG-PET), which can also detect the presence of distant metastases. Nevertheless, a
biopsy is required for histological confirmation. Since at least 2 centimeters of tumor-
free margins are recommended for these lesions, the biopsy can be excisional for
lesions smaller than 3–4 cm. For larger lesions, multiple core-needle biopsies, possibly
ultrasound or CT-guided, are recommended. Incisional biopsies are less used since
they are burdened by a greater complications risk, and are often limited to a single
sample collection, albeit of larger dimensions.

Adjuvant radiotherapy may be used to address medium and high-grade lesions.
Although it does not improve overall survival, it seems to improve the local manage-
ment of the tumor. Adjuvant chemotherapy is reserved for systemic metastatic
diseases instead [47, 55].
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The requirement to perform a wide resection to ensure disease-free margins often
results in major nerve sacrifice and consequent functional damage. Although regarded
as the last resort, limb amputation may sometimes be necessary to ensure adequate
cancer radicalization [56].

Complications are similar to those resulting from the enucleation of large
plexiform neurofibroma. Nonetheless, the patient should be informed about the
bad prognosis and the high recurrence rate of these tumors. Tumors bigger than
5 centimeters, local invasiveness, distant metastases, and non-radical surgery are all
negative prognostic factors [57].

The 5-year local recurrence rate ranges from 27–49%. Distant metastases are
instead reported between 26–65%, and mainly involve the lungs, brain, skeletal
system, and liver [58].

Because of this high recurrence rate, careful follow-up is mandatory. Clinical
evaluations should be performed every three months for the first two years, and an
imaging investigation is recommended at least twice a year.

2.2 Role of neurosurgery in the treatment of nerve tumors in patients with
neurofibromatosis type 1

The treatment of nerve tumors in patients with NF1 is multidisciplinary; it
involves geneticists, oncologists, neurosurgeons and plastic surgeons mainly.

Surgery is in all cases reserved for symptomatic lesions or malignant evolution; the
neurosurgeon is involved in lesions of nerve plexuses and trunks or in case of exten-
sion of the pathology within the spinal canal with resultant myelopathy.

Special attention and a dedicated experience in the treatment of these lesions is
essential as the functioning nerve fascicles in these lesions are incorporated in the
tumor and may not always be dissected from it. This surgery is potentially at risk of
increasing additional neurological deficits and the extent of the removal must be
limited to what is necessary.

2.2.1 Neurofibroma

Neurofibromas can be located in any peripheral nerve or root; they originate from
Schwann cells and grow in the nerve by dividing the nerve fibers without infiltrating
them; due to this characteristic, it is generally possible to remove them without
determining a reduction in neurological function as they only require the sacrifice
of the usually non-functioning original fiber. On the contrary, neurofibromas and
plexiform neurofibromas (PNs) are complex conglomerates of intraneural neurofi-
bromas that create tortuous and huge masses arising in nerve trunks (Figures 4 and 5).
PNs are pathognomonic and typical manifestation of NF1 (30% patients with NF1 have
clinical evident PNs; with RM study incidence grows to 50–60%) [23], potentially
involving almost every part of the body outside of the brain and spinal cord. They can
also occur on the face (including around the eyes), neck, arms, legs, back, chest,
abdomen, and internal organs. Large tumors cause the nerves (also superficial sensory
nerves) to become thick and misshapen, which can affect the structure of nearby bone,
skin, and muscle. Especially large and deforming PNs can cause severe pain, mobility
problems, vision and hearing loss, high blood pressure and other medical problems.
They commonly occur in children and most of them are not cancer, but some may later
become cancer. When present on major nerve trunks they involve multiple fascicles.
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Therefore, the removal of such lesions can lead to sensorimotor deficits, including
neuropathic pain, in patients that can develop in the future other lesions. This kind of
surgery to be safely performed requires experience and expertise in this field. For all the
above-mentioned reasons surgery in cases of NPs is limited to lesions with suspected
malignant degeneration or resulting in neurological deficits although, not infrequently
some patients ask for the removal of large PNs also for esthetic and functional problems.

MPNSTs are the malignant variant of peripheral nerve tumors; although they also
originate from Schwann cells, due to their aggressive behavior, they are mostly con-
sidered as sarcomas. These lesions, that are very rare in the general population, have a
high incidence among patients with NF1 and are one of the most frequent causes of

Figure 4.
MRI imaging of plexiform neurofibroma of left sciatic nerve.

Figure 5.
Left sciatic plexiform neurofibroma after surgical removal.
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death in patients with this disease [59]. The chance of a patient with NF1 developing
an MPNST is estimated to be between 8 and 15% [2]. Among NF1 patients with a
microdeletion, this percentage rises to 16–26% [59]. The 5-year overall survival
between patients with MPNST is about 20–50% [12] with a worst outcome in meta-
static or unresectable lesions; actually, the survival in the population with NF1 is like
similar to the general one. This progress in related to a better follow up and an early
diagnosis in patients with NF1.

2.2.2 Indications for surgery

The indication for surgery for nerve tumors in patients with NF1 is limited to cases
symptomatic of neurological deficits or suspected malignancy of the mass. Since there
is growing evidence that MEK inhibitors may play a significant role in their treatment
(of PNs). The risks of surgery needs to be balanced against the possibility to offer a
conservative management based on pharmacological treatments now available for
selected cases [59, 60]. This is especially true for those large disfiguring multi-
embryonic derivation PNs (affecting nerves, cartilage, bone and dermis) where the
surgical results leave much to be desired. However, considering the period of several
weeks required for the medical treatment to show the first results, it is straight
forward that for the following conditions, a drug treatment approach cannot be the
solution.

2.3 Malignancy

The lifetime chance of developing a malignancy (MPNST) in a NF1 patient is
reportedly 8–15%; at least in 1/3 of cases, they arise from PNs and bulky masses
(≥6 cm) seem predisposed to turn malignant. The factors that may favor malignancy
are not known except a previous radiation treatment [23]. Clinical signs of a malig-
nant evolution are rapid growth, spontaneous sharp pain and neurological deficit of
the affected nerve. The growth of a neurofibroma is a common event especially in
children and adolescents in which the masses often grow consensually with physical
development; on the other hand, it is unusual to have a significant growth in adults, in
whom a volumetric increase greater than 20% per year represents an important index
of suspicion [23]. Currently, patients with NF1 undergo periodic clinical and instru-
mental checks in specialized centers to identify early clinical or radiological manifes-
tations of possible malignant evolution. This is to ensure prompt diagnosis and
treatment. An early diagnosis, in fact, can significantly improve the life prognosis.
Sometimes the MPNST arises de novo but, in most cases, it is a progressive degener-
ation of a nodule within plexiform neurofibromas that accumulate genetic alterations
becoming atypical neurofibromatous neoplasm of uncertain biological potential
(ANNUBP), lesions with potential malignant evolution. From the
anatomopathological point of view, this entity, also defined as atypical neurofibroma,
is gaining importance. This lesion, which from the radiological and clinical point of
view seems to be indistinguishable from a benign one, presents histological features
(atypia, loss of neurofibroma architecture, high cellularity and/or mitotic activity
between 1:50 and 3:10 high power fields) that are similar to MPNST and seems to be a
precursor of malignant nerve sheath tumors [12, 61]. The use of PET CT with
fludeoxyglucose (FDG) and volumetric MRI [62] can precociously identify lesions
harboring these characteristics, so allowing their complete removal if the mass is easily
reachable, or a diagnostic biopsy if the tumor is placed in less accessible sites. In detail,
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PET CT is capable of early identification of masses undergoing malignant transfor-
mation, as they have a more active metabolism; however, this type of investigation
has a better sensitivity but rather low specificity since there is a non-negligible
overlapping of uptake values between lesions undergoing a malignant evolution and
lesions that are still benign [12, 23, 62, 63]. The removal in the case of MPNST must be
aggressive, sacrificing the nerve of origin regardless of its function. Radicality with
free surgical margins must be obtained and this is of paramount importance; if the
lesion, on the other hand, is an ANNUBP, the removal can be confined to the tumor
without the extension beyond its margins. Therefore, an early diagnosis not only
improves the prognosis, but also allows avoidance of destructive interventions if it is
not the case.

2.4 Neurological deficits

Neurinomas, neurofibromas and PNs generally are benign lesions, and they do not
cause neurological deficits; neurological deficits appear either because they cause
compression on the spinal cord having an intracanal growth or because the nerve itself
becomes deficient as the tumor grows within an anatomical bottleneck.

2.4.1 Spinal cord compression

Spinal cord compression from root neurinomas or neurofibromas represents an
important clinical problem in patients with NF1; it generally occurs at the cervical or
at lumbosacral level due to an intracanal growth of huge NFS of brachial and lumbar
plexus. Patients develop progressive quadriparesis or paraparesis, incontinence and
spinal pain. The objective of the surgery is the decompression of the spinal cord which
is obtained not only through the removal of the mass (in the case of a neurinoma) but
also through a decompressive hemilaminectomy and a large dural plastic. Performing
a widening of the spinal canal during the surgical procedure ensures that even a
possible regrowth of the neurofibroma is better tolerated by the patient and does not
interfere with neurological integrity. These surgical procedures generally lead to a
regression of spinal compression symptoms [64–68], but the removal of root lesions
can cause a major sensory damage to the nerves involved. The recurrence of pyrami-
dal symptoms is rare since normally the growth of even these intracanal lesions tends
to slow down with increasing age.

2.4.2 Nerve deficits

Diffuse enlargement of all major peripheral nerve trunks occurs in some individ-
uals with particularly aggressive forms of NF1 due to the development of multiple
plexiform neurofibromas, isolated neurofibromas, and schwannoma [68, 69]. When
examined, these subjects often present partial deficits of peripheral nerves which have
arisen slowly and progressively and of which often the patients are unaware. We are
dealing with deficits affecting nerves that grow into anatomical bottlenecks such as
the olecranon canal, Froehse’s arcade or the peroneal arch at the head of the fibula; the
growth of any neoplasm within an anatomical narrowing may cause deficit of the
nerve trunk itself and pain. The treatment of this type of problem consists of remov-
ing all or part of the tumor mass to reduce the volume of the nerve along with
decompression at the physiological anatomical narrowing. While widening the ana-
tomical narrowing appears to be a safe maneuver, the removal of the NPs in an
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already deficient nerve is not risk-free and must be carefully evaluated. This type of
procedure mostly serves to prevent a further worsening of the deficit and must be
performed only at the request of the patient. The worsening of these deficits is slow
and progressive, sometimes accompanied by modest pain; from this point of view it
clearly differs from the growth of malignancies which, on the contrary, appear sudden
and extremely painful.

2.5 Aesthetical reasons

At light of the new therapeutic proposals, an attempt with the so-called RAS
therapy (selumetinib is in a phase II trial) is in our opinion always worth to be firstly
attempted.

We have witnessed some astonishing results especially in those cases where the
aesthetical problem seems to be prevalent. Surgery, when a complex malformation of
the superficial layers is involved, where the dermis and the convoluted superficial
nerves often infiltrate and deform the underlying muscles, very rarely attains a satis-
factory result.

3. Surgery

3.1 General consideration

According to these guidelines, surgery is performed. The patients are usually under
general anesthesia in the absence of curare or in spinal anesthesia; magnified vision
with microscope or loupes is required; the exposure of the tumor must be adequate
with the possibility of identifying both the nerve entering and exiting the mass. This is
easily obtained in limb lesions, while in large masses in deep sites, this type of
exposure may be difficult to achieve [59]. Once exposed, the mass is inspected under a
microscope and mapped to identify the eloquent nerve bundles that need to be spared.
The tumor capsule should be opened in the direction of the fibers in areas silent to
stimulation and then the main tumor nodules and their fibers of origin should be
identified. The possibility of radical removal is linked to the specific histology of the
lesion.

3.2 Neurinomas

Neurinomas of peripheral nerves practically always appear to be radically remov-
able as the tumor grows by dividing the nerve fibers which are distributed on the
surface of its capsule. An intracapsular removal of the mass allows a complete and safe
en bloc removal, leaving the nerve fibers intact on the capsule left in place. An
intracapsular removal is currently accepted and recognized as safe; moreover, it is
absolutely not associated with a risk of recurrence (Figures 6 and 7).

An exception is represented by cystic schwannomas, a very insidious subgroup as a
surgical outcome. In fact, in neurinomas with these characteristics, the thin wall of the
tumor mass does not always seem recognizable concerning the capsule. In an attempt
to remove it altogether, sometimes, part of the capsular wall is removed, damaging the
fibers contained therein, thus creating a neurological deficit. For this reason, in cystic
neurinomas, it is sometimes advisable to subtotal excision and emptying of the cyst to
avoid nerve damage.
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3.3 Neurofibromas and plexiform Neurofibromas

Neurofibroma and plexiform neurofibroma appears as fusiform and multiple
enlargements of the nerve and the fibers appear dispersed within the neoplasm
(Figures 8–10).

Sometimes the removal of the nodules in plurinodular neoplasms entails the sacri-
fice of some fascicles conducting when stimulated. In this case it is necessary to
carefully evaluate the contribution of each fascicle to the general function of the nerve
and limit the removal to the most voluminous or suspicious nodules, at times prepar-
ing for a subtotal debulking to avoid neurological deficits [70]. In fact, the functioning
fascicles can be sometimes the origin of the neoplasm and appear inseparable from the
rest of the tumor: therefore, an accurate balance with direct stimulation or with the
use of NAPs (nerve action potentials) is mandatory [59]. The surgical treatment of
these lesions challenges the surgeon’s ability to approach localized masses in every part
of the body and sometimes in deep thoracic, abdominal or pelvic areas for which an

Figure 6.
Surgical appearance of a neurinoma.

Figure 7.
Removal of a neurinoma: Surgical technique.
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anatomical knowledge of these regions may not be straightforward. A basic expertise
of general or urologic surgery is often required coupled with experience in the field of
nerve surgery. It is important to be able to remove the lesion in the desired way
already at the first surgical procedure; having to re-operate on nerve tumors in which
there has been previous manipulation with consequent development of scar tissue,
makes it much more difficult and significantly increases the risk of post-surgical
neurological deficits. The first surgery is the best possibility we have to obtain a total
removal: this must be the mantra. Therefore, the best possible removal must be

Figure 8.
Clinical appearance of plexiform neurofibroma of the neck involving brachial plexus.

Figure 9.
Its radiological appearance.
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accurately planned since the very first observation of the case. In addition to the risk
of causing neurological deficits, the removal of large plexiform neurofibromas
involving large parts of the body and skin can cause massive blood loss with acute
hypovolemia and significant post-operative hematomas in the surgical cavity.

3.4 MPNST, ANNUBP and atypical neurofibromas

Particular attention is required for the surgical technique to be used in case of
suspected or proven malignancy of the mass. Even more, in this situation, wide
exposure of the lesion is necessary.

In the case of atypical neurofibromas or ANNUBP, the mass is often asymptomatic
and morphologically identical to a benign neurofibroma. Surgery only requires the
complete removal of the mass without the need to sacrifice the nerve in its entirety.
The removal may be restricted to the fascicle of origin as the malignant component is
inside the nodule [12, 59]. While orthodoxy, in the case of MPNST, dictates a com-
plete removal with margins free from disease (Figure 11), the possibility of saving
part of the nerve of origin, that is not involved in the neoplasm, should be considered
only for small lesions and to safeguard very delicate functions (es. ulnar of median
intrinsic function of the hand) where the nerve cannot be easily repaired or replaced
with a nerve transfer technique.

The patient should be informed in advance and eventually accept the risk of a local
recurrence, with the possibility of reintervention in the short term and, theoretically,
the occurrence of distant metastases. Obviously, the patient will undergo close follow-
up to detect an early recurrence of the illness. In the experience of our department, the
use of this surgical technique has not been affected by an increase in mortality and
morbidity; on the contrary, it was possible to preserve the nervous function without
worsening the prognosis and with only one out of eight patient who needed
reoperation. Complete healing was obtained after the second surgery. The attitude
towards those cases of MPNST coming to attention in an advanced stage and

Figure 10.
Intraoperative imagine of plexiform neurofibroma of the neck involving brachial plexus.
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originating from the lumbar or lumbosacral plexus is completely different; often the
lesions are large (>10 cm) and have engulfed arteries and veins.

Accurate staging of the disease is necessary before proceeding with surgery. In the
surgical approach it is important to consider the relationship and the tumor infiltra-
tion of the vessels which must be investigated previously with angiography or
angioCT. If there is arterial or venous encasement, the main vessels must be prepared
upstream and downstream of the lesion both to control bleeding and to proceed with a
vascular bypass if the vessel cannot be sacrificed. Once more, every effort is made to
obtain a complete removal of the mass and radicality as much as possible. Unfortu-
nately, experience has demonstrated that when a malignant lesion presents these
characteristics, despite excellent surgical treatment, the prognosis is in any case poor;
the only result is a prolongation of survival. On the other hand, surgery currently
appears to be the only valid treatment available in the case of MPNST; conventional
radiotherapy, hadron therapy (proton beam seems to be more effective) and chemo-
therapy treatments have very poor results in slowing the progression of the disease
and have no curative chance. This underlines the importance of early diagnosis of
MPNST, to detect the disease as long as it appears surgically removable in a radical
way [61, 70, 71]. Individuals with NF1 appear to be the population at greatest risk for
this pathology. The attending physicians and specialists who treat such patients with

Figure 11.
Sciatic MPNST removed with sacrifice of the nerve.
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NF1 must be vigilant and pay attention to signs and symptoms that may herald the
onset of this pathology for a prompt diagnosis.

3.5 Reconstructive technique

In the event of a destructive surgery such as required by MPNSTs or in the
unfortunate exceptions of neurological deficits following the removal of neurofi-
bromas and neurinomas, the surgeon must be able to schedule reconstructive or
secondary surgery to guarantee the patient the best possible quality of life. Patients
with NF1 present specific problems as it is not always easy to respect one of the basic
concepts of nerve surgery, that the sutured nerves must be completely healthy; an
anatomical classical repair would involve suturing nerve stumps that are not
completely tumor-free.

Therefore, the first choice in these injuries, if technically possible, is palliative
surgery. This consists in surgical muscle transfer techniques which act by modifying
the insertions and levers of the muscles spared from injury. The new tendon insertions
change their effect and restore lost functions. Examples of such techniques are the
posterior tibialis muscle transfer in case of foot drop due to common peroneal nerve
palsy or the triple transfer according to Merle d’Aubignè to restore wrist and finger
dorsiflexion in the event of a radial nerve injury [72]. These techniques also have the
advantage of giving an almost immediate result as they do not need to wait for the
natural regrowth of the nerve. In very extensive lesions such as in cases of MPNST of
the brachial or lumbosacral plexus, it may be necessary to apply reconstructive tech-
niques following the same principles as in traumatic nerve or plexus injuries [72]. In
fact, when possible, nerve transfers are an even better alternative to muscle transfers,
since they ensure a natural reinnervation of the lost muscles. First-choice techniques
are the direct reinnervations of distally sectioned nerves; They do not require grafts
nor nerve sutures in surgical site where radiotherapy will or could be performed. For
example, in complete injuries of the brachial plexus, multiple extraplexual
reinnervation can be used, such as an accessory-suprascapular nerve for the shoulder
and intercostal to muscolocutaneous nerve to recover the bicipital function [73]. The
site of repair is so completely outside the region to be irradiated and a good chance of
nerve repair is assured.

4. Illustrative cases

4.1 Case 1

An 18-year-old woman with NF1 due to a de novo variant was referred to our
department after a 6 month of sharp right arm pain, right brachial plexus palsy and a
rapidly growing bulky supraclavicular mass. On physical examination, the patient
presented an initial tetraparesis and the MRI of the right brachial plexus showed a
voluminous supraclavicular and infraclavicular mass lesion involving the entire
brachial plexus, with encasement of the subclavian artery and vein and intracanal
extension at the level of C7 with radiological signs of cervical myelopathy (Figures 12
and 13). The investigations clearly suggested a diagnosis of MPNST. Staging
performed showed no further localization of disease. After an angio-CT study of the
vessels, the patient underwent surgery to remove the mass in two stages. In the first
stage, the patient underwent right C4-T1 hemilaminectomy with the aid of sensory
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and motor evoked potential monitoring and removal of the intracanal component of
the lesion. The posterior roots of C7 from which the tumor originated were
highlighted (Figure 14); they were isolated and detached from the spinal cord and the
intracanal component was completely removed (Figure 15). Dural plasty and closure
of the dura of the C7 foramen was performed. The second approach consisted of a
large anterior exposure with removal of the right half of the sternal manubrium and
2/3 of the clavicle without disarticulating the sternoclavicular joint; the subclavian
vessels have been exposed up to their origin from the anonymous trunks (Figure 16).
The tumor was isolated by sectioning the roots at the entrance and the nerves at the
exit; the vessels were freed from the neoplasm and their walls did not appear to be
infiltrated, therefore bypass was not performed. At the end of the procedure, the
removal appeared macroscopically complete. In the same session, an accessory
suprascapular reinnervation was performed with a view to a future reconstruction as

Figure 12.
MR imaging of a right brachial plexus MPNST.

Figure 13.
MR imaging of a right brachial plexus MPNST.
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the suture would have been outside the radiotherapy treatment field. Subsequently, in
case of a good survival, reinnervation of the musculocutaneous would have been
planned with intercostals and a gracilis free flap to recover some function of the hand.
The patient was referred for radiotherapy treatment on the surgical focus. Unfortu-
nately, 8 months after surgery, a dissemination of disease was observed in the
intradural spinal area: no further surgical options were possible, and the patient was
referred for oncological treatment.

4.2 Case 2

A 14-year-old girl with NF1 was referred to our department for evaluation of a
rapidly growing mass in a previously known plexiform neurofibroma of the femoral
region of the right leg. The patient did not present any pain or neurological deficit but
the rapid evolution of the lesion and its MR appearance gave evidence for a possible
malignant evolution (Figures 17 and 18). Surgical removal was planned. The removal
of the mass was radical with the possibility of preserving most of the fibers of the
femoral nerve (Figure 19); the patient did not present any neurological deficit.

Figure 14.
C7 root with MPNST infiltration.

Figure 15.
Removal of intradural extension of MPNST.
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Histological examination indicated an atypical neurofibroma with foci of malignancy.
After the surgical procedure, the patient with a follow-up of more than 5 years did not
present any disease recurrence.

Figure 16.
Anterior approach with exposition of subclavian vessels encased in the MPNST.

Figure 17.
MR appearance of a low grade MPNST of right femoral nerve.
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5. Conclusion

The treatment of peripheral nerve tumors in patients with NF1 appears complex
when these lesions develop in the main nerve trunks and the plexuses; nevertheless,
there are some general principles to respect:

Surgery is not definitively curative; therefore, it must be limited to severely
symptomatic lesions or when a possible malignant evolution is dreaded.

Neurinomas are generally removable without damage and radically; however, it is
advisable to pay attention to the predominantly cystic forms, whose total removal can
often be achieved at the expense of a nerve lesion.

In the case of PNs, despite the present indication that medical therapy is only when
a mass is declared inoperable, we think that apart from cases where malignancy is

Figure 18.
MR appearance of a low grade MPNST of right femoral nerve.

Figure 19.
Low grade MPNST of the femoral nerve; intraoperative image.
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suspected or an immediate result is expected (such as spinal cord compression),
surgery must stay in a second plane.

It is necessary to evaluate and limit the removal of the PNs not to worsen the
patient’s condition with post-surgical neurological deficits.

Any lesion rapidly growing, severely painful, and that causes neurological deficits
should be considered suspicious for MPNST until proven otherwise.

All patients with NF1 should undergo periodic check-ups to detect lesions with
potential malignant evolution in a very early phase and treat them promptly.

For all the above considerations, the patient affected by NF1 needs to be followed
and treated by a highly specialized multidisciplinary team that can offer all the treat-
ments and therapies available at the state-of-the-art.

6. Future directions and developments in NF1-PN research

6.1 Extracellular matrix and tumor development: a new therapeutic scenario

NF1 is caused by a pathogenic variant in the NF1 tumor suppressor gene, which is
located at chromosome 17q11.2.5 In 90% of the cases, the mutation leads to a loss of
function of the NF1 gene product neurofibromin type I (Nf1, comprising 2818 resi-
dues, UniProt: P21359–2) [74]. This giant protein (320 kDa) is a GTPase-activating
protein promoting the conversion of active guanosine triphosphate (GTP)-bound RAS
to its inactive guanosine diphosphate (GDP)-bound conformation [8]. Unexpected
layers of regulation for biological regulation Nf1 have been opened by recent studies
on cryo-Electron microscopy (cryo-EM). Nf1 works as a dimeric architecture resting
in an equilibrium between open and close conformational states (including an auto-
inhibited closed conformation [75]. The structure derives from a dynamic interaction
of known Nf1 domains as the GAP-related domain (GRD), the phosphatidylinositol-
transfer protein Sec14p-homologous domain, and the Pleckstrin-homology domain
module, together referred to as Sec14-PH domain. The GRD carries out Ras GAP
activity and interacts via its GAP-extra domain (GAPex) with SPRED proteins [76].
Remarkably, genetic variants within these regions have been linked to NF1 or Legius
syndromes, proposing the importance of all domains for neurofibromin function [77].

The GRD is locked down into a crevice formed by the alpha-helical repeat scaffold
by an interprotomer interaction. The GAPex domain is formed by residues flanking
the GAP core. Strikingly, in this position, the GRD-binding site for Ras is occluded by
the surrounding CDM, suggesting that the observed neurofibromin conformation
does not represent its active state.

Moreover, Nf1 can directly bind glycerophospholipids and phosphoinositide lipids
on the plasma membrane through the Sec14-PH domain and the C-terminal Sprouty
domain of SPRED proteins [78, 79]. These data account for functional interaction with
the signaling platforms active in cell homeostasis composed of multiple molecules
such as tyrosine kinase receptors and their downstream effectors; likewise, they
suggest new potential Nf1 plasma membrane targets on the membrane as Src,
integrin/Fak complexes.

Haploinsufficiency for Nf1 causes growth factor-dependent hyperactivation of Ras
(11), which further increases when loss of heterozygosis (LOH) of NF1 occurs [3].
LOH is considered the primary process behind neurofibromas onset due to the acti-
vation of several signaling axes downstream Ras as Raf /ERK, PI3K/AKT, and mTOR
in Schwann cells. In addition to its role in the negative regulation of Ras,
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neurofibromin is a positive regulator of adenylyl cyclase, the enzyme responsible for
the generation of intracellular cyclic AMP (cAMP) [4, 80, 81]. This knowledge leads
to pharmacologically targeting these upstream and downstream effectors such as
growth factor receptors [82, 83] mTOR [30, 84], and MAP Kinase MEK [10]. MEK
inhibitors-based treatment is the most successful treatment. Among MEK inhibitors,
selumetinib has been recently approved for PNST treatment by the Food and Drug
Administration [10, 33]. The partial therapeutic response of MEK inhibitors has been
ascribed to the multifaced nature of tumor biology.

As learned from other tumor models, Ras hyperactivation is insufficient per se to
promote neoplastic growth and progression: it requires a second hit to promote neo-
plastic growth. According to the advances in other tumors, cooperation of Ras signal-
ing with biochemical and biophysical signals provided by a heterozygous niche
(NF1+/-) [4] induces neoplastic transformation of a cell [85]. Accordingly, growing
literature states that increasing matrix stiffness generated in abnormal tissues as
fibrotic tissues functionally contribute to tumor progression and dissemination
through profound modification of the tumor cell genome landscape [85, 86]. Indeed,
the main feature of neurofibroma is a potent extracellular matrix (ECM) structure due
to the massive deposition of insoluble and soluble proteins by abnormally activated
fibroblasts; nevertheless, its role in tumor progression is still poorly defined. Recently,
Errico et al. explored whether Ras signaling could be potentiated by ECM-mediated
inward signaling. They demonstrated that Focal adhesion Kinase is a crucial enzyme
able to integrate and potentiate both ECM-dependent of inward signaling and the
Ras/Raf/Erk and PI3K downstream signaling, thus creating a potent tumorigenic axis.
Remarkably, combinatorial treatment with the FAK inhibitor defactinib (VS-6063)
and selumetinib (AZD6244) selectively suppressed the colony growth of Schwann
cells. These data pave the way for a new therapeutic route based on disrupting the
ECM-sensing machinery [18]. PNs appear with a serpentine pattern with multiple
patchy nodules with thick collagen fibers [87]. In pancreatic ductal adenocarcinoma
(PDAC), these fibers, typical of fibrotic tissues, have been shown to potently induce
both FAK and RAS family GTP hydrolases (RHO GTPases) activity influencing the
genome landscape of the cancer cells.

In general, an abnormal, stiff matrix is generated by active fibroblasts or Fibrosis
Associated Fibroblasts (FAF) or myofibroblasts, robustly secreting many of the con-
stituents of the ECM and basement membranes— such as type I, type III, and type IV
and type V collagens, laminins and fibronectin and growth factors. Indeed, activated
fibroblasts were first described in the setting of wound healing and were recognized
predominantly by their ability to form a scar and later to be critical cells in the chronic
tissue wound healing response, also known as tissue fibrosis.

In neurofibromas, many myofibroblasts in the stroma implicate their essential
role in fibrosis development. However, both the cellular type from which they
originate and the local biological process sustaining their transition are still
under debate [88]. Parrinello et al. in 2008 have launched the idea that neurofibroma
begins from a wound healing process initiated by Nf1 loss sufficient per se to
affect axon/Schwann cells association and trigger a nerve repair process through
Schwann cell dedifferentiation, immuno-cells recruitment, and resident fibroblasts
activation [89].

Several pieces of evidence corroborate the hypothesis that neurofibroma resembles
a wounded nerve that never heals, although they do not explain the neoplastic
progression of Schwann cells: a common feature possessed by Schwann cells and
many other cells is the injury-induced activation of genes associated with
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epithelial–mesenchymal transitions and stemness (see below), differentiation states
that are linked to cellular plasticity and that help injury-induced tissue remodeling.
PN’s Schwann cells coexist in distinct subpopulations of Schwann cells at various
differentiation states and remarkable plasticity [90]; Nerve repair depends on myelin
dedifferentiation but also on the activation of transcriptional mechanisms that were
not necessarily involved in Schwann cell development; two transcriptional controls, c-
Jun and chromatin modifications involving H3K27 demethylation, H3K27
deacetylation, and H3K4 methylation, were found to be essential for the normal
execution of the Schwann cell injury response. The H3K27 demethylation correlates to
tumor progression towards malignancy, since is considered a suitable marker in
Atypical Neurofibromatous Neoplasm with Uncertain Biological Potential (ANNUBP)
[14]; Choi et al. found that the gene expression profiles of neurofibroma from genet-
ically engineered mouse (Nf1flox/flox; DhhCre, [91]) and rat sciatic nerve, following
crush injury were similar [92]; this mouse model, generated neurofibromas with wild
type niche, enriched by macrophages; macrophages are critical determinants in
Schwann cell reprogramming towards mesenchymal state during peripheral nerve
regeneration. However, the macrophage population is poorly represented in human
plexiform neurofibromas and scarcely investigated in other mouse models of PN
(Nf1flox/flox; Krox20-Cre, [93] Nf1flox/flox; PlpCre [94]; these inflammatory cells,
in malignant evolution of PN, the MPNSTs, are significantly characterized suggesting
that they do not appear to be necessary for tumorigenesis, but likely contribute to
aspects of plexiform neurofibroma progression [95]. By contrast, Nf1-
haploinsufficient mast cells are abundantly recruited by stem cell factors (SCFs)
secreted by Schwann cells that lack neurofibromin (Nf1�/�). Moreover, compared
with normal mast cells, SCF-stimulated heterozygous mast cells (Nf1+/�) secreted
2.5-fold more transforming growth factor beta (TGF-β) [96]. Thus, the direct coop-
eration of Schwann cells and myofibroblasts generates a continuous mast cell recruit-
ment in the neurofibroma that may explain the onset and maintenance of a chronic
inflammation disrupting homeostatic regulation of the wound healing (Figure 20).

A self-renewing loop is triggered, since mast cell-derived TGFβ promotes
epithelial-mesenchymal transition (EMT)-like changes in fibroblasts and other cell
type as pericytes or endothelial cells, that trans-differentiates into highly secreting
TGFβ myofibroblasts. TGFβ is a master EMT regulator and wound healing regulator
and has been previously linked to peripheral nervous system (PNS) regeneration and
wound healing and fibrosis [97]. Schwann cells from PNs consistently harbor phos-
phorylated Smad3 (p-Smad3), active PI3K, and protein kinases (MAPK), the canoni-
cal downstream effectors of the TGFβ pathway. In this view, the paracrine feedback
loop of Schwann cell-myofibroblasts-mast cell leads to tumor formation due to the
combination of Ras hyperactivity and potent secretion of growth factors in a fibrotic
milieu. Similarly, in PDAC, TGFβ is a direct modulator of cancer-Schwann cell inter-
actions. Indeed, Schwann cells, chemoattracted by myofibroblasts, are found to
directly enhance the aggressiveness of pancreatic cancer cells by secreting TGFβ
through SMAD activation; high levels of TGFβ signaling activation positively corre-
lated with perineural invasion by cancer cells suggesting that TGFβ is an essential
supporter of both fibrosis and transforming potential [98]. Imatinib, designed to block
tyrosine phosphorylation of Smad4 and restores TGF-β growth-suppressive signaling
in BCR-ABL1-positive leukemia, has been tested in a phase 2 clinical trial in a patient
with inoperable PNs, given its ability to inhibit also tyrosine activity of Kit and PDGF-
β receptors. The main trial outcome was tumor shrinkage. The authors observed in a
significant subgroup of patients around 20% of tumor reduction, in a subset of
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pre-existing PNs. These results suggest that TGF-β inhibitors against SMAD- and
non-SMAD downstream signaling must represent an alternative or combinatorial
therapeutic solution to MEK inhibitors to achieve therapeutic success [99].
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Chapter 5

Surgical and Combined Tactic for 
Multi-Level Spinal Cord Tumor 
Compression in Patients with 
Neurofibromatosis
Vasiliy Korolishin and Yuri M. Poluektov

Abstract

Due to Evans et al. investigation, it is known that 26% of patients with NF II type 
involve spinal cord or nervous tissue tumors in the spinal column area. Although so 
many patients with NF have spinal tumors, not everyone has the potential to the  
neurological progressive symptoms due to spinal cord compression and not always 
tumors lead to invalidation of patients with neurofibromatosis. Unfortunately, a lot 
of surgeons consider that tumors required surgery and very often decide to remove 
a maximum number of tumors. Neurofibromas has different structural and growth 
patterns. Most of them has a fusiform type of growing. Sometimes surgeon needs 
to remove tumor with incoming nerve root with the risk of neurological deficit, or 
to perform intralesional debulking of soft tumor component, which occasionally 
leads to continued tumor growth. Furthermore, the decision and the sequence of the 
tumors removal rely on the leading cause of patient deficits. First of all symptomatic 
intracranial tumors should be removed, then intradural lesions. Certainly, patients 
with symptomatic spinal tumor need individual approach to the neurofibromatosis 
aspect. Decision-making needs to be accepted by neuroradiologist, neurologist, and 
neurosurgeon by looking at all sides of CNS imaging. So, it is important to make an 
algorithm for all doctors who try to treat patients with neurofibromatosis.

Keywords: neurofibroma, schwannoma, spinal cord tumor, neurofibromatosis, 
multiple spinal tumors

1. Introduction

Accordingly, our experience and literature date, there are a lot of patients with 
neurofibromatosis in the population, who need surgeon attention. Treatment of these 
patients’ categories required very special access.

This chapter is devoted to important aspects of the diagnosis and treatment of patients 
with severe symptoms of neurofibromatosis. A small percentage of these patients suffer 
from manifestations of neurofibromatosis associated with the growth of tumors along 
the spinal cord. Often tumors compress the spinal cord or only threaten to compress the 
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spinal cord. In both cases, it is necessary to differentiate the risks of treatment and the 
threat of a tumor, then offer the patient a solution that will be as effective as it is safe.

2. Neurofibromatosis type 1

2.1 Epidemiology, genetics, characteristics

The prevalence of neurofibromatosis type 1 (NF1) varies depending on population 
density and the level of the country’s medical service development and is approxi-
mately 1 case per 3000 people [1].

NF1 is characterized by an autosomal dominant inheritance pattern. Key muta-
tions in the NF1 gene affect the regulation of neurofibromin, which is structurally 
similar to negative regulators of the RAS proto-oncogene pathway. Thus, dysfunction 
of neurofibromin leads to hyperactivation of the RAS cascade, leading to uncon-
trolled cell growth mediated through [2].

The defining features of the disease include multiple neurofibromas and peripheral 
nerve tumors that affect the cranial and peripheral nerves, causing the compression of the 
spinal cord. In addition, chiasmatic gliomas are common in the pediatric population (up 
to 20% of all patients with confirmed neurofibromatosis) [3], gliomas of the brainstem, 
and spinal cord. Among adult patients with NF1, low-grade gliomas are widespread, 
and the overall risk of developing malignancies is 10–50 times higher than in the general 
population. The most common intramedullary tumor in NF1 is astrocytoma [4, 5].

NF 1, most frequently, manifests with dermatological symptoms, which include 
café-au-lait spots and cutaneous neurofibromas. Large studies focused on the fre-
quency of the disease manifestation with various signs have not been conducted.

Thus, the true prevalence of the simultaneous occurrence of tumors of the CNS 
(central nervous system) and PNS (peripheral nervous system) was not carried out. 
Also, the incidence of multilevel CNS and PNS lesions in the general population of 
patients with NF1 has not been evaluated. However, our experience and the experience 
of a number of researchers suggest that multilevel lesions of the spinal cord occur most 
often, while one or several tumors can be symptomatic at the same time [6].

The overall cumulative risk of malignancy in patients with NF1 is up to 40% by the 
age of 50. That is, 2–5 times higher than in the general population. The risk of CNS 
malignant tumors developing is 40% higher, and the risk of developing MPNST is 
1000 times higher [1].

2.2 Diagnostics

The manifestations of the disease can be very heterogeneous and depend on the 
age of the patient. The first symptoms that can be identified after birth are a cafe-au-
lait spot on the skin, dysplasia of the long bones and orbital region, development of 
plexiform neurofibromas. Then, in early childhood, patients have an increased risk of 
developing chiasma and optic nerve gliomas, ADHD (Attention deficit hyperactivity 
disorder), and disorders associated with delayed psychoemotional development. In 
adolescence, the disease is often manifested by musculoskeletal deformities (including 
scoliosis), dermal and paraspinal neurofibromas, and brainstem gliomas. Monitoring 
of these patients should be systemic and aimed at early detection and regular control of 
the tumor growth of critical localization (threatening the life and health of patients). 
Regular checkups allow to detect MPNST and high-grade gliomas at an early stage [1].
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Patients suspected of having NF needs regular monitoring, depending on the 
symptoms and growth rate of the lesions, these patients are suggested to undergo a full 
body MRI once a year/5 years, or a CNS MRI with contrast followed by monitoring for 
2 years every 4 months and then 1 once a year up to 5 years (in case of CNS tumors).

2.3 Genetic testing

We recommend genetic testing to be performed at any age in individuals who meet 
the NF criteria. In addition, patients with an unusual NF1 phenotype, such as multilevel 
extramedullary tumors, should be tested (even in the absence of large NF1 criteria).

The global diagnostic algorithm implies observation by different specialists from 
birth (dermatologist, ophthalmologist, neurologist, psychiatrist), and the approach 
to neuroimaging and other examinations is determined by the manifestation of the 
disease in each case.

2.4 Imaging

It is believed that more than 50% of patients with NF1 have tumors of the internal 
organs, and therefore panMRI may be the method of choice after the symptoms 
manifestation. To detect intracranial or spinal lesions, it is recommended to perform 
MRI (1.5 T and higher) with i.v. contrasting. We recommend the MRI of entire 
neuroaxis regardless of the expected level of tumor location.

Full-body CT and full-spine X-ray in two projections can be recommended for 
progressive musculoskeletal deformity for orthopedic correction planning.

PET with FDG cannot be recommended as a screening method, however, when 
MPNST is suspected, it is the optimal method of investigation. In addition, PET can 
be used to determine the source of biopsy material in the case of progressive multiple 
tumor growth.

3. Neurofibromatosis type 2

3.1 Epidemiology, genetics, characteristics

For neurofibromatosis type 2 (NF2), the prevalence does not exceed 1 in 300,000 
people. NF2 also has an autosomal dominant inheritance pattern and is caused by a 
mutation in the NF2 gene. This gene encodes a 595-amino acid protein called merlin or 
SCH, most similar to the exrin-readixin-moesin protein system, these are membrane-
cytoskeleton scaffold proteins (i.e., linking actin filaments to the cell membrane or 
membrane glycoproteins) that act as critical regulators of contact-dependent prolifera-
tion inhibition and maintain the normal organization of the cytoskeleton by modulat-
ing cell motility, attachment, remodeling, and proliferation, thus regulating cell growth 
and development (tumor-suppressing function). Merlin regulates proliferation by 
acting through several cascades that include Ras GAP/Raf proteins (which regulate the 
MEK/ERK pathway) and PI3K/AKT proteins (which regulate the mTOR pathway) [7].

3.2 Diagnostics

NF2 is characterized by the development of vestibular schwannomas (VS); 
schwannoma of other cranial, spinal, and cutaneous nerves; intracranial and spinal 
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meningiomas and/or other tumors of the central nervous system (eg ependymoma 
and astrocytoma). The most common intramedullary tumor is ependymoma.

Multilevel and multiple lesions are a hallmark of NF2 (MISME syndrome 
(Multiple Inherited Schwannomas, Meningiomas, and Ependymomas)). Multiple 
meningiomas are the second most important diagnostic criterion and occur in 
approximately 50% of cases [8].

3.3 Genetic testing

We recommend that genetic testing be performed at any age in individuals who 
meet the criteria for neurofibromatosis. In addition, patients with an unusual NF2 
phenotype, such as multilevel extramedullary tumors and or extended intramedullary 
tumors, should be tested [9].

Otherwise, the diagnostic algorithm is indistinguishable from that for NF1. One of 
the main challenges for the management of such patients is the preservation of hearing 
in progressive bilateral vestibular schwannomas. The use of PET-CT as a diagnostic 
method fades into the background and can be used as part of preoperative planning for 
the removal or biopsy of CNS tumors. MPNST is uncharacteristic of NF2.

4.  Treatment regimen for symptomatic spinal tumors in patients with 
neurofibromatosis

Extramedullary tumors often cause a decrease in the quality of life and cause disability 
for patients with neurofibromatosis. Dysfunction of the pelvic organs and impaired tissue 
trophism indirectly associated with tumors along the spinal cord can lead to life-threaten-
ing situations. Therefore, treatment must be timely. When meeting patients with NF, the 
clinician is faced with the problem of identifying the main and concomitant symptoms.

Treatment options include methods of local and systemic treatment of patients 
with NF. Local treatment includes surgery and radiation therapy. In recent years, drug 
therapy has shown significant efficacy against certain types of tumors.

The need for surgical treatment usually arises when growing tumors cause clinical 
symptoms. The most common is pain syndrome. If the tumor grows into the interver-
tebral foramen, along the nerve root, the pain is caused by stretching of the sensitive 
fascicle and has a burning and shooting pattern along the entire innervated derma-
tome, which increases with a change in body position. Local pain is usually associated 
with local tumor growth due to the involvement of the meninges of the spinal cord. 
At the stage when the tumor compresses the spinal cord, a syndrome of conduction 
disturbance is followed by paresis and dysfunction of the pelvic organs.

The priority clinical task is to determine the level of damage to the nervous system. 
So the removal of tumors nerve sheath tumor can significantly disrupt the function of 
nerve structures due to possible damage to the nerves adjacent to the tumor, which are 
the source of tumor growth.

In our opinion, an erroneous tactic is the removal of all detected neurofibromas 
and the attempt of the most radical resection of tumors leads to an aggravation of the 
neurological deficit and worsens the survival prognosis of patients with neurofibro-
matosis. Only tumors that threaten the patient’s life or lead to an irreparable loss of 
function (paresis, dysfunction of the pelvic organs) are subject to removal.

Neurofibromatosis is a pathology that reduces the patient’s quality of life through-
out life, so surgical treatment, no matter how necessary it would seem, should not be 
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risky for the patient’s life or health. That is, the operation should not carry more risks 
than the disease itself.

This principle is dominant in choosing the optimal method of treating patients 
with neurofibromatosis and, in our opinion, is the only true one.

4.1 Extramedullary tumors

4.1.1 Neurofibroma

Neurofibromas are more common in patients with phacomatosis. According to our 
observations, neurofibroma is the most common cause of pain and more often leads 
to dysfunction of nerve structures in patients with NF.

Neurofibroma can be located symmetrically or asymmetrically in the area of the 
spinal canal or with an offset towards the intervertebral foramen and can be large. Often, 
neurofibroma has a confluent type of growth, namely, in the area of one localization 
there may be several nerves affected by neurofibroma, connected in the plexus area, each 
of which individually is a source of tumor growth and together they represent a large 
conglomerate of tumor tissue. Figure 1 presents the patient with severe spinal cord com-
pression by a dumbbell nervous tumor on the cervical level. In neurofibromatosis, both 
the first and second types, the phenomenon of widespread growth of neurofibromas is 
noted. However, this type of growth is more characteristic of the first type. Men are more 
likely to get sick, the tumor is more often located intradurally or intra- extradurally and 
grows like an hourglass. Relatively more common at the level of the cervical region.

Surgical treatment is the most optimal tactic since tumor resection is more effec-
tive in terms of local control compared to radiation therapy and intratumoral total 
resection with preservation of the tumor capsule. More often than in other depart-
ments, neurofibromas are detected at the level of the cervical spine and are associated 
with a higher number of relapses due to the frequent absence of clear boundaries and, 
therefore, the impossibility of total removal.

Surgical treatment should be safe for the patient, that is, focus on solving the main 
problem: reducing symptoms or preventing symptoms while maintaining the quality 
of life. Surgical approaches should be adequate to the size of the pathological forma-
tion. Our experience allows us to recommend a minimally invasive method for remov-
ing an intradural tumor or tumors at different levels. To create the surgeon’s comfort 

Figure 1. 
Contrast-enhanced MRI of the cervical spine of a patient with an intra-extradural dumbbell tumor that compresses 
the spinal cord and extends extravertebral, adjacent to the vertebral and carotid arteries. (a) Sagittal view (T2W + 
contrast enhancement); (b) coronal view (T1W) and (c) axial view (T2W + contrast enhancement).
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and reduce the risks of surgical trauma to adjacent nerve structures, the method is 
used to remove tumors of no more than 2 segments located laterally or centrally-later-
ally. If the tumor is located bilaterally or circularly relative to the spinal cord, it is desir-
able to use the posterior median approach with laminectomy. Laminectomy should 
be carried out taking into account the prevention of postoperative tissue edema. For 
minimally invasive surgical approaches, tube and telescopic retractors are used to view 
the bottom of the wound and dilate soft tissues. Analysis of the results of large series of 
operations suggests that operations are performed faster and with a lower risk of post-
operative complications such as postoperative CSF leaking, intermuscular hematoma, 
soft tissue suture failure, superficial infection, or soft tissue infection. In addition, due 
to the absence of the need to skeletonize a large surface of the spine, the incision area 
hurts less, and the speed of the operation increases. So, the operation time is reduced 
from 40 minutes to 60 minutes according to various sources.

4.1.2 Schwannoma

Spinal schwannoma in neurofibromatosis is somewhat more common than in the 
general population, but the true prevalence remains unknown. In the general popula-
tion, the overall incidence rate is 0.24 (95% CI 0.23–0.24) per 100,000 people. The 
highest prevalence of this pathology occurs at the age of 65–74 years, however, with 
neurofibromatosis, the life expectancy of patients is much lower, and therefore, it 
can be assumed that a large percentage of patients in the early age groups belong to 
patients with neurofibromatosis [10].

Schwannomas tend to grow intradurally and asymmetrically. Tumors grow slowly 
and rarely cause clinical symptoms until the size of the tumor is more than a quarter 
of the diameter of the spinal canal. Patients most often complain of local pain and 
pain in the extremity associated with a change in body position (Figure 2). If you do 
not conduct an examination and do not follow the path of local treatment, the patient 
feels weakness in the legs/arms within a year from the onset of symptoms, depending 
on the localization. Surgical treatment aims to reduce clinical symptoms and reduce 
the risk of tumor re-growth. In the event that the tumor is large, the method of choice 
will be intratumoral resection with the division of the tumor into separate fragments, 
followed by its removal without residue. Tumors that are localized in the region of the 
spinal canal from the craniovertebral junction to the sacrum become symptomatic 
when the spinal cord or nerve root is compressed.

Figure 2. 
MRI of the cervical spine with contrast enhancement in the sagittal projection: Dorsolateral intra-extradural tumor 
(schwannoma) with severe spinal compression (a). Patient appearance (b). CT 3D of patient cervical spine (c).



91

Surgical and Combined Tactic for Multi-Level Spinal Cord Tumor Compression in Patients…
DOI: http://dx.doi.org/10.5772/intechopen.1001292

Sridhar et al. proposed a universal classification scheme for spinal schwannomas. 
It can be used to unify the approach to tumor classification and optimize surgical 
approaches (Table 1) [11].

Total surgical removal with or without nerve root preservation is the gold standard 
of surgical treatment. Another treatment option for patients with small asymptomatic 
neoplasms is radiosurgery (CyberKnife) [12].

The risk of recurrence in surgical treatment is extremely small and does not exceed 
6%. The main risk factor for local recurrence is Subtotal resection of the tumor, high 
risk of proliferative activity, and malignant histology of the tumor. Radiotherapy is a 
promising treatment for disease recurrence [13].

4.1.3 Meningiomas

Meningiomas occur in about half of patients with type II NF and often occur in 
multiple regions of the spine. In the study, it was found that cranial meningiomas 
correlate with mortality in patients with this disease (the risk of death is 2.5 times 
higher than in patients without intracranial meningiomas. Similar studies have not 
been conducted in patients with spinal meningiomas [14].

For type I NF, meningioma is not a common pathology, but multiple CNS lesions 
may occur [15].

The optimal method for diagnosing meningiomas is MRI with IV contrast. 
Without contrast, meningiomas are visible on T2WI. Calcifications are usually seen 
on MRI as areas of void. Occasionally tumors may be isointense on T1WI and T2WI.

An additional diagnostic method is CT. The tumor is visualized as a homogeneous, 
hyperintense mass with a wide attachment to the dura. On non-contrast series, it has a 
density of 60-70H. In addition, CT allows you to see calcifications, which allows you to 
make a more accurate diagnosis and simplifies intraoperative marking. For cranial menin-
giomas, CT angiography is an important study, as it provides comprehensive information 
about the tumor blood supply. In spinal surgery, this method is used extremely rarely.

5. Classification

The histological classifications of meningiomas can be found in more detail in 
the corresponding guidelines. When planning surgical treatment, the localization of 

Type Classification

Ia Intraspinal, intradural tumor of <2 vertebral segments in length

Ib Intraspinal, extradural tumor of <2 vertebral segments in length

II Intraspinal tumor of >2 vertebral segments in length (giant tumor)

III Intraspinal tumor with extension into nerve root foramen

IVa Intraspinal tumor with extraspinal extension (dumbbell tumors) < 2.5 cm

IVb Intraspinal tumor with extraspinal extension (dumbbell tumors) > 2.5 cm (giant tumor)

V Tumor with erosion into the vertebral bodies, lateral and posterior extensions into myofascial 
planes (giant invasive tumor)

Table 1. 
Classification of benign nerve sheath tumors [11].
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meningioma relative to the spinal cord is of great importance, so they can be divided 
into several main localizations:

• Dorsal

• Ventral

• Lateral

• Ventrolateral

• Dorsolateral

In percentage terms, the incidence of meningiomas of various localizations very 
much depended on the specific sample, but most often tumors were found in the 
thoracic spine, less often in the cervical, and extremely rarely in the lumbar [16]. 
Menigiomas are often associated with other tumors. Currently, local treatment is the 
most optimal tactic.

6. Treatment

Most meningiomas are slow-growing benign tumors. With cranial asymptomatic 
formations of small size, you can choose expectant tactics, however, when it comes to 
multilevel lesions, it is necessary to immediately begin treatment. The effectiveness of 
irradiation for the treatment of benign neoplasms is still unproven, however, we sug-
gest that in the presence of one or more small meningiomas that do not cause neuro-
logical symptoms (accidental findings), radiosurgical treatment can be performed.

Surgery remains the gold standard for the treatment of meningiomas. Removal 
of a meningioma should begin with the separation of the tumor matrix from the site 
of attachment, trying to preserve the tumor capsule, which is partially formed by the 
arachnoid membrane, as much as possible. The tumor matrix is usually vascularized. 
The tactics of removal depend on the localization of the tumor matrix. Dorsal and 
dorsolateral meningiomas. You should know that immediately under the dura mater 
is the tumor matrix. Therefore, the incision of the membranes must be carried out 
with extreme caution, starting with the outer layer of the dura mater. Removal of the 
neoplasm in a single block with such localization is not always possible. In some cases, 
to achieve radicality, it becomes necessary to excise part of the membranes along with 
the tumor. Especially in the case of germination of meningioma of the outer leaf of 
the dura mater.

6.1 Ventrolateral and lateral meningioma

The matrix, as a rule, is located in the root funnel zone. Often, the posterior roots 
of the spinal cord are, stretched on the surface of the spinal cord, and in most cases, it 
is possible to dislocate the tumor without damaging them. If the posterior root inter-
feres with the removal of the tumor, it can be cut so as not to expose the spinal cord to 
unnecessary trauma. After the complete separation of the matrix from the inner layer 
of the DM, the tumor can be removed en bloc. This reduces the likelihood of tumor 
cells spreading along the CSF pathways.
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6.2 Ventral meningioma

Removal of a tumor of this localization can be carried out by slicing, using not 
only microsurgical instruments but also an ultrasonic aspirator. Reducing the volume 
of the tumor avoids unnecessary traction of the spinal cord during removal.

6.3 Meningiomas with petrificates

The petrification site is resected along with the inner leaf of the dura mater. If the 
removal of the petrified part of the DM is associated with spinal cord traction, the 
affected DM is not removed in favor of subsequent radiation therapy.

6.3.1 Examination and follow up

With total tumor resection, it is possible to conduct dynamic monitoring with 
contrast MRI at intervals of 3, 6, and 12 months during the first year, then every 
6 months for 2 years, then another 3 years with an interval of 12 months and every 
5 years during life. If continued growth is detected, radiation therapy in the amount 
of 50–55 Gy is recommended [17].

For subtotal resection, the first MRI is recommended after 1–1.5 months followed 
by radiotherapy (the role of prophylactic radiotherapy remains controversial due to 
the continuing risk of recurrence) [16–19].

7.  Intramedullary spinal cord tumors (IMSCT) associated with 
neurofibromatosis

Intramedullary tumors of the spinal cord are rare, mostly benign tumors, formed 
mainly from glial and ependymal cells, as well as cells of a different histological 
nature. Intramedullary tumors can lead to severe neurological deficits in the form of 
motor and sensory disorders, decrease, and loss of conduction function, which, in 
turn, leads to a significant decrease in the patient’s quality of life or death.

With NF I and type II, the risk of developing intramedullary tumors increases. For 
NF I type, astrocytomas are the most characteristic, while for NF II - epindymomas. 
It should be noted that intramedullary neoplasms are an extremely rare disease, its 
prevalence, according to various sources, does not exceed 0.3 per 100,000 popula-
tion. According to M. Lee, Kuschel et al., the incidence of NF in patients with OMI is 
about 2.5%–3.9% [20, 21]. Data analysis of patients with NF D. Samartzis, M. Baser, 
D. Evans - IMSCT (ependymoma, pilocytic astrocytoma) occurs in 19 and 2.5% of 
cases, respectively.

The true prevalence in the population requires further screening studies. The 
survival of patients with intramedullary tumors varies depending on the degree of 
their malignancy, the five-year survival of such patients ranges from 28 to 90%. 
Gliomas account for up to 80% of all intramedullary tumors, among them the most 
common are astrocytomas (60–70%) and ependymomas. (30–40)%. Astrocytomas 
have a higher incidence in children than in adults, while ependymomas are more 
common in adults than in children. The sex-age characteristic of prevalence depends 
on the sample [22]. In 2011, R. Scott et al. published information on the treatment 
of 55 patients with ependymomas in NF-2. It is known that the risk of developing 
intramedullary tumors is higher in NF, but reliable statistics are not available at the 
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moment. It is known that the risk of developing malignant neoplasms of the central 
nervous system directly correlates with the age of patients [1].

According to the available data, 20% of IMSCT cases lead to clinical manifesta-
tions and 13% have active growth without clinical symptoms. All this leads to the 
disability of patients. It is difficult to determine the degree of necessity and justifica-
tion for intervention, especially in patients without clinical manifestations.

The gold standard for the treatment of intramedullary tumors is microsurgical 
removal using neuromonitoring [23]. The first stage of the operation is surgical access 
to the dura mater (DM), which is opened linearly. Then, access to the tumor is made 
through the posterior median sulcus (if the tumor is localized in the thickness of 
intact tissues; in some cases, a part of the tumor is located on the surface of the spinal 
cord and is visualized immediately upon opening the DM). The tumor is removed 
using microsurgical instruments under an operating microscope and neurophysi-
ological monitoring. Tumor is removed within the morphologically unchanged brain 
tissue. The degree of surgical aggression is limited in the direction where the pro-
nounced decrease in motor-evoked potentials occurs.

Treatment regimen is defined by the sum of clinical and imaging data. 
Recommendations for treatment are given by a neurosurgeon, a neurologist, and a 
radiation therapist.

In our opinion, the participation of a neurologist is necessary, due to the fact that 
patients with neurofibromatosis always have competing symptoms. Clinically intact 
intramedullary tumors need local treatment only if there is evidence of continued 
tumor growth.

8. Astracytoma

Astrocytomas are predominantly benign intramedullary tumors characterized 
by bad delimitation from the healthy tissue of the spinal cord. Astrocytoma occurs 
most frequently in adult patients and is the second most common intramedullary 
tumor (30–35% of all spinal cord tumors and up to 60% in childhood; 0.5% of all 
CNS tumors. Tumors are more often located in the region of the thoracic spinal cord 
(67%), followed by the cervical region (30%) and lumbar thickening and cone (3%).

In childhood whole spinal cord can undergo tumor transformation. In adults, a 
total lesion spreading is extremely rare. In rare cases when we see an adult with total 
spinal cord involvement we can assume the long-term persistence of the pathology. 
Cervico- medullary location is common for children and young people either.

According to the literature, 70–80% of tumors have the first and second degrees 
of malignancy (grade I, II), that is includes a group of low-grade tumors, 15–25% 
are high-grade (Grade III), about 5% are tumors of the fourth degree of malignancy 
(glioblastoma) (Grade IV). Thus, 20–30% of tumors are classified as high-grade 
gliomas [22].

Almost 20% of these lesions are associated with the formation of syringomyelitic 
cysts. The main surgical challenge is to find the tumor’s “dissection plane” (the ability 
to separate the tumor from healthy tissue) for safe and radical removal. In patients 
with NF1, astrocytoma is most common in young men and rarely undergoes malig-
nant transformation.

Generally, astrocytomas are found accentrically during routine imaging. Early 
symptoms are usually mild, leading to long and ineffective treatment. On MRI, a 
cystic component and poor contrast uptake are the most typical signs. Tumors can be 
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visualized on T2W and T1-contrast series. The main imaging challenge is to differen-
tiate tumor with demyelination and myelopathy. CT can be helpful to exclude ossified 
thoracic herniations resulting in myelopathy. The most significant sign is thevisualisa-
tion of the “mass effect” on MRI series (spinal cord diameter in the axial projection is 
increased in comparison to the neighboring area).

8.1 Nuances of surgery

There is no unified algorithm for the treatment of intramedullary astrocytoma. 
Surgical treatment of astrocytoma in patients with neurofibromatosis is complicated. 
Till that time when the symptoms appear, it is possible to discuss alternative therapy 
versus surgery. But the manifestation of symptoms often associates with big size of 
the tumor. And if the tumor was indicated in that stage, the surgery is not avoidance. 
The main problem of astrocytoma surgery is the absence of a transition zone in the 
region of the growing place – total tumor removal is impossible. So, facts and litera-
ture data indicate that surgical treatment is not absolute and does not predict good 
results. In the rule, as the main method of astrocytoma surgery is maximal cytoreduc-
tion or debulking. This method is the most effective for quickly increasing symptom 
redaction. An intact tumor in a patient with neurofibromatosis requires only observa-
tion, but if the tumor grows, radiation therapy is necessary.

Usually, the posterior approach applies. The millstone of approach is myelotomy 
through the posterior median sulcus. Good results depend on the quality and safety 
of myelotomy. Although identification of the midline is a difficult goal, it is possible 
by more wide laminectomy and the development of a healthy spinal cord area. It 
makes sure accurate midline identification and dissection with save of all vessels. In 
that case, if the tumor tissue is unidentified from spinal cord tissue, astrocytoma, as a 
rule, has poorly defined borders, and soft tumor tissue debulked by ultrasonic aspira-
tor. This is the best method for reserving spaces inside the spinal cord creating. Some 
experts recommend debulking as treatment option if total tumor resection is associ-
ated with severe complications. It is desirable to leave a part of the tumor in order to 
avoid deterioration of the neurological status.

8.2 Examination and follow up

Contrast-enhanced MRI of the operation area is desirable to do within the first 
24 hours, after 2 months, 6 months, 9 months, and 12 months, then, if there are no 
signs of progression, it is possible to continue monitoring at intervals of 6 months.

9. Ependymoma

Ependymoma is the most spread intramedullary tumor in population. 
Ependymomas account for 60–70% of all spinal neuroepithelial tumors. The average 
age of the patients was 39 years; these tumors are found more often (about 60%) in 
men. Basically, intramedullary ependymoma grows from the cells of the central spinal 
cord canal and looks symmetrically along its walls. In 25–30% of patients, ependy-
momas may have asymmetric growth of varying severity and spread laterally in the 
spinal cord. Tumors that are large in diameter can push apart the thinned posterior 
columns and come to the surface of the spinal cord directly under the arachnoid. 
Extramedullary growth of tumor formations is extremely rare. Ependymomas are 
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most often located in the cervical region of the spinal cord. Ependymomas of the 
upper cervical spinal cord segments may extend into the craniovertebral junction 
and reach the caudal fourth ventricle. Such an arrangement is rare. Ependymomas do 
not rise above McRay line, and only syringomyelic cysts located above the upper pole 
extend the spinal cord.

9.1 Nuances of surgery

Ependymomas are more often available for radical removal. It is possible, by 
course tumor growing into the central spinal canal. Several evidence demonstrate 
that more aggressive tumors have less connection with the surrounding healthy spinal 
cord tissue. Therefore, they have great potential for gross total removal.

At the same time, tumors with a high potential for malignancy (Grade III) are 
more often complicated by metastases.

The posterior approach through the median sulcus of the spinal cord is most 
preferred. If the tumor is tightly adjacent to healthy tissue of the spinal cord, it is 
preferable to perform intratumorally decompression as a first step. Then the tumor 
poles removing.

9.2 Observation and follow-up

Contrast-enhanced MRI of the operation area is desirable to do within the first 
24 hours, after 2 months, 6 months, 9 months, and 12 months, then, if there are no 
signs of progression, it is possible to continue monitoring at intervals of 6 months.

Too often malignant and aggressive ependymoma (Grade II-III) are complicated 
by local tumor recurrence and metastatic spread along the spinal cord membranes.

Figure 3. 
Algorithm intramedullary tumors treatment in patients with neurofibromatosis.
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So, if the local tumor recurrence/continued growth/spread tumor features or 
histological malignancy symptoms were detected – a radiologist’s participation is 
necessary. Follow-up includes postoperative craniospinal radiotherapy, regardless of 
whether continued growth or tumor recurrence after.

Surgical tactics for intramedullary spinal cord tumor treatment consist follow 
algorithm (Figure 3).

10. Malignant peripheral nerves sheath tumors

MPNST is a rare complication of neurofibromatosis and accounts for 5–10% of all 
soft tissue sarcomas [24]. Frequency of occurrence - 1 per 1 million population per year 
[25]. Approximately 50% of MPNST cases are complicated by metastases within 2 years 
of diagnosis [26]. The majority of MPNST arise from peripheral nerves and nervous 
plexuses (sciatic nerve, brachial plexos truncs, sacral plexus). The incidence of MPNST 
of intracranial localization in the world population is less than 5%. The most important 
etiological factors in the development of MPNST are neurofibromatosis (NF) type 1 
and radiological treatment for other cancers in history. MPNST is developed in 8–13% 
of patients with type I NF during their life [27]. In 10% of cases of MPNST appearance 
was associated with radiotherapy [28]. According to various observations, malignancy 
of neurofibroma occurs approximately 15 years after its detection.

The WHO classification of histological types of MPNST:

1. mesenchymal

2. glandular

3. epithelioid

4. neuroepithelial

5. triton

Clinical manifestations depend on the location of the tumor. The rapid develop-
ment of symptoms is characterized (within several months), severe pain, and neuro-
logical deficits of varying severity. There are two forms according to localization:

• skin form

• deep formation

Too long time of observation and avoidance of surgery leads to metastases appeare 
may occur in regional lymph nodes and internal organs (lungs, liver, bones, etc.). 
Metastasis is carried out both hematogenously and lymphogenously.

10.1 Nuances of surgery

The main treatment for the primary tumor is en block resection. The main goal 
of surgery is to remove tumor. It provides the best result in terms of local recurrences 
and distant metastases. Localization of the tumor is very important, be the course 
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of the totality of surgical removal depends on the growing place and relative of the 
tumor to surrounding tissue. The boundaries of the tumor are poorly defined, so 
often removal is partial [29].

The modern surgical approach to the treatment of patients with locally aggressive 
(without distant metastases) types of MPNST involves a complete cut of tumor. Thus, 
amputation of the limb, or very aggressive en block resection of the tumor within 
the margin of surrounding tissues of 2.5–4 cm, has always been considered the main 
method of treating MPNST. Alternative treatment as adjuvant methods of radiation 
and chemotherapy is possible but limited. So the view on surgical treatment has 
now not radically changed. For example, the location of MPNST in the limbs allows 
planning a wide gross total resection while maintaining the function of the limb. At 
the same time, this cannot prevent local recurrences or generalization of the process, 
since even the presence of an adequate resection margin is not a guarantee of total 
tumor removal. So early lymphatic metastasis is the indication for amputation of 
limb. The defeat of regional lymph nodes is rarely detected. Unfortunately, amputa-
tion is a limited method if the tumor is located in or around the spine.

10.1.1 Radiation therapy

Radiation therapy has become an integral part of the control of local recurrence in 
most soft tissue sarcomas (Suh JS) and can be used as adjuvant treatment or intraop-
eratively. But last publications show unhelpful of radiation methods for tumor cells of 
MPNST as to local control as in general spread [16].

10.1.2 Chemotherapy

Systemic medication treatment is used in the stage of generalization of the pro-
cess, but there is no convincing evidence of effectiveness [30, 31].

10.1.3 Prognosis

The median survival time for patients with MPNST is 32 months [31]. The median 
life expectancy from the time of diagnosis, according to some authors, is 3 months. 
The causes of death in patients are usually metastases to the lungs and liver. Distant 
metastases (target organs - pleura, lungs, liver, adrenal glands, pia mater, cerebral 
hemispheres) are detected within 2 years from the date of diagnosis in 63% of 
patients. Overall 2-year and 5-year survival rates are 57% and 39% with treatment 
[31]. The frequency of local recurrences of MPNST is 65%.

11. Patients with multifocal symptomatic tumors

In patients with neurofibromatosis, meningiomas, and schwannomas appear with 
equal frequency. The sequence of surgical interventions strongly depends on the 
level of a symptomatic tumor on the spinal cord and brain tumors, in the presence 
of simultaneously symptomatic tumors at different levels, simultaneous surgery is 
not always preferable and a higher tumor is removed, or the one that causes the most 
threatening symptoms. Simultaneous operations are performed if the tumors are 
equally dangerous to the life or health of the patient. Presented lower algorithm allows 
to avoid risks (Figure 4).
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