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Chapter 1

Introductory Chapter: 
Neurofibromatosis - Current 
Trends and Future Directions
Raffaella Messina and Francesco Signorelli

1. Introduction

Neurofibromatosis (NF) is a rare genetic-hereditary syndrome with autosomal 
dominant transmission and complete penetrance yet variable clinical expression. It 
is precisely this genotypically defined but phenotypically variable behavior of the 
NF which is of particular interest as it is able to influence not only the timeliness of 
clinical diagnosis but also the prognosis of the disease. Indeed, in most cases clinical 
diagnosis is early (within the first 3 years after birth), but in particular forms with 
a low phenotypic expression, especially in the mosaic forms of mild neurofibro-
matosis type 2 (NF2), it can be later, with clinical manifestation of the syndromic 
features in early adulthood [1, 2].

The known syndromic features of NF, although still framed in the con-
text of rare diseases, differ in their incidence and clinical manifestations. 
Neurofibromatosis type 1 (NF1) is the most frequent, with an incidence of 1 indi-
vidual per 2500/3500 live births, without significant gender differences and at least 
50% related to de novo mutations [3]. Neurofibromatosis type 2 has an incidence of 
new cases/year equal to 1 individual for every 25,000/30,000 live births, correlating 
in 80% of cases to de novo mutations, and a prevalence of around 1/100,000 which 
has, over the past 20 years, been increasing hand in hand with the introduction of 
new and more sophisticated diagnostic methods [2].

It is well documented that NF1 is characterized by the presence of an autosomal 
dominant mutation of a gene on chromosome 17 in position q11, which codes for 
a protein known as neurofibromin, which acts as a tumor suppressor in the pro-
proliferative pathway RAS/MEK-MAPK. The total absence of functional protein 
therefore cancels the inhibitory activity on the RAS proto-oncogene with conse-
quent hyperactivation of the transduction mechanism and the pro-proliferative and 
pro-mitotic cellular response.

Different mutations have been described on the gene which codes for neurofi-
bromin [4]. In recent years, questions have been raised as to whether the presence 
of one particular type of mutation rather than another might affect the prognosis of 
the disease. A study published in Lancet in August 2014 [1] highlighted the possible 
prognostic role of multiple genomic microdeletions in the context of the entire 
gene, the presence of which seems to be associated with a more severe phenotypic 
expression, characterized by the appearance of plexiform neurofibromas at an early 
age, a significant reduction in IQ , multiple craniofacial anomalies, and a higher risk 
of malignant degeneration of peripheral neurofibromatous lesions.

On the other hand, the mutation associated with NF2 is autosomal dominant of a 
gene located on chromosome 22 in position q12.2, which codes for a protein known 
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as merlin or schwannomin which seems to have a role, not yet fully clarified, as a 
tumor suppressor in the contact inhibition mechanism of the proliferative stimulus. 
The alterations of schwannomin seem to be phenotypically expressed exclusively in 
Schwann cells [5] which would justify, from the molecular point of view, the almost 
total absence of other neoplastic entities in patients with NF2 or NF3.

Neurofibromatosis type 3, better known as Schwannomatosis, can be considered 
a variant of NF2 characterized, however, by the total absence of vestibular schwan-
nomas and neurofibromas and by the lower presence of tumors of the central 
nervous system. NF3 is, rather, characterized by the presence of multiple schwan-
nomas along the course of the peripheral nerves [6].

It has therefore been understood over time that while those gene mutations 
related to the various NF conditions have complete penetrance, there is consider-
able variability in terms of the phenotypic expression of the disease, not only 
between the three syndromic forms of NF but also within each type of neurofibro-
matosis. Hence the interest of this book, which aims to offer the reader a perspective 
on neurofibromatosis that goes beyond academic descriptions of what is already 
known with respect to the different clinical manifestations of NF, instead focuses 
interest on specific clinical disease patterns, related neurocognitive aspects, and 
therapeutic developments that in recent years have been emerging in the manage-
ment of the various types of neurofibromatosis, especially in the direction of new 
targeted molecular therapies.

As is well documented, the diagnostic criteria for NF1 have, since 1987, been 
defined by the National Institutes of Health [7], which includes a variable combina-
tion of the following manifestations: abnormal pigmentation of epithelial and mucous 
membranes (cafè-au-lait macules, axillary and inguinal freckling, Lisch nodules 
of the iris); multiple peripheral neurofibromas; bone abnormalities and deformi-
ties (osteopenia, scoliosis, sphenoid wing dysplasia, congenital tibial dysplasia); 
cardiovascular anomalies and malformations (congenital heart disease, vasculopathy, 
and hypertension); and neurocognitive deficits.

Even more variable are the clinical manifestations associated with NF2, whose 
most commonly used diagnostic criteria are the “Manchester diagnostic criteria” [8]. 
Such criteria include multiple central nervous system tumors (intracranial meningiomas, 
43–58%); intramedullary spinal cord tumors (ependymomas in more than 75%); 
benign tumors of the cranial nerves (vestibular schwannoma, 90–95%) that may or 
may not be bilateral; peripheral nerve schwannomas; ophthalmological changes; dermal-
epidermal skin tumors of varying natures; and moreover, a familiar history of NF2.

Following clinical examination and ultrasound diagnostics for skin and 
subcutaneous lesions, the gold standard in the diagnosis of neurofibromatosis is 
magnetic resonance imaging with gadolinium of the brain and spinal cord. It has 
been observed that in patients with NF1, it is not uncommon to locate focal hypoin-
tense lesion areas in T1-weighted and slightly hyperintense lesions in T2-weighted 
sequences, the so-called unidentified bright objects (UBOs), the actual nature of 
which is still discussed in the literature, although their presence can correlate with 
cognitive dysfunction [9]. A previous study by Griffiths et al. speculated that they 
could correspond to areas of subclinical glial proliferation, having hypothesized an 
association between their early diagnosis in resonance and the relative risk (around 
80%) of subsequent development of central tumors of the glial series at between 5 
and 10 years of age [10].

Malignant forms of neurofibromas and, more rarely, peripheral schwannomas 
degenerated into sarcomas are termed as “malignant peripheral nerve sheath 
tumors” (MPNSTs) and are more frequently associated with the malignant evolu-
tion of plexiform neurofibromas more commonly in the third decade of life and 
with poor prognosis [11, 12].
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The treatment of the syndrome is mainly surgical with the removal of both 
central and peripheral lesions causing functional or evolving damage during follow-
up diagnostics. The support that intraoperative neurophysiological monitoring can 
provide to the surgical resection technique is of fundamental importance, not only 
for saving the nerve but also in preventing the onset of neuropathic pain. Much 
more invasive is the surgical resection of MPNSTs, which can sometimes involve 
amputation or disarticulation to ensure surgical radicalism, followed by adjuvant 
radiotherapy.

Ultimately, while surgery is still considered the first approach to neurofibroma-
tosis, interest in medical therapeutics for this syndrome has grown considerably in 
recent years, and numerous clinical trials are still ongoing, as will be explained in 
detail in the chapters of the book.
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of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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Abstract

Neurofibromatosis was first described in the nineteenth century. At the time, 
Friederich Daniel Von Recklinghausen detailed two cases of multiple neurofi-
bromas. Although reports of similar cases had been published before his, Von 
Recklinghausen is credited with the initial description in 1882, postulating that 
the tumors originated from nerve sheath and plexal connective tissue. Similarly, in 
1822 John Henry Wishart described what is believed to be neurofibromatosis type 
2; however, it was Harvey Cushing’s description of a case of bilateral vestibular 
schwannomas in 1916 that highlighted and increased awareness of the disease 
(albeit the original presentation was thought to be in the context of neurofibroma-
tosis type 1). Since their original description, understanding of these neurocutane-
ous diseases has greatly expanded. Knowledge of the genotypic mutations and 
molecular mechanisms underlying the disease pathophysiology has resulted in 
natural history enlightenment and optimal treatment refinement. However, many 
aspects of neurofibromatosis have yet to be explained and remain active areas of 
investigation. In this chapter, clinical, radiological, and surgical considerations for 
peripheral nerve tumor management in the context of neurocutaneous disorders 
are reviewed. More specifically, clinical presentations, pathological and imaging 
findings, as well as management for neurofibromatosis type 1, type 2, and  
schwannomatosis are comprehensively discussed.

Keywords: nerve sheath tumor, tumor, surgery, neurofibromatosis, 
schwannomatosis

1. Introduction

Neurocutaneous disorders are a group of diseases characterized by systemic 
structural abnormalities of tissues derived from the embryonic ectoderm. Among 
other manifestations, this results in the growth of peripheral nerve sheath tumors 
(PNSTs). More specifically, of the many diseases that fall under this category, neu-
rofibromatosis type 1 (NF1), neurofibromatosis type 2 (NF2), and schwannoma-
tosis (SWNTS) are the three that predominate when considering those associated 
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with PNSTs. Furthermore, each of these three diseases has a specific gene that upon 
mutation results in different, albeit overlapping, clinical manifestations [1, 2].

Many different mutations have been linked to these diseases, which may then be 
inherited (familial forms) or occur sporadically. However, it is the specific geno-
typic mutation pattern of a patient that will then dictate and drive the molecular 
pathogenesis leading to their phenotypic disease expression [3, 4]. Because of this, 
each of the three diseases is generally associated with a particular type of periph-
eral nerve pathology, including benign PNST (BPNST, whether neurofibroma or 
schwannoma and the subcategories of each) and/or malignant PNST (MPNST). 
Moreover, each disease has unique epidemiological characteristics separating one 
from another. In this chapter, these characteristics, as well as each disease’s distinct 
clinical, radiological, and treatment-related challenges are discussed.

2. Neurofibromatosis type 1

2.1 Background

NF1 is the most common of the three neurocutaneous diseases with a reported 
incidence of 1:2500–3500 [5, 6]. It is characterized by a somatic or germ line muta-
tion on the long arm of chromosome 17 (ch17q11.2) and is inherited in an autosomal 
dominant (AD) fashion. This genetic locus codes for the protein neurofibromin and 
is a tumor suppressor gene expressed in multiple tissues. In short, neurofibromin 
is a GTPase-activating protein that catalyzes the inactivation of Ras protein (acting 
as a negative regulator in the Ras/MAPK signal transduction pathway) [6–8]. Its 
genetic alteration (via point mutations, deletions, insertions, microdeletions, and 
splicing mutations) results in a loss of inhibition of Ras that leads to hyperactiva-
tion of downstream effectors MEK, ERK, and/or mTOR [8]. The latter then results 
in Schwann cell proliferation and tumor growth. Although NF1 may be inherited in 
an AD fashion, approximately half of NF1 cases arise from de novo mutations. With 
more than 500 mutations identified to date, there are also many different types 
of mutations that can lead to NF1. Although the disease’s penetrance approaches 
100%, the expressivity of NF1 can be quite variable and may be dictated by the 
underlying genetic alterations [9]. For example, large complete gene deletions have 
been associated with intellectual disability, tumor burden, and their malignant 
transformation [10, 11]. More specifically, the predominant tumor burden that 
occurs in NF1 patients consists of neurofibromas. Neurofibromas are BPNSTs made 
up Schwann cells and/or perineurial cells, fibroblasts, hematopoietic cells, among 
others. After schwannomas, they are the most common type of PNST in the general 
population with a reported prevalence of 10–24% [12]. Unlike schwannomas, 
however, neurofibromas tend to be more widespread and occur in a slightly younger 
population (typically 20- to 30-year-olds) without a clear sex predilection [12–14]. 
Furthermore, they may occur sporadically or in the context of NF. Those occurring 
with NF tend to be numerous and, as will be discussed in the next section, of a 
 different histopathological category with a higher proclivity for malignancy.

2.2 Neurofibroma histopathology and subtypes

Neurofibromas are heterogeneous tumors believed to originate from Schwann 
cells [6, 15]. Grayish-tan in color, they are typically more fibrous and tenacious than 
schwannomas without necrosis or hemorrhage [16]. Microscopically, poorly orga-
nized spindle cells are seen within a myxoid tumor background of coarse collagen 

11

Peripheral Nerve Tumors in Neurofibromatosis 1, Neurofibromatosis 2, and Schwannomatosis
DOI: http://dx.doi.org/10.5772/intechopen.90823

bundles. Although somewhat variable, neurofibromas have low-to-moderate cel-
lularity with minimal mitoses compared to their malignant counterpart described 
below [7, 16].

Dermal (or cutaneous) neurofibromas are a type of neurofibromas with several 
subcategories. They are believed to arise from a single nerve and may be further 
subcategorized into localized or diffuse (90% and 10% of dermal neurofibromas, 
respectively) [10, 17]. Moreover, 90% of cutaneous neurofibromas occur sporadi-
cally, while the other 10% are syndromic [18, 19]. Although both are typically 
unencapsulated, localized neurofibromas are well circumscribed, whereas diffuse 
are an en-plaque-like growth and less delimited from surrounding tissue. Dermal 
neurofibromas do not usually require treatment (unless they are painful, bleeding, 
or interfere with an individual’s day-to-day function) [20], nor do they usually 
undergo malignant transformation [21].

Intraneural neurofibromas are localized, well-circumscribed BPNSTs arising 
as a fusiform enlargement of a single nerve. Localized intraneural neurofibromas 
may be seen as occurring cranially, spinally, peripherally, or from autonomic 
nerves; nerve is intermixed throughout the tumor [22]. Theses tumors are typi-
cally encapsulated and present as painful masses that can cause a sensorimotor 
neurologic deficit. Furthermore, they have an intermediate potential for malignant 
transformation [10].

Plexiform neurofibromas are complex lesions involving multiple nerve fascicles 
growing and coming together to make up an entangled neurofibromatous mass (“bag-
of-worms”). These occur almost exclusively in the context of NF1 (many considering 
them pathognomonic) and grow most rapidly during the first decade of life. The most 
common locations for this type of neurofibroma are paraspinal and plexal areas; how-
ever, they may also be seen peripherally (e.g., from the sciatic or femoral nerve) [23]. 
Overlying these tumors, cutaneous changes may be seen such as hyperpigmentation 
and thinning of hair. They are also associated with an increased risk of malignancy 
(MPNST) [17]. An increase in the size, progressive pain, and neurological deficit 
have all been found to be clinical indicators of malignant transformation and should 
prompt immediate diagnostic and/or therapeutic management.

Elephantiasis neurofibromatosa is a rare, massive, soft tissue tumor with an 
intermediate malignancy potential that is exclusive to NF1 (pathognomonic). It is 
the least frequent type of neurofibroma and consists of diffuse soft tissue enlarge-
ment (often in the extremities) with an underlying plexiform neurofibroma or 
enlarged nerve within the mass [10].

Atypical neurofibromas are simply neurofibromas (of any histological subtype, 
although certain types display a higher proclivity for atypical transformation) that 
display histopathological and molecular features involved in malignant transforma-
tion. However, they do not fit into a single grading system and more recently they 
have been termed “atypical neurofibromatous neoplasms of uncertain biological 
potential” (ANNUBP). These lesions may be destructive locally but are less likely to 
metastasize [21]. Even though atypia may be present, it is the loss of neurofibroma 
architecture, high cellularity, and presence of mitotic activity that are more associ-
ated with malignant transformation. ANNUBP has its own specific histological 
criteria for diagnosis; however, the inclusion of “uncertain” within its name argues 
the need for more research. For example, some tumors exhibit benign, atypical, 
and malignant features within the same lesion [17]. Furthermore, these lesions can 
be positive on fluorodeoxyglucose positron emission tomography (FDG-PET) and 
include areas of hypercellularity and atypical nuclei without increased mitotic activ-
ity or malignant change [24]. However, as in the case of MPNST suspicion, diagnosis 
of such a lesion should prompt more diagnostic and/or therapeutic intervention.



Neurofibromatosis - Current Trends and Future Directions

10

with PNSTs. Furthermore, each of these three diseases has a specific gene that upon 
mutation results in different, albeit overlapping, clinical manifestations [1, 2].

Many different mutations have been linked to these diseases, which may then be 
inherited (familial forms) or occur sporadically. However, it is the specific geno-
typic mutation pattern of a patient that will then dictate and drive the molecular 
pathogenesis leading to their phenotypic disease expression [3, 4]. Because of this, 
each of the three diseases is generally associated with a particular type of periph-
eral nerve pathology, including benign PNST (BPNST, whether neurofibroma or 
schwannoma and the subcategories of each) and/or malignant PNST (MPNST). 
Moreover, each disease has unique epidemiological characteristics separating one 
from another. In this chapter, these characteristics, as well as each disease’s distinct 
clinical, radiological, and treatment-related challenges are discussed.

2. Neurofibromatosis type 1

2.1 Background

NF1 is the most common of the three neurocutaneous diseases with a reported 
incidence of 1:2500–3500 [5, 6]. It is characterized by a somatic or germ line muta-
tion on the long arm of chromosome 17 (ch17q11.2) and is inherited in an autosomal 
dominant (AD) fashion. This genetic locus codes for the protein neurofibromin and 
is a tumor suppressor gene expressed in multiple tissues. In short, neurofibromin 
is a GTPase-activating protein that catalyzes the inactivation of Ras protein (acting 
as a negative regulator in the Ras/MAPK signal transduction pathway) [6–8]. Its 
genetic alteration (via point mutations, deletions, insertions, microdeletions, and 
splicing mutations) results in a loss of inhibition of Ras that leads to hyperactiva-
tion of downstream effectors MEK, ERK, and/or mTOR [8]. The latter then results 
in Schwann cell proliferation and tumor growth. Although NF1 may be inherited in 
an AD fashion, approximately half of NF1 cases arise from de novo mutations. With 
more than 500 mutations identified to date, there are also many different types 
of mutations that can lead to NF1. Although the disease’s penetrance approaches 
100%, the expressivity of NF1 can be quite variable and may be dictated by the 
underlying genetic alterations [9]. For example, large complete gene deletions have 
been associated with intellectual disability, tumor burden, and their malignant 
transformation [10, 11]. More specifically, the predominant tumor burden that 
occurs in NF1 patients consists of neurofibromas. Neurofibromas are BPNSTs made 
up Schwann cells and/or perineurial cells, fibroblasts, hematopoietic cells, among 
others. After schwannomas, they are the most common type of PNST in the general 
population with a reported prevalence of 10–24% [12]. Unlike schwannomas, 
however, neurofibromas tend to be more widespread and occur in a slightly younger 
population (typically 20- to 30-year-olds) without a clear sex predilection [12–14]. 
Furthermore, they may occur sporadically or in the context of NF. Those occurring 
with NF tend to be numerous and, as will be discussed in the next section, of a 
 different histopathological category with a higher proclivity for malignancy.

2.2 Neurofibroma histopathology and subtypes

Neurofibromas are heterogeneous tumors believed to originate from Schwann 
cells [6, 15]. Grayish-tan in color, they are typically more fibrous and tenacious than 
schwannomas without necrosis or hemorrhage [16]. Microscopically, poorly orga-
nized spindle cells are seen within a myxoid tumor background of coarse collagen 

11

Peripheral Nerve Tumors in Neurofibromatosis 1, Neurofibromatosis 2, and Schwannomatosis
DOI: http://dx.doi.org/10.5772/intechopen.90823

bundles. Although somewhat variable, neurofibromas have low-to-moderate cel-
lularity with minimal mitoses compared to their malignant counterpart described 
below [7, 16].

Dermal (or cutaneous) neurofibromas are a type of neurofibromas with several 
subcategories. They are believed to arise from a single nerve and may be further 
subcategorized into localized or diffuse (90% and 10% of dermal neurofibromas, 
respectively) [10, 17]. Moreover, 90% of cutaneous neurofibromas occur sporadi-
cally, while the other 10% are syndromic [18, 19]. Although both are typically 
unencapsulated, localized neurofibromas are well circumscribed, whereas diffuse 
are an en-plaque-like growth and less delimited from surrounding tissue. Dermal 
neurofibromas do not usually require treatment (unless they are painful, bleeding, 
or interfere with an individual’s day-to-day function) [20], nor do they usually 
undergo malignant transformation [21].

Intraneural neurofibromas are localized, well-circumscribed BPNSTs arising 
as a fusiform enlargement of a single nerve. Localized intraneural neurofibromas 
may be seen as occurring cranially, spinally, peripherally, or from autonomic 
nerves; nerve is intermixed throughout the tumor [22]. Theses tumors are typi-
cally encapsulated and present as painful masses that can cause a sensorimotor 
neurologic deficit. Furthermore, they have an intermediate potential for malignant 
transformation [10].

Plexiform neurofibromas are complex lesions involving multiple nerve fascicles 
growing and coming together to make up an entangled neurofibromatous mass (“bag-
of-worms”). These occur almost exclusively in the context of NF1 (many considering 
them pathognomonic) and grow most rapidly during the first decade of life. The most 
common locations for this type of neurofibroma are paraspinal and plexal areas; how-
ever, they may also be seen peripherally (e.g., from the sciatic or femoral nerve) [23]. 
Overlying these tumors, cutaneous changes may be seen such as hyperpigmentation 
and thinning of hair. They are also associated with an increased risk of malignancy 
(MPNST) [17]. An increase in the size, progressive pain, and neurological deficit 
have all been found to be clinical indicators of malignant transformation and should 
prompt immediate diagnostic and/or therapeutic management.

Elephantiasis neurofibromatosa is a rare, massive, soft tissue tumor with an 
intermediate malignancy potential that is exclusive to NF1 (pathognomonic). It is 
the least frequent type of neurofibroma and consists of diffuse soft tissue enlarge-
ment (often in the extremities) with an underlying plexiform neurofibroma or 
enlarged nerve within the mass [10].

Atypical neurofibromas are simply neurofibromas (of any histological subtype, 
although certain types display a higher proclivity for atypical transformation) that 
display histopathological and molecular features involved in malignant transforma-
tion. However, they do not fit into a single grading system and more recently they 
have been termed “atypical neurofibromatous neoplasms of uncertain biological 
potential” (ANNUBP). These lesions may be destructive locally but are less likely to 
metastasize [21]. Even though atypia may be present, it is the loss of neurofibroma 
architecture, high cellularity, and presence of mitotic activity that are more associ-
ated with malignant transformation. ANNUBP has its own specific histological 
criteria for diagnosis; however, the inclusion of “uncertain” within its name argues 
the need for more research. For example, some tumors exhibit benign, atypical, 
and malignant features within the same lesion [17]. Furthermore, these lesions can 
be positive on fluorodeoxyglucose positron emission tomography (FDG-PET) and 
include areas of hypercellularity and atypical nuclei without increased mitotic activ-
ity or malignant change [24]. However, as in the case of MPNST suspicion, diagnosis 
of such a lesion should prompt more diagnostic and/or therapeutic intervention.



Neurofibromatosis - Current Trends and Future Directions

12

Finally, hybrid neurofibromas are a histological class displaying characteristics 
of both schwannomas and neurofibromas. Approximately 60% of patients with 
these tumors carry a neurocutaneous diagnosis such as NF1, NF2, or SWNTS.

2.3 Malignant peripheral nerve sheath tumors

MPNSTs are aggressive sarcomas with a dismal prognosis arising from the 
peripheral nervous system (PNS) or peripheral nerve sheath cells. Grossly, they 
are typically fusiform or globoid in shape with a firm exterior and adherent to 
adjacent structures. Their center is often necrotic, with pseudocysts and evidence 
of hemorrhage. Microscopically, invasion into surrounding structures, vascular 
invasion, nuclear pleomorphism, increased cellularity, necrosis, and mitoses can 
be seen [9, 15, 16, 21].

They are graded according to the Enneking scheme and exist on a histological 
spectrum (low-grade, benign-like tumors on one end and high-grade, aggressive 
tumors with invasive and metastatic potential on the other) [15, 21]. Malignant 
transformation of BPNSTs in the context of NF1 patients is an area of active 
investigation. Akin to a two-hit hypothesis, mutation of the second neurofibromin 
encoding allele (or a second, intricately related gene) may be necessary for this 
transformation to occur [8, 10, 21, 25]. Approximately half of MPNSTs occur in the 
context of NF1 (one of the most important prognostic factors), and NF1 patients 
have approximately a 10% lifetime risk of acquiring this malignancy [26–28]. 
Of the subtypes, plexiform neurofibromas harbor the highest risk of malignant 
transformation with more than 80% of MPNSTs arising from them. These tend to 
occur between second and fifth decades of life (peak in third decade) [8, 11, 21] and 
typically occur at an earlier age in NF patients (second to third decade vs. third to 
sixth decade in the general population) [9]. Moreover, they are the most common 
type of malignancy in NF1 patients, as well as the most common cause of death 
[8]. In keeping with plexiform tumor characteristics, MPNSTs usually arise from 
large nerves or trunks (brachial and lumbosacral plexus or the sciatic nerve). They 
also often occur in a deep-to-fascial location (deep soft tissue and visceral tumors 
frequently being associated with NF1); however, they may occur more superficially 
as well [29]. As discussed in subsequent sections, MPNSTs are staged and treated as 
soft tissue sarcomas [8] with previous studies demonstrating a poor 5-year overall 
survival (OAS).

2.4 Clinical presentation

Neurofibromas are often an asymptomatic, incidental finding. However, when 
symptomatic, patients may experience pain, patchy anesthesia or paresthesia, and 
weakness [7]. The incidence of neurological deficit at presentation is higher for 
neurofibromas than schwannomas; furthermore, unlike sporadic cases, patients 
with NF1 can present with signs and symptoms from a multitude of different 
organ systems. Due to the ubiquitous and intricate nature of the Ras signal trans-
duction pathway, the effects of NF1 can be widespread (segmental neurofibro-
matosis being an exception) [30, 31]. Diagnosis of NF1 is based on the National 
Institutes of Health clinical consensus criteria (with optional genetic confirma-
tion), and the diagnosis of a neurofibroma (whether sporadic or syndromic, 
benign or malignant) is a histopathological one. However, the improvement in 
diagnostic accuracy of imaging investigations such as magnetic resonance imag-
ing (MRI) and PET has resulted in the necessity of biopsies being an antiquated 
notion. If required, the benefit of a biopsy should be weighed against risks such as 
neurological deficit and insufficient/non-diagnostic sampling error [9, 15, 17, 21].
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NF1 can present with cutaneous changes (café-au-lait spots and intertriginous 
freckling being reported in >99% and 85% of patients, respectively) [17], Lisch 
nodules (ocular hamartoma hyperpigmentations), skeletal abnormalities (long bone 
dysplasia and scoliosis), central nervous system (CNS) lesions such as optic nerve 
gliomas (15% of patients typically before 10 years of age), brainstem, and hemi-
spheric gliomas may also occur [6, 32, 33]. Moreover, unlike the other neurocutaneous 
syndromes, cognitive impairment (60% of patients) is also much more prevalent, 
as is non-nervous system involvement (leukemia, pheochromocytoma and glomus 
tumors, gastrointestinal tract tumors, and breast cancer) [6, 17, 32, 34, 35]. Patients 
with NF1 can also suffer from neurofibromatous neuropathy (a tumor independent, 
symmetrical sensory-motor neuropathy). This results in sensory predominant symp-
toms including pain and pruritus [4]. This neuropathy stems from a non-progressive 
and diffuse neurofibromatous nerve infiltration and hypertrophy. Although only 
affecting 2% of NF1 patients, it is associated with increased tumor burden and 
MPNST [4, 21].

2.5 Imaging

MRI is the preferred imaging modality for PNSTs [6, 15]. MR neurography 
can further determine whether a mass is intrinsic or extrinsic to the peripheral 
nerve and can aid in presurgical planning. In addition, whole body MRI can be 
used both for screening patients (quantifying initial tumor burden), as well as 
for tumor surveillance (to monitor for growth and/or malignant transformation) 
[36]. Signal intensity of neurofibromas is usually low on T1-weighted imaging 
and high on T2-weighted imaging (although large tumors can display peripheral, 
central or heterogeneous hyperintensity on T2 imaging). Enhancement can also be 
variable ranging from none to homogeneous. The classic pattern of enhancement 
with solitary neurofibromas is central enhancement surrounded by non-enhancing 
tissue. Isolated, non-plexiform neurofibromas appear as round or fusiform masses 
with tapering cranial and caudal ends due to continuity with the nerve. A sur-
rounding rim of intramuscular fat capping the edges of the lesion might give rise 
to the split-fat sign [23]. A target-sign (hyperintense ring of myxoid material with 
a hypointense center of collagen and fibrillary tissue) might also be present and is 
more commonly seen with neurofibromas than schwannomas [15, 23].

MPNSTs may arise from solitary or plexiform neurofibromas. MRI features sug-
gestive of MPNSTs include larger size (≥5 cm), peripheral enhancement, adjacent 
tissue invasion and peritumoral edema, vascular encasement, and metastases. 
MPNSTs are often irregularly shaped with heterogeneous enhancement, ill-defined 
margins, intra-tumoral lobulations, central necrosis and hemorrhage, absence  
of the target-sign, and an apparent diffusion coefficient (ADC) value of  
<1 × 10−3 mm2/s [8, 23, 37].

Functional imaging including PET may be helpful for the determination of 
malignancy, especially in atypical neurofibromas. A semi-quantitative assessment 
for the determination of malignancy can be done using a standard uptake value 
(SUV) cutoff [17]. While F-18-FDG PET activity is invariably present in both 
BPNSTs and MPSNTs, high SUVs favor the presence of malignancy. A SUV ≥4 is 
indicative of malignancy and can help direct the ideal site of biopsy [6, 8, 38].

Ultrasound (US) examination has also been shown to be helpful in the workup 
for neurofibromas. US findings may include hypoechoic lesions that are serpen-
tine, oval-shaped, and well-circumscribed with a fascicular pattern. Plexiform 
lesions can be multiloculated and nodular, whereas subcutaneous neurofibromas 
often have heterogeneous echogenicity with multifascicular involvement and a 
target-sign [35].
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have approximately a 10% lifetime risk of acquiring this malignancy [26–28]. 
Of the subtypes, plexiform neurofibromas harbor the highest risk of malignant 
transformation with more than 80% of MPNSTs arising from them. These tend to 
occur between second and fifth decades of life (peak in third decade) [8, 11, 21] and 
typically occur at an earlier age in NF patients (second to third decade vs. third to 
sixth decade in the general population) [9]. Moreover, they are the most common 
type of malignancy in NF1 patients, as well as the most common cause of death 
[8]. In keeping with plexiform tumor characteristics, MPNSTs usually arise from 
large nerves or trunks (brachial and lumbosacral plexus or the sciatic nerve). They 
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duction pathway, the effects of NF1 can be widespread (segmental neurofibro-
matosis being an exception) [30, 31]. Diagnosis of NF1 is based on the National 
Institutes of Health clinical consensus criteria (with optional genetic confirma-
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ing (MRI) and PET has resulted in the necessity of biopsies being an antiquated 
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NF1 can present with cutaneous changes (café-au-lait spots and intertriginous 
freckling being reported in >99% and 85% of patients, respectively) [17], Lisch 
nodules (ocular hamartoma hyperpigmentations), skeletal abnormalities (long bone 
dysplasia and scoliosis), central nervous system (CNS) lesions such as optic nerve 
gliomas (15% of patients typically before 10 years of age), brainstem, and hemi-
spheric gliomas may also occur [6, 32, 33]. Moreover, unlike the other neurocutaneous 
syndromes, cognitive impairment (60% of patients) is also much more prevalent, 
as is non-nervous system involvement (leukemia, pheochromocytoma and glomus 
tumors, gastrointestinal tract tumors, and breast cancer) [6, 17, 32, 34, 35]. Patients 
with NF1 can also suffer from neurofibromatous neuropathy (a tumor independent, 
symmetrical sensory-motor neuropathy). This results in sensory predominant symp-
toms including pain and pruritus [4]. This neuropathy stems from a non-progressive 
and diffuse neurofibromatous nerve infiltration and hypertrophy. Although only 
affecting 2% of NF1 patients, it is associated with increased tumor burden and 
MPNST [4, 21].

2.5 Imaging

MRI is the preferred imaging modality for PNSTs [6, 15]. MR neurography 
can further determine whether a mass is intrinsic or extrinsic to the peripheral 
nerve and can aid in presurgical planning. In addition, whole body MRI can be 
used both for screening patients (quantifying initial tumor burden), as well as 
for tumor surveillance (to monitor for growth and/or malignant transformation) 
[36]. Signal intensity of neurofibromas is usually low on T1-weighted imaging 
and high on T2-weighted imaging (although large tumors can display peripheral, 
central or heterogeneous hyperintensity on T2 imaging). Enhancement can also be 
variable ranging from none to homogeneous. The classic pattern of enhancement 
with solitary neurofibromas is central enhancement surrounded by non-enhancing 
tissue. Isolated, non-plexiform neurofibromas appear as round or fusiform masses 
with tapering cranial and caudal ends due to continuity with the nerve. A sur-
rounding rim of intramuscular fat capping the edges of the lesion might give rise 
to the split-fat sign [23]. A target-sign (hyperintense ring of myxoid material with 
a hypointense center of collagen and fibrillary tissue) might also be present and is 
more commonly seen with neurofibromas than schwannomas [15, 23].

MPNSTs may arise from solitary or plexiform neurofibromas. MRI features sug-
gestive of MPNSTs include larger size (≥5 cm), peripheral enhancement, adjacent 
tissue invasion and peritumoral edema, vascular encasement, and metastases. 
MPNSTs are often irregularly shaped with heterogeneous enhancement, ill-defined 
margins, intra-tumoral lobulations, central necrosis and hemorrhage, absence  
of the target-sign, and an apparent diffusion coefficient (ADC) value of  
<1 × 10−3 mm2/s [8, 23, 37].

Functional imaging including PET may be helpful for the determination of 
malignancy, especially in atypical neurofibromas. A semi-quantitative assessment 
for the determination of malignancy can be done using a standard uptake value 
(SUV) cutoff [17]. While F-18-FDG PET activity is invariably present in both 
BPNSTs and MPSNTs, high SUVs favor the presence of malignancy. A SUV ≥4 is 
indicative of malignancy and can help direct the ideal site of biopsy [6, 8, 38].

Ultrasound (US) examination has also been shown to be helpful in the workup 
for neurofibromas. US findings may include hypoechoic lesions that are serpen-
tine, oval-shaped, and well-circumscribed with a fascicular pattern. Plexiform 
lesions can be multiloculated and nodular, whereas subcutaneous neurofibromas 
often have heterogeneous echogenicity with multifascicular involvement and a 
target-sign [35].
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2.6 Management and outcome

Management of PNSTs is either surgical or expectant in nature (with the role 
of radiation and chemotherapy being reserved for select cases). Due to the diverse 
nature of neurofibromas with respect to subtypes and locations, a concise yet 
comprehensive description of surgical approaches is difficult. However, like other 
PNSTs, indications for surgical resection of a neurofibroma may include neurologi-
cal signs and symptoms referable to the lesion (pain, numbness, paresthesias, and 
weakness), growth demonstrated on serial imaging, questionable diagnosis or 
malignancy, and cosmesis.

Solitary, localized, and benign lesions can be completely resected for cure 
with recurrence being rare (excluding syndromic neurofibromas that may be as 
high as 15%) [7, 9, 39]. However, surgical resection of diffuse, plexiform, and 
soft tissue-type neurofibromas should rarely be undertaken and only in select 
cases with clear surgical goals due to the high associated morbidity [9, 39]. 
Compared to schwannomas and depending on the specific subtype, neurofi-
broma resection is often more challenging (greater nerve fascicle integration) 
and is associated with a higher risk of postoperative nerve injury [40]. To help 
mitigate this, intraoperative monitoring has been shown to be a useful adjunct to 
discern functional and non-functional tissue [15]. Postoperative motor deficits 
after neurofibroma resection have been reported in approximately 6% of cases 
with the incidence of new postoperative deficit being previously shown to be 
comparable to that of schwannomas. However, neurofibroma resection involved 
more extensive nerve dissection with a higher incidence of subtotal resection. 
Furthermore, in their study, Levi et al. showed that 85% of patients had stable or 
improved function after resection [15]. In keeping with this, in a separate study, 
all patients with a preoperative motor deficit remained stable or improved after 
neurofibroma resection [39].

For suspected or established cases of MPNSTs, systemic staging investigations 
should be done to help establish management goals. Cases should be referred to 
a tertiary care center experienced in MPNST patient management with an estab-
lished multidisciplinary tumor board. In the setting of metastases, a palliative 
surgical resection with chemotherapy and/or radiotherapy is usually undertaken. 
In contrast, en-bloc surgical resection (with or without pre- and/or postoperative 
chemo-/radiotherapy) is the mainstay of treatment for localized tumors without 
evidence of metastases. Negative tissue margins are the resection goal when feasible 
and represent an important prognostic factor in the setting of high-grade MPNST 
[41]. However, in the case of low-grade MPNSTs and atypical neurofibromas, the 
effect of a negative surgical margin is still unclear and must be weighed against the 
associated morbidity in achieving this [42]. In general, functional reconstruction of 
surrounding structures is a secondary consideration and, when possible, should not 
impede surgical resection [9, 21].

In the setting of large tumors for resection, adjunctive preoperative radiation 
therapy may be used when en-bloc resection is difficult due to size and surround-
ing structures. This too, however, must be weighed against the increased difficulty 
associated with operating in an irradiated field. Furthermore, a survival benefit 
for its use has not been established [8]. In contrast, postoperative radiotherapy 
for MPNSTs is often required, especially for high-grade tumors or subtotal tumor 
resection. Again however, although it may limit local recurrence [21, 43], its effect 
on OAS is more ambiguous. Proton therapy has also been suggested as a potential 
adjunct [9]. More recent studies have suggested increased local control rates, though 
an effect on OAS remains to be seen [39]. More controversial than radiotherapy is 
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the role of chemotherapy for MPNSTs. MPNSTs typically only partially respond in a 
small subset of patients with no significant OAS benefit. More specifically, ifos-
famide and doxorubicin have been previously used in metastatic disease or to reduce 
tumor size prior to surgery [9, 44]. Regardless of postoperative regimen, long-term, 
close postoperative clinical and radiological follow-up of patients with MPNSTs is 
essential due to the high rate of recurrence of these tumors [9, 39].

MPNSTs have a dismal overall prognosis [45]. Incidence of local recur-
rence can be as high as 65%. Previous studies have reported 5-year disease-free 
survival rates varying between 30 and 60%, and a 5-year OAS rate of approxi-
mately 30% [9, 10, 28, 39]. Poor prognostic factors have been previously shown 
to include tumor size ≥5 cm, truncal/midline location, subtotal resection (for 
high-grade tumors especially and its role in low-grade lesions being less cer-
tain), high-grade and advanced stage tumors, previous radiation, and NF1-
associated tumors [28, 39, 41, 42].

2.7 Case presentation

A 42-year-old man with a history of NF1 presented with right buttock and 
lower extremity pain, accompanied by paresthesias. MR neurogram revealed a 
right sciatic nerve PNST (neurofibroma) at the sciatic notch and a left hemi-pelvis 
PNST arising from the inferior aspect of the left L5 nerve root (Figure 1). A poste-
rior, transgluteal approach was used to successfully remove the right-sided sciatic 
neurofibroma with intraoperative neurophysiological monitoring. Clinical and 
radiological follow-up were planned for the left-sided lesion after treatment of his 
symptomatic lesion. The patient’s pain and paresthesias resolved postoperatively, 
and he recovered without complication.

Figure 1. 
(A) T2 weighted MRI, coronal section; (B) T2 weighted MRI, axial section; (C) T2 weighted MRI, coronal 
section; and (D) T2 weighted MRI, axial section. Large round nerve sheath tumor of the sciatic nerve at the 
sciatic notch (panels A and B), and large left nerve sheath tumor in the left hemi-pelvis, arising from the 
inferior aspect of the left L5 nerve root (panels C and D).
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survival rates varying between 30 and 60%, and a 5-year OAS rate of approxi-
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high-grade tumors especially and its role in low-grade lesions being less cer-
tain), high-grade and advanced stage tumors, previous radiation, and NF1-
associated tumors [28, 39, 41, 42].
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A 42-year-old man with a history of NF1 presented with right buttock and 
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and he recovered without complication.

Figure 1. 
(A) T2 weighted MRI, coronal section; (B) T2 weighted MRI, axial section; (C) T2 weighted MRI, coronal 
section; and (D) T2 weighted MRI, axial section. Large round nerve sheath tumor of the sciatic nerve at the 
sciatic notch (panels A and B), and large left nerve sheath tumor in the left hemi-pelvis, arising from the 
inferior aspect of the left L5 nerve root (panels C and D).
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3. Neurofibromatosis type 2

3.1 Background

In keeping with NF1, NF2 is an AD neurocutaneous disease characterized by 
a propensity to form craniospinal lesions, most commonly vestibular schwan-
nomas [30, 31]. Its incidence has been reported to range from 1:30,000 to 40,000 
individuals. Also in keeping with NF1, NF2 results from a loss of function 
mutation of a tumor suppressor gene located on chromosome 22q12.2. This gene 
encodes a protein called merlin (or schwannomin). Merlin is a member of the 
ezrin, radixin, meosin (ERM) protein family whose function includes anchoring 
the cytoskeleton to the plasma membrane, interacting with cytosolic elements, 
and contact-dependent inhibition of proliferation [30, 31, 46, 47]. Through Ras 
modulation, merlin also acts as a negative regulator of several other transduction 
pathways [47].

Epidemiologically, NF2 shows no gender, nor racial predilection, and approxi-
mately half of NF2 patients acquire a de novo mutation resulting in its expression. 
Furthermore, 59% of the latter acquire mutation in a somatic mosaic pattern 
(as opposed to germ line mutation), which portends a better prognosis [47, 48]. 
Penetrance for the disease approaches 100% in familial patients; however, it may 
vary in the offspring of mosaic patients [48, 49]. Similar to NF1, specific phenotypic 
expression and its severity can be dictated by different genotypes; several pheno-
types have been described. More specifically, Wishart, Gardner, and congenital 
types have been described. The Wishart phenotype has the highest incidence and 
typically displays more rapid disease progression with earlier onset. In contrast, the 
Gardner subtype is a less severe form of NF2 with onset later into adulthood [50, 51]. 
A third type, congenital NF2, is associated with dermal plaques in atypical locations, 
such as the face and hands [51]. The latter phenotype of NF2 tends to be more severe 
and heterogeneous [46].

3.2 Schwannoma histopathology and subtypes

As their name implies, schwannomas are BPNSTs that develop from Schwann 
cells and present as well-circumscribed, encapsulated lesions. They are the most 
common BPNSTs of adulthood and tend to displace rather than infiltrate nerves 
(fascicles being grossly visible to the exterior of the tumor). Lobular in shape with a 
rubbery external consistency, these tumors may include cystic cavities, foamy nests, 
fibrotic and mineralized components, in addition to a hemorrhagic core [4, 52]. 
Microscopically, two distinct architectures exist: Antoni A and B. Antoni A areas 
consist of higher cellularity with spindle-like cells and elongated nuclei arranged in 
palisades (Verocay bodies). Antoni B tumor areas have a lower cellularity with loose 
reticular fibers in a myxoid background.

Similar to plexiform neurofibromas, plexiform schwannomas are Schwann 
cell tumors that encompass multiple nerve fascicles coming together into a 
multi-nodular, loculated growth around the nerves. This subtype will frequently 
affect the cervical region, brachial plexus, and lumbosacral plexus [48]. They 
can be grossly distinguished from plexiform neurofibromas, however, by a less 
diffuse distribution and their typically affecting a single nerve or nerve trunk 
[35]. Though not pathognomonic for NF2, they occur more frequently in this 
population.

Dermal or cutaneous schwannomas are masses specific to NF2 patients. They 
do not occur sporadically or in association with SWNTS and present as a distinct 
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en-plaque-like mass. These lesions originate from neoplastic Schwann cells that 
expand the parent nerve and infiltrate adjacent structures including the dermis, 
hair follicles, and sebaceous glands [50].

Nodular are the most common type of schwannoma. They can occur in a myriad 
of locations and from a plethora of nerves—cranial, spinal, and peripheral [50]. 
These tumors tend to grow on flexor surfaces more than the extensor surface of 
extremities, as well as the head, neck, and upper extremities more than the lower. 
As mentioned, they will typically grow and displace nerve fascicles to the outside 
of their capsule. The growth rate of these sporadic growing schwannomas can vary 
substantially; however, it has been reported to be approximately 1–2 mm/year and 
3 mm/year in those tumors demonstrating early growth at follow-up (although rates 
as high as 17 mm/year have been reported) [53].

3.3 Clinical presentation

NF2 patients usually present in the second to third decade of life (mean 
age 27-year-old with a mean time to diagnosis from symptom onset of 7 years) 
[47]. Diagnosis of NF2 is dependent on fulfilling the Manchester clinical cri-
teria (although this may not be the most appropriate diagnostic scheme in, for 
example, congenital and childhood NF2) [46, 48, 54]. NF2 is characterized 
by the presence of several different CNS tumors, most notably the growth of 
bilateral vestibular schwannomas (affecting 90–95% of patients and typically 
presenting with sensorineural hearing loss, tinnitus, and balance difficulties). 
Other commonly occurring lesions include spinal tumors (60–90% of patients), 
meningiomas (50% of patients), gliomas, ependymomas, astrocytomas, posterior 
subcapsular cataracts, retinal hamartomas, and cerebral calcifications [30, 31, 46, 
54, 55]. Congenital and childhood NF2 usually present differently than the typical 
adult onset presentation of vestibular schwannomas (least likely to occur); these 
patients are more likely to present with a spinal cord tumor, peripheral nerve, or 
skin lesion [55]. Approximately 70% of NF2 patients will also present with cuta-
neous and peripheral manifestations of the disease including hyperpigmented 
plaques, subcutaneous nodules, and neurofibromas (although nodular schwan-
nomas are still more common and tend to occur around peripheral nerves) [46]. 
Furthermore, although more common in NF1, up to 50% of NF2 patients may also 
develop café-au-lait spots (typically smaller, less numerous, and paler with more 
irregular margins) [46, 56].

When they do occur, neurofibromas tend to have a hybrid neurofibroma-
schwannoma histopathology [50, 52]. Furthermore, compared to SWNTS patients, 
NF2 schwannomas are more likely to present in childhood/young adulthood and 
result in neurologic deficit rather than pain [50]. These tumors have a predilec-
tion for sensory nerves with an average rate of growth of approximately 1–2 mm/
year (though different lesions within the same individual may grow at different 
rates) [47, 57]. Finally, non-vestibular cranial nerves (e.g., cranial nerves 5, 7, 
9, 10) affect about 50% of NF2 patients [50], and malignant transformation of 
NF2 (vestibular) schwannomas has not been demonstrated to be higher than the 
general population in non-irradiated cases [58]. However, aggressive retroperito-
neal tumors and spinal SMARCB1-deficient MPNSTs do occur at an increased rate, 
and malignant transformation has been suggested to be 10 times more likely after 
radiation treatment [47, 59].

NF2 can also present localized to a particular part of the body or nervous system 
as seen in mosaic, or segmental forms of the disease. Segmental NF2 presents as a 
less severe form of the disease [59] and occurs more frequently in sporadic NF2 cases 
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(20–30% of patients carrying a de novo somatic mosaic mutation) vs. syndromic 
[30, 31]. This form of NF2 may also clinically overlap with sporadic SWNTS [51].

Akin to NF1, NF2 patients may also experience peripheral neuropathy (66% 
of NF2 patients) [60]. This typically presents as a mixed sensory-motor axonal 
peripheral mononeuropathy (not due to mass lesion) in children causing foot 
drop or wasting of thenar and hypothenar eminences, and severe progressive 
polyneuropathy in adults [50, 52, 56]. The pathogenesis might involve nerve 
compression by Schwann cell tumorlets or aberrant non-neoplastic Schwann 
cells [48, 50].

3.4 Imaging

MRI represents the most precise means of diagnosis [59]. On T1-weighted 
imaging, NF2-associated schwannomas appear isointense to muscle with a 
possible split-fat sign. On T2-weighted imaging, target-sign, fascicular-sign, 
and/or intratumoral cysts may be present resulting in heterogeneous high signal 
intensity. Enhancement is variable [52]. Internal calcification, hemorrhage, 
and cyst formation are more commonly seen in schwannomas than neurofibro-
mas. Whole-body MRI can be used to assess tumor burden and distribution of 
schwannomas for the purposes of diagnosis, surveillance, and optimal treat-
ment timing [46, 52]. MRI adjunct sequences such as diffusion tensor imaging 
(DTI) may help in distinguishing schwannomas by demonstrating the eccentric 
location of the lesion relative to nerve fibers. Tractography can also be useful in 
preoperative planning by demonstrating the nerve fiber displacement pattern 
around the lesion. The ADC value can be quite variable in NF2 lesions with a 
minimum ADC range of 0.8–2.7 × 10−3 mm2/s (values <0.9 are concerning for 
malignancy).

Unlike in NF1 patients, FDG-PET imaging holds little value in the management 
of NF2 patients and schwannomas.

On US, solitary schwannomas appear as hypoechoic, homogeneous lesions with 
distinct borders, an oval shape, and the absence of vascularization. Normal fascicu-
lar displacement may be seen, as can focal nerve enlargements, hypoechoic cysts 
and fascicles, and hyperechoic calcifications [35, 60].

3.5 Management and outcome

In a similar fashion to neurofibromas, schwannomas (whether sporadic 
or syndromic) are typically slow growing and may not lead to neurological 
dysfunction for many years [57]. Surgical resection of a schwannoma may be 
indicated in cases of neurological deficit referable to the lesion (pain, numbness, 
paresthesias, and weakness), growth demonstrated on serial imaging, question-
able diagnosis or malignancy, and cosmesis. Surgical treatment in the way of 
gross total resection is often curative and successful at alleviating presenting 
symptoms. Rarely does it lead to neurologic deficit, need for parent nerve resec-
tion, or tumor recurrence (depending on the location and size, notably vestibular 
schwannomas) [15, 51]. However, not all lesions are suitable for complete surgi-
cal resection (again depending on location, accessibility, and neural involve-
ment, among others) in which case the goal should be maximal safe resection 
and functional preservation [61]. Schwannomas in the context of NF2 are more 
likely to result in subtotal resection than sporadic lesions (former tends to 
include more nerve fascicles and be more adherent to adjacent structures) [50]. 
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Moreover, dermal tumors are not usually resected, unless they are disfiguring or 
are functionally burdensome.

Careful consideration should be given to the use of radiotherapy in NF2 patients 
due to the risk of inducing or accelerating the progression of tumors, especially 
in pediatric patients [57]. However, stereotactic radiosurgery has been success-
fully used in treating vestibular schwannomas of NF2 patients and resulted in 
a higher rate of facial nerve preservation [62]. Currently, little guidance in the 
literature exists for the use of chemotherapy or radiation in the treatment of NF2-
associated PNSTs.

In the context of NF2, age of onset is one of the most important determinants 
of disease severity [46]. The clinical course of the disease is highly variable, but 
NF2 patients suffer from a shortened life-expectancy by about 10 years [61]. The 
twenty-year OAS rate has been reported to be as low as 38% [51]. Tumor burden, 
perioperative complications, and malignancy have been cited as the most common 
causes of mortality in this group of patients [47, 50, 51].

3.6 Case presentation

A 45-year-old woman with NF2 presented with a palpable mass in her popliteal 
fossa and pain in the area radiating down her calf into the sole of her foot. MR 
neurogram showed a PNST arising from the left tibial nerve, ADC values consis-
tent with a benign tumor, and tractography showing splaying of nerve fascicles 
eccentric to the tumor (as shown in Figure 2). Operative resection of the tumor was 
completed with neurophysiological monitoring being used to identify silent tumor 
areas and viable nerve fascicles.

Figure 2. 
(A) and (B) T2 weighted MRI, sagittal view. (C) T2 weighted MRI, axial view. (D) Diffusion tensor imaging 
with tractography reconstruction. Large, round, and well-circumscribed peripheral nerve sheath tumor 
(schwannoma) arising from the left tibial nerve in the popliteal fossa. Tractography demonstrated intact nerve 
fascicles being splayed eccentrically posterior and medial to the tumor.
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4. Schwannomatosis

4.1 Background

Schwannomatosis is another neurocutaneous disease characterized by the 
development of multiple BPNSTs, namely schwannomas (in the absence of NF1/2 
history). The disease typically has a later onset (second to fourth decade), and 
some reports suggest a female preponderance [63, 64]. The reported incidence for 
SWNTS is quite variable; however, many approximate it to be 1:40,000–1:70,000 
with a prevalence of 1:70,000–1:160,000 [57]. In contrast to NF1 and NF2, it almost 
exclusively affects the PNS [31] and can be inherited in a sporadic or AD fashion 
due to germ line mutation. However, sporadic SWNTS is significantly more com-
mon (under 20% of patients having an affected parent), [64] and familial cases 
generally present at a slightly younger age [63].

As the most common adult PNST, most schwannomas present in the third to 
sixth decade of life [3]. Many are found incidentally, and due to their slow growing 
nature, many are quite sizeable before the onset of symptoms (typically presenting 
with pain and not neurological deficit). The occurrence of multiple schwannomas 
in one patient should raise suspicion for SWNTS. These tumors can occur in several 
different locations, including in the paraspinal and retroperitoneal areas, as well 
as brachial plexus [65]. SWNTS can also lead to the growth of other tumor types 
such as meningiomas. This, in addition to the presence of vestibular schwannomas 
in SWNTS, can result in considerable overlap and misdiagnosis of SWNTS as NF2 
(especially as mosaic NF2) [57].

Two gene mutations related to chromosome 22q have been identified as resulting 
in SWNTS—LZTR1 and SMARCB1. Patients with the LZTR1-associated mutation 
are more likely be affected by a vestibular schwannoma and acquire the sporadic 
form of SWNTS. Malignant transformation in patients with SWNTS is rare, but 
does occur. However, mutations in the SMARCB1, LZTR1, and the CoQ6 genes have 
been implicated in the pathogenesis of SWNTS both in the familial and sporadic 
cases. Many, as of yet, unknown mutations may also be implicated considering 
that SMARCB1 and LZTR1 genes were found in only 10% of sporadic and 60% of 
familial SWNTS cases [66]. Furthermore, in sporadic cases, 55% of the patients did 
not have their pathogenic variant found, while this was the case in only 31% of the 
familial cases [40, 57].

4.2 Schwannomatosis histopathology and subtypes

Schwannomas are well-circumscribed, encapsulated, intraneural lesions that 
most frequently arise from a single fascicle and tend to grow extrinsic to their 
parent nerve. This results in surrounding fascicles being splayed to the tumor 
periphery (is in contrast to neurofibromas) [3, 39]. It is not uncommon for multiple 
schwannomas to occur along the same nerve [67]. Although the majority of lesions 
are solitary (96%), plexiform lesions do occur (4%) [68].

Morphologically, SWNTS-associated schwannomas are similar to lesions 
occurring in NF2 or sporadic cases. Namely, Verocay bodies, Antoni A/B archi-
tecture, encapsulation, and hyalinized vessels are present. In addition to the 
above anatomical description of schwannomas, there are also several different 
histological categories as well. These include conventional or ancient type (com-
monly displaying degenerative changes such as calcification, cystic change, 
necrosis and hemorrhage, though usually still follow an indolent course), cellular 
type (predominantly made up of Antoni A areas, hypercellular with occasional 
mitotic figures and nuclear atypia, and although may have a higher recurrence 
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rate, still considered benign), melanotic type (comprised of non-psammomatous 
and psammomatous types with melanin hyperpigmentation and associated 
with Carney’s syndrome; may be or become malignant), and plexiform type (as 
previously described). Furthermore, mixed or hybrid neurofibroma-schwannoma 
histopathologic tumor appearance is more frequent in SWNTS than in the other 
tumor predisposition disorders [4]. Furthermore, although in the absence of 
radiation exposure schwannomas are not necessarily more prone to malignant 
degeneration in the setting of NF2, this may not be the case for SWNTS. In a 
previous study, MPNSTs were noted to occur in 3/181 cases of SWNTS associated 
with SMARCB1 mutations [69].

4.3 Clinical presentation

The clinical presentation of SWNTS is more non-specific than that of the 
other familial tumor syndromes discussed [57]. This is likely due to the fact that 
compared to NF1/2, SWNTS will present with more subtle findings related to 
slow tumor growth (as opposed to cutaneous manifestations). The most com-
mon presenting complaint is pain (focal or diffuse) without neurological deficit, 
and the presence of a large mass [3, 57, 63, 70]. One previous study found that 
approximately 60% of patients will have numbness and 30% will have paresthesias 
at presentation. However, motor deficits are rare [39]. Weakness and atrophy are 
typically late findings, [64] though they have been found in 12.8% of tumors in one 
study [39]. It should also be noted that due to mosaicism, SWNTS can also present 
as a localized, segmental process, which is the case in about 30% of patients [47, 68].

Compared to NF2 patients, SWNTS demonstrates a higher incidence of periph-
eral nerve and spinal lesions [57]. Schwannomas will affect peripheral nerves most 
commonly (95%), followed by spinal nerves (75%) with the lumbar spine most 
often affected [64]. Moreover, cranial nerves may be affected (trigeminal being 
the most common), though much less commonly [64]. Patients with SWNTS have 
a significantly lower incidence of meningiomas, ependymomas, trigeminal, and 
vestibular schwannomas (unilateral still being in keeping with an SWNTS diag-
nosis) than do patients diagnosed with NF2 [57]. Meningiomas in association with 
schwannomas do occur, as do isolated cutaneous neurofibromas; however, patients 
presenting with schwannomas tend to be older than those presenting with neurofi-
bromas for NF1/2 [30, 31]. Diagnosis of SWNTS (and differentiating SWNTS from 
NF1/2) is predicated on clinical criteria or combined clinical-molecular criteria 
recently proposed by Kehrer-Sawatzki et al. [71]. However, biopsy to obtain a 
definitive diagnosis of schwannoma is no longer recommended given the associated 
risk of neurological injury and increased risk of postoperative neurological deficit 
after resection [15].

Similar to NF1 and NF2, SWNTS patients can also present with neuropathy 
(outside of that explained by obvious tumor compression). Patients may suffer 
from a tumor-independent, intrinsic nerve deficit presenting as a mononeuropathy 
or polyneuropathy [4]. After investigations are completed, the majority of SWNTS 
patients presenting with neuropathic pain do not end up having a causative tumor 
identified. Furthermore, although neurophysiological investigations are often 
normal in these patients, high-resolution MR neurography has previously demon-
strated intrafascicular microlesions. As such, the notion of not finding a causative 
tumor may simply be an issue of commonly used investigations not being sensitive 
enough to detect them (tumorlets as seen in NF1/2 being the culprit). Alternatively, 
an abnormally and diffusely thickened nerve may be to blame [4, 68]. Whether or 
not these findings are the cause of the pain, and not merely correlative, is another 
issue. However, SMARCB1-deficient Schwann cells have also been shown to release 
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factors that stimulate nociceptive DRG neurons [4, 61, 68]. These are only a few of 
the ongoing research areas of SWNTS, as well as NF1/2, being actively pursued.

4.4 Imaging

Imaging characteristics for lesions in patients with SWNTS are similar to 
those found in solitary lesions previously described. On T1-weighted MRI, 
lesions appear homogeneously hypo- to isointense to muscle. Postcontrast 
T1 imaging typically demonstrates heterogeneous enhancement, while fluid-
sensitive sequences demonstrate heterogeneous hyperintensity [68]. High-signal 
intensity on T2 is also usually seen. The use of whole-body MRI is an efficient 
way in SWNTS patients to evaluate and screen the overall tumor burden, as well 
as survey for tumor growth or change. With respect to other hallmark features, 
a target-sign (20%), split-fat sign (96%), tail-sign (36%), and tumor-nerve 
eccentricity (33%) may all be seen [68].

Although metabolic imaging is useful for malignancy surveillance in neurofibro-
mas, its utility in schwannomas is limited due to the high FDG-avidity of schwan-
nomas, which can consequently mimic malignancy [68, 70].

4.5 Management and outcome

Management for these tumors is similar in nature to that of schwannomas 
found in other neurocutaneous syndromes. Surgical indications have been outlined 
above in the NF1/2 sections. Previous studies have demonstrated good outcomes 
with surgical resection with very low risk of recurrence in the setting of gross total 
resection. Tumor resection with functional nerve/nerve fascicle preservation is the 
surgical goal when possible [39, 63]. Surgical removal is typically associated with 
little to no injury of the parent nerve, in contrast to neurofibromas in which there 
is a higher associated risk [3, 39]. Resection is carefully performed with removal 
of tumor capsule unless it is firmly adherent to the surrounding nerve. In the case 
of the latter, it is left in place. Gross total resection has been previously reported as 
being achievable in close to 80% of cases peripherally located (versus plexus) [39]. 
Recurrence of schwannomas after surgical removal is rare; however, it is greatest 
in cases of subtotal resection and in patients diagnosed with SWNTS (recurrence 
rate of 14.3% with an odds ratio of 4.29) [3, 39]. A revised diagnosis of NF2 is also 
associated with a worse overall prognosis. In comparison, SWNTS patients have a 
higher OAS than NF2 patients (mean age of 76.9 vs. 66.2 years, respectively) [18, 
57, 67]. The most frequent postoperative complication is paresthesia; however, 
motor (5.2%) and sensory (7.5%) deficits can also occur, in addition to neuropathic 
pain despite appropriate surgical and nonsurgical management (often unrelated to 
tumor size) [3, 39, 47, 72].

No medical treatments are currently available for patients with SWNTS [3]. 
However, as for all PNST patients presenting with significant neuropathic pain, 
neuromodulatory medication such as amitriptyline, pregabalin, and gabapentin 
should be considered [4]. The use of radiation therapy for treatment of SWNTS-
related lesions has not been rigorously assessed and considered only in cases of 
malignancy or clinically debilitating/unresectable lesions due to the risk of malig-
nant transformation [47].

4.6 Case presentation

A 42-year-old man with a personal and family history of multiple, recurrent 
schwannomas presented with a palpable tumor arising from the dorsal aspect of the 
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right ulnar nerve (progressively enlarging since childhood). The mass was located 
near the right medial epicondyle (as shown on his MRI depicted in Figure 3), and 
associated with painful paresthesias upon palpation in an ulnar distribution. On 
exam, he had weakness and atrophy of his dorsal and palmar interossei. Operative 
resection was completed using neurophysiological monitoring to identify silent 
tumor areas for its safe removal along with the fascicle of origin while preserv-
ing the parent ulnar nerve. At last follow-up, the patient’s sensory symptoms had 
resolved, and he had regained some strength; however, his atrophy persisted.

5. Conclusion

Since the initial description of neurofibromatosis (and subsequently schwan-
nomatosis), our understanding of the molecular pathogenesis underlying these 
neurocutaneous disorders, their clinical manifestations, and respective natural 
histories has greatly evolved. Technological advancements in areas such as 
genomic sequencing and radiological imaging have improved both the diagnostic 
and therapeutic aspects of these patients’ care. Despite these advancements, 
however, substantial work remains in order to fully comprehend the depth of 
these diseases. It is only through the continued collaboration of research groups 
and consortiums that these obscure areas will come to light and translate into 
improved patient care.

Figure 3. 
(A) T1 weighted MRI, coronal section. (B) T2 weighted MRI, coronal section. (C) T1 weighted MRI, axial 
section. (D) T2 weighted MRI, axial section. Oval, homogeneously enhancing, mass in the dorsal right forearm 
medial to the triceps arising from the right ulnar nerve.
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Chapter 3

Neurofibromatosis Type 2: 
Current Trends and Future 
Directions for Targeted Biologic 
Therapies
Donna Molaie and Phioanh Leia Nghiemphu

Abstract

Neurofibromatosis type 2 (NF2) is an inherited tumor predisposition syndrome 
leading to the formation of vestibular schwannomas (VS) and other central nervous 
system (CNS) tumors. Clinical NF2 follows a genetic alteration to the NF2 gene, 
which disrupts the function of a cell membrane-related protein, merlin. Though the 
role of merlin is incompletely understood, it is predominantly thought to achieve 
tumor suppressive effects by affecting multiple signaling pathways important for 
contact inhibition, cellular proliferation, and cellular growth. Patients with NF2 
have a bimodal age of onset in children and young adults, with the former tending 
to present with a more severe phenotype involving multiple tumors. Currently 
available treatments are non-curative. Surgical resection is the mainstay for grow-
ing tumors but comes at the cost of significant morbidity, while radiotherapy is 
generally not advisable due to the risk of secondary malignancy and malignant 
transformation. Hence, there remains a critical demand for effective anti-neoplastic 
therapies for NF2-related tumors. There are currently no FDA-approved biologic 
therapies for the treatment of NF2. Given the complexity and far-reaching effects 
of Merlin, multiple molecular targets and pathways have been investigated and are 
currently at various stages of investigation.

Keywords: neurofibromatosis type 2, Merlin, vestibular schwannoma,  
targeted therapy, Bevacizumab, axitinib, sorafenib, lapatinib, erlotinib, crizotinib, 
brigatinib, everolimus, vistusertib, AR-42, selumetinib

1. Introduction

NF2 is an autosomal dominant, tumor predisposition syndrome with an inci-
dence of 1:25,000–1:40,000 [1, 2]. The diagnosis is made based on the presence 
of specific clinical features. Under the NIH criteria, a patient can be diagnosed 
with NF2 if they have [1] bilateral VS or [2] have a family history significant for 
NF2 and any one of the following: unilateral VS, other schwannoma, meningioma, 
glioma, neurofibroma, or juvenile posterior subscapular lens opacity [3]. Notably, 
the presence of a pathogenically mutated NF2 gene is not necessary to complete the 
diagnosis.
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The NF2 gene is located on the long arm of chromosome 22, and encodes for the 
cell membrane-related protein, Merlin or Schwannomin. Though the function of 
Merlin is incompletely understood, it is predominantly thought to achieve tumor 
suppressive effects by affecting multiple signaling pathways important for contact 
inhibition, cellular proliferation, and cellular growth [4, 5]. A wide variety of 
genetic alterations affect the gene predisposing to NF2, including frameshift, non-
sense, missense, and less commonly, splice site [6, 7]. Mutations of the NF2 gene 
are only detected in 70% of affected patients, and the rate of detection is even less 
for patients without a family history. This discrepancy is explained by mosaicism: 
about 25–30% of NF2 patients with a de novo mutation of the NF2 gene are mosa-
ics, where only a portion of their cells contain the mutated gene [8].

Patients with NF2 are prone to develop multisystemic clinical features involv-
ing the nervous system, eyes, and skin. The most common clinical manifestations 
include bilateral VS, intracranial and spinal tumors (other schwannomas, meningi-
omas, and ependymomas), peripheral neuropathy, cataracts, and cutaneous tumors 
[9, 10]. Less common but prevalent features include epiretinal membranes, retinal 
hamartomas, skin plaques, and subcutaneous tumors [9, 10].

The age at clinical onset is bimodal: the first peak is in children, with a median 
age of onset ranging from 8 to 14 years in pediatric patients [11–13], while the 
second is between the ages of 20 and 22 for adults [9, 10]. Correspondingly, the 
clinical presentation of patients affected by NF2 is grouped into two main subtypes: 
the more aggressive Wishart type, more common for childhood-onset, and the less 
aggressive Gardner type, presenting in adulthood [13]. Adults tend to present with 
symptoms of tinnitus, hearing loss, and/or imbalance related to VS, while children 
have a higher likelihood of presenting with symptoms due to spinal cord compres-
sion or other CNS-tumors, as well as ophthalmologic involvement [11, 12, 14].

Growth rates for NF2-related tumors vary [15]. Although NF2-related VS are gen-
erally slow growing, they are known to cause considerable morbidity and mortality. 
Left untreated VS leads to decline in auditory function and complete hearing loss over 
a period of several years [16]. The goal of treatments for NF2 is to reduce the presence 
of disabling symptoms, and help improve overall survival for patients. Unfortunately, 
there are no FDA-approved pharmacologic therapies, and currently available treat-
ment options are non-curative. Surgical resection remains the only approved and 
standard treatment for NF2-related tumors, while radiotherapy is a less desirable 
option. Targeted biologic therapies may be an emergent treatment option.

Surgical resection is indicated for VS with accelerated growth rate, ≥3 cm in size, 
and/or symptoms of radiographic evidence due to compression of adjacent struc-
tures [17]. However, surgical intervention comes at the risk of hearing loss, facial 
paralysis, damage of lower cranial nerves, stroke, and CSF leak [17]. In addition, 
VS can recur following resection: a large retrospective review evaluating 148 NF2 
patients with a mean pre-operative tumor size of 3.1 cm and a mean follow-up of 
12 years revealed a recurrence rate of 14% [18]. The size of VS also does not corre-
late with the degree of hearing loss [19, 20], and at times there is profound hearing 
loss despite a very small size of the VS where surgical resection would unlikely 
reverse deafness. In contrast to VS, other schwannomas tend to be slower growing 
and hence surveillance with serial imaging is recommended; surgical resection is 
reserved for tumors symptomatically affecting the patient [17].

In regards to NF2-related meningiomas, surgical resection is advised when 
patients become symptomatic or tumors demonstrate increased growth rate [10, 17]. 
In contrast, the role of surgical resection for spinal ependymomas is not clearly estab-
lished. Results from a multi-institutional retrospective review suggest that timely 
resection in the hands of a skilled neurosurgeon may improve a patients’ natural 
clinical history [21].
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NF2-related tumors may also be treated with radiotherapy. There is no formal 
consensus regarding the role of radiotherapy for NF2 patients with growing 
VS. The use of external beam radiotherapy for progressive VS in NF2 patients is 
considered controversial due to the increased risk of malignant transformation 
and secondary malignancy, as compared with patients with sporadic VS [22–24]. 
Additionally, patients with NF2-related progressive VS treated with radiotherapy 
have poorer rates of local control and reduced preservation of hearing as com-
pared with non-NF2 patients [17, 25]. In a large retrospective study by Rowe 
et al., only 40% of 92 NF2 patients with growing VS treated with stereotactic 
radiosurgery (SRS) retained hearing function at 3 years post treatment; the rest 
progressed, including 20% of patients who developed complete hearing loss [26]. 
Overall, radiotherapy for NF2-related VS is not recommended, and is reserved 
for surgically inaccessible tumors [3]. Moreover, radiotherapy prior to surgical 
resection has fallen out of favor due to the observation that radiotherapy makes 
resection of VS more difficult [3]. Data on SRS for NF2-related meningioma is 
even more scarce. In general, radiation therapy is not advised due to the risk of 
creating a secondary malignancy, and is reserved for atypical and/or anaplastic 
meningiomas [17].

2. Biologically targeted therapies

Current treatment options for NF2-related tumors provide only temporary 
benefits and there are no FDA-approved pharmacologic therapies for NF2. There 
remains an unmet need for effective anti-neoplastic therapy of NF2-related tumors. 
Since NF2-related tumors tend to be slow growing, options such as cytotoxic 
chemotherapies are not appropriate to treat this lifelong condition, thus molecularly 
targeted therapies represent a better treatment modality and a budding and encour-
aging prospect.

Merlin is a multifunctional protein that is involved with the regulation of intra- 
and extracellular molecules and biologic pathways that are important for cellular 
structure, survival, proliferation, and contact-dependent inhibition. Increased 
research efforts have enabled the discovery of various molecular pathways and 
targets relevant to the pathogenesis of NF2-related tumors. These include vascu-
lar endothelial growth factor (VEGF), platelet-derived growth factor receptor 
(PDGFR), and epidermal growth factor receptor (EGFR), phosphoinositide 
3-kinase (PI3K)/Akt, histone deacetylase (HDAC), and mammalian inhibitor 
of rapamycin (mTOR). The mechanisms of these targets and their pathways are 
briefly discussed here.

NF2-VS have increased expression of VEGF [27, 28], a powerful mediator of 
tumor angiogenesis [29]. Additionally, VS are highly vascular tumors, making anti-
angiogenesis an appealing option that has been evaluated in NF2 patients in clinical 
studies [30] and is described in further detail in Section 2.1. The precise mechanism 
of angiogenesis regulation by Merlin is not known, but a downstream pathway 
implicating the Rac1 GTPase has been described [31]. Merlin is thought to maintain 
angiogenesis by regulating Rac1 activity. In NF2-deficient Schwann cells, increased 
Rac1 activity lead to augmented VEGF levels and more tumor burden [31].

Another growth factor relevant to NF2-pathogenesis is PDGFR. PDGFR accu-
mulates on the surface of NF2-deficient Schwann cells [32, 33]. Increased activation 
of PDGFR leads to downstream phosphorylation of B-catenin, and subsequent 
destabilization of cell junctions, loss of contact-dependent inhibition, and 
increased cell cycle activity [32]. Intact Merlin is important for regulating the con-
centration of cell surface PDGFR through degradation pathways [34]. In preclinical 
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a period of several years [16]. The goal of treatments for NF2 is to reduce the presence 
of disabling symptoms, and help improve overall survival for patients. Unfortunately, 
there are no FDA-approved pharmacologic therapies, and currently available treat-
ment options are non-curative. Surgical resection remains the only approved and 
standard treatment for NF2-related tumors, while radiotherapy is a less desirable 
option. Targeted biologic therapies may be an emergent treatment option.

Surgical resection is indicated for VS with accelerated growth rate, ≥3 cm in size, 
and/or symptoms of radiographic evidence due to compression of adjacent struc-
tures [17]. However, surgical intervention comes at the risk of hearing loss, facial 
paralysis, damage of lower cranial nerves, stroke, and CSF leak [17]. In addition, 
VS can recur following resection: a large retrospective review evaluating 148 NF2 
patients with a mean pre-operative tumor size of 3.1 cm and a mean follow-up of 
12 years revealed a recurrence rate of 14% [18]. The size of VS also does not corre-
late with the degree of hearing loss [19, 20], and at times there is profound hearing 
loss despite a very small size of the VS where surgical resection would unlikely 
reverse deafness. In contrast to VS, other schwannomas tend to be slower growing 
and hence surveillance with serial imaging is recommended; surgical resection is 
reserved for tumors symptomatically affecting the patient [17].

In regards to NF2-related meningiomas, surgical resection is advised when 
patients become symptomatic or tumors demonstrate increased growth rate [10, 17]. 
In contrast, the role of surgical resection for spinal ependymomas is not clearly estab-
lished. Results from a multi-institutional retrospective review suggest that timely 
resection in the hands of a skilled neurosurgeon may improve a patients’ natural 
clinical history [21].
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NF2-related tumors may also be treated with radiotherapy. There is no formal 
consensus regarding the role of radiotherapy for NF2 patients with growing 
VS. The use of external beam radiotherapy for progressive VS in NF2 patients is 
considered controversial due to the increased risk of malignant transformation 
and secondary malignancy, as compared with patients with sporadic VS [22–24]. 
Additionally, patients with NF2-related progressive VS treated with radiotherapy 
have poorer rates of local control and reduced preservation of hearing as com-
pared with non-NF2 patients [17, 25]. In a large retrospective study by Rowe 
et al., only 40% of 92 NF2 patients with growing VS treated with stereotactic 
radiosurgery (SRS) retained hearing function at 3 years post treatment; the rest 
progressed, including 20% of patients who developed complete hearing loss [26]. 
Overall, radiotherapy for NF2-related VS is not recommended, and is reserved 
for surgically inaccessible tumors [3]. Moreover, radiotherapy prior to surgical 
resection has fallen out of favor due to the observation that radiotherapy makes 
resection of VS more difficult [3]. Data on SRS for NF2-related meningioma is 
even more scarce. In general, radiation therapy is not advised due to the risk of 
creating a secondary malignancy, and is reserved for atypical and/or anaplastic 
meningiomas [17].

2. Biologically targeted therapies

Current treatment options for NF2-related tumors provide only temporary 
benefits and there are no FDA-approved pharmacologic therapies for NF2. There 
remains an unmet need for effective anti-neoplastic therapy of NF2-related tumors. 
Since NF2-related tumors tend to be slow growing, options such as cytotoxic 
chemotherapies are not appropriate to treat this lifelong condition, thus molecularly 
targeted therapies represent a better treatment modality and a budding and encour-
aging prospect.

Merlin is a multifunctional protein that is involved with the regulation of intra- 
and extracellular molecules and biologic pathways that are important for cellular 
structure, survival, proliferation, and contact-dependent inhibition. Increased 
research efforts have enabled the discovery of various molecular pathways and 
targets relevant to the pathogenesis of NF2-related tumors. These include vascu-
lar endothelial growth factor (VEGF), platelet-derived growth factor receptor 
(PDGFR), and epidermal growth factor receptor (EGFR), phosphoinositide 
3-kinase (PI3K)/Akt, histone deacetylase (HDAC), and mammalian inhibitor 
of rapamycin (mTOR). The mechanisms of these targets and their pathways are 
briefly discussed here.

NF2-VS have increased expression of VEGF [27, 28], a powerful mediator of 
tumor angiogenesis [29]. Additionally, VS are highly vascular tumors, making anti-
angiogenesis an appealing option that has been evaluated in NF2 patients in clinical 
studies [30] and is described in further detail in Section 2.1. The precise mechanism 
of angiogenesis regulation by Merlin is not known, but a downstream pathway 
implicating the Rac1 GTPase has been described [31]. Merlin is thought to maintain 
angiogenesis by regulating Rac1 activity. In NF2-deficient Schwann cells, increased 
Rac1 activity lead to augmented VEGF levels and more tumor burden [31].

Another growth factor relevant to NF2-pathogenesis is PDGFR. PDGFR accu-
mulates on the surface of NF2-deficient Schwann cells [32, 33]. Increased activation 
of PDGFR leads to downstream phosphorylation of B-catenin, and subsequent 
destabilization of cell junctions, loss of contact-dependent inhibition, and 
increased cell cycle activity [32]. Intact Merlin is important for regulating the con-
centration of cell surface PDGFR through degradation pathways [34]. In preclinical 
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studies, inhibitors of PDGFR reduced proliferation of NF2-deficient Schwann cells 
via negative regulation of ERK and Akt [35].

The ErbB family of receptor tyrosine kinases has also been increasingly studied 
in NF2, primarily ErbB1 (EGFR). NF2-deficient cells have increased levels of EGFR 
[32, 33], leading to increased cellular proliferation and resistance to apoptosis [36]. 
Merlin can physically associate with and negatively regulate EGFR by controlling 
its membrane distribution and subsequent trafficking [37–39], thereby blocking 
various downstream targets including Raf, extracellular signal-regulated kinase 
(ERK), and Akt [32]. Moreover, pharmacologic inhibitors of EGFR efficiently 
revert the phenotypic consequences of NF2-deficiency in several types of cultured 
cells [37–39].

Merlin is also involved in regulating a number of pathways and intracellular 
targets relevant to cellular proliferation and survival. In NF2 preclinical studies, 
loss of merlin activity leads to Schwann cell growth via activation of the PI3K/Akt 
pathway [40, 41]. Normally, Merlin inhibits PI3K activity, preventing downstream 
phosphorylation and hence activation of Akt, a protein kinase responsible for 
proteasome-mediated degradation of Merlin [42]. Akt phosphorylation is also 
regulated by HDAC; pharmacologic inhibitors of HDAC lead to tumor shrinkage 
and inhibition of cellular growth in preclinical NF2 studies [43].

In addition, gene-expression profiling of sporadic and NF2-associated VS 
demonstrated overexpression of the PI3K/Akt/mTOR pathway [44]. MTOR 
complex 1 (mTORC1) is an evolutionarily conserved protein kinase involved with 
cell survival, metabolism, and protein translation [45]. In contrast, mTOR com-
plex 2 (MTORC2) regulates the actin cytoskeleton and activation of Akt [45, 46]. 
Merlin is considered a negative regulator of mTOR. Loss of Merlin function leads 
to constitutive mTOR signaling in NF2-deficient tumors, including schwannomas, 
meningiomas, and mesotheliomas. Notably, aberrant signaling of mTOR in NF2-
tumorigenesis is independent of PI3K/Akt pathways [45]. In preclinical studies, 
inhibition with mTORC1 reversed the phenotypic consequences of NF2-deficient 
schwannoma and meningioma cell lines [45, 47].

In the following sections, specific pharmacologic-targeted therapies and rel-
evant clinical studies are discussed further.

2.1 Angiogenesis inhibitors

2.1.1 Bevacizumab

The use of Bevacizumab, a humanized monoclonal antibody targeting VEGF, 
has resulted in meaningful imaging and hearing response rates for NF2 patients 
with progressive VS [28, 48, 49]. Plotkin et al. first showed the intravenous admin-
istration of Bevacizumab at 5 mg/kg every 2 weeks resulted in tumor reduction in 9 
out of 10 patients, with an imaging response in 6 out of 10 patients, and improved 
or stabilized hearing (as measured by word-recognition scores) in 6 out of 7 eligible 
patients [28]. Additional studies with larger patient cohorts have demonstrated 
imaging and hearing response rates of 39–55% and 45–57%, respectively [48, 49], 
in addition to improved quality of life [49]. The average time to treatment response 
was 3 months [48, 49]. Hearing remained stable or improved in 86–90% of patients 
after 1 year [48, 49] and 61% after 3 years [48]; tumor volume remained stable or 
reduced in 88–90% of patients after 1 year and 54–63% after 3 years [48, 49]. In a 
large multi-institution prospective study with 51 NF2 patients, predictors of imag-
ing response included older age: 6 patients <18 years with evaluable VS exhibited 
significantly reduced responses to Bevacizumab and tended to have faster growing 
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tumors refractory to treatment, as compared with their adult counterparts [49]. 
Similarly, a small retrospective study evaluating the efficacy of Bevacizumab for 
pediatric NF2 patients with progressive VS also yielded poor results: none of the 
seven patients met criteria for a radiographic response, and of the four evaluable 
patients for hearing assessments, one improved while three stabilized [50]. These 
observations are in line with previous studies revealing that younger patients have 
a higher likelihood of developing more severe phenotypes with accelerated tumor 
growth rates [15, 51].

This constellation of clinical results for adult and pediatric NF2 patients lead 
to phase II clinical studies evaluating the effect of bevacizumab for NF2 patients 
with growing VS. In the phase II study by the National Cancer Institute, a dose of 
bevacizumab 7.5 mg/kg every 3 weeks for 12 months was administered, the results 
of which are pending (NCT01207687). In the study by Plotkin et al., patients were 
treated with bevacizumab 10 mg/kg every 2 weeks for 24 weeks, followed by 5 mg/
kg every 3 weeks [30]. Published preliminary results showed that 22 patients with 
NF2-related progressive VS experienced tumor shrinkage and improved hearing 
in 43 and 36% of patients, respectively [30]. In line with past studies [49, 50], the 
seven NF2 patients ≤21 years had much less benefit as compared with patients 
>21 years [30]. In fact, only one out of seven demonstrated a hearing response, and 
no patients had a radiographic response [30]. Reported adverse events were similar 
to prior studies [48, 49], and included hypertension, proteinuria, delayed wound 
healing, fatigue and irregular menses [30].

Unfortunately, the presence of these adverse events can lead to interruptions 
and even discontinuation of Bevacizumab therapy. In addition, long-term therapy 
with Bevacizumab is also limited by cumulative toxicities: primarily hypertension 
and proteinuria, but also, premature ovarian insufficiency in menstruating females. 
Responses are not sustained off treatment and discontinuation of Bevacizumab has 
been associated with accelerated VS regrowth and decline of hearing function [48]. 
The optimal duration of therapy with Bevacizumab for NF2-related VS remains 
unknown.

Bevacizumab has also been administered for treatment of other NF2-related 
tumors, including meningiomas and ependymomas. In a small retrospective study 
involving 15 patients with NF2-related meningiomas, a volumetric response rate of 
29% was observed, however the median duration of response was limited at only 
3.7 months [52]. Hence the effectivity for Bevacizumab in treating NF2-related 
meningioma remains unclear. In regards to NF2-related ependymoma, a retrospec-
tive evaluation demonstrated no significant benefit for patients with solid ependy-
momas, however, 7 out of 12 patients who had ependymomas with a syrinx or cystic 
component demonstrated radiographic and clinical improvements in response to 
treatment with Bevacizumab [53].

2.1.2 Axitinib

Axitinib is an orally available small molecule multikinase inhibitor of VEGF, 
PDGFR, and c-KIT (a receptor tyrosine kinase), leading to reduction of angiogen-
esis. Preclinical NF2 models have demonstrated the relevance of these molecular 
targets in the pathogenesis of NF2-related schwannomas [35, 54]. Specifically, in 
vitro studies on human schwannoma cells from NF2 patients revealed inhibition 
of PDGFR and c-KIT activation lead to inhibition of schwannoma cell growth and 
induction of schwannoma cell death [35, 54]. Recently, these results have been 
translated into an ongoing phase II clinical trial, evaluating the efficacy of axitinib 
in patients with NF2 and progressive VS (NCT02129647).
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studies, inhibitors of PDGFR reduced proliferation of NF2-deficient Schwann cells 
via negative regulation of ERK and Akt [35].

The ErbB family of receptor tyrosine kinases has also been increasingly studied 
in NF2, primarily ErbB1 (EGFR). NF2-deficient cells have increased levels of EGFR 
[32, 33], leading to increased cellular proliferation and resistance to apoptosis [36]. 
Merlin can physically associate with and negatively regulate EGFR by controlling 
its membrane distribution and subsequent trafficking [37–39], thereby blocking 
various downstream targets including Raf, extracellular signal-regulated kinase 
(ERK), and Akt [32]. Moreover, pharmacologic inhibitors of EGFR efficiently 
revert the phenotypic consequences of NF2-deficiency in several types of cultured 
cells [37–39].

Merlin is also involved in regulating a number of pathways and intracellular 
targets relevant to cellular proliferation and survival. In NF2 preclinical studies, 
loss of merlin activity leads to Schwann cell growth via activation of the PI3K/Akt 
pathway [40, 41]. Normally, Merlin inhibits PI3K activity, preventing downstream 
phosphorylation and hence activation of Akt, a protein kinase responsible for 
proteasome-mediated degradation of Merlin [42]. Akt phosphorylation is also 
regulated by HDAC; pharmacologic inhibitors of HDAC lead to tumor shrinkage 
and inhibition of cellular growth in preclinical NF2 studies [43].

In addition, gene-expression profiling of sporadic and NF2-associated VS 
demonstrated overexpression of the PI3K/Akt/mTOR pathway [44]. MTOR 
complex 1 (mTORC1) is an evolutionarily conserved protein kinase involved with 
cell survival, metabolism, and protein translation [45]. In contrast, mTOR com-
plex 2 (MTORC2) regulates the actin cytoskeleton and activation of Akt [45, 46]. 
Merlin is considered a negative regulator of mTOR. Loss of Merlin function leads 
to constitutive mTOR signaling in NF2-deficient tumors, including schwannomas, 
meningiomas, and mesotheliomas. Notably, aberrant signaling of mTOR in NF2-
tumorigenesis is independent of PI3K/Akt pathways [45]. In preclinical studies, 
inhibition with mTORC1 reversed the phenotypic consequences of NF2-deficient 
schwannoma and meningioma cell lines [45, 47].

In the following sections, specific pharmacologic-targeted therapies and rel-
evant clinical studies are discussed further.

2.1 Angiogenesis inhibitors

2.1.1 Bevacizumab

The use of Bevacizumab, a humanized monoclonal antibody targeting VEGF, 
has resulted in meaningful imaging and hearing response rates for NF2 patients 
with progressive VS [28, 48, 49]. Plotkin et al. first showed the intravenous admin-
istration of Bevacizumab at 5 mg/kg every 2 weeks resulted in tumor reduction in 9 
out of 10 patients, with an imaging response in 6 out of 10 patients, and improved 
or stabilized hearing (as measured by word-recognition scores) in 6 out of 7 eligible 
patients [28]. Additional studies with larger patient cohorts have demonstrated 
imaging and hearing response rates of 39–55% and 45–57%, respectively [48, 49], 
in addition to improved quality of life [49]. The average time to treatment response 
was 3 months [48, 49]. Hearing remained stable or improved in 86–90% of patients 
after 1 year [48, 49] and 61% after 3 years [48]; tumor volume remained stable or 
reduced in 88–90% of patients after 1 year and 54–63% after 3 years [48, 49]. In a 
large multi-institution prospective study with 51 NF2 patients, predictors of imag-
ing response included older age: 6 patients <18 years with evaluable VS exhibited 
significantly reduced responses to Bevacizumab and tended to have faster growing 
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tumors refractory to treatment, as compared with their adult counterparts [49]. 
Similarly, a small retrospective study evaluating the efficacy of Bevacizumab for 
pediatric NF2 patients with progressive VS also yielded poor results: none of the 
seven patients met criteria for a radiographic response, and of the four evaluable 
patients for hearing assessments, one improved while three stabilized [50]. These 
observations are in line with previous studies revealing that younger patients have 
a higher likelihood of developing more severe phenotypes with accelerated tumor 
growth rates [15, 51].

This constellation of clinical results for adult and pediatric NF2 patients lead 
to phase II clinical studies evaluating the effect of bevacizumab for NF2 patients 
with growing VS. In the phase II study by the National Cancer Institute, a dose of 
bevacizumab 7.5 mg/kg every 3 weeks for 12 months was administered, the results 
of which are pending (NCT01207687). In the study by Plotkin et al., patients were 
treated with bevacizumab 10 mg/kg every 2 weeks for 24 weeks, followed by 5 mg/
kg every 3 weeks [30]. Published preliminary results showed that 22 patients with 
NF2-related progressive VS experienced tumor shrinkage and improved hearing 
in 43 and 36% of patients, respectively [30]. In line with past studies [49, 50], the 
seven NF2 patients ≤21 years had much less benefit as compared with patients 
>21 years [30]. In fact, only one out of seven demonstrated a hearing response, and 
no patients had a radiographic response [30]. Reported adverse events were similar 
to prior studies [48, 49], and included hypertension, proteinuria, delayed wound 
healing, fatigue and irregular menses [30].

Unfortunately, the presence of these adverse events can lead to interruptions 
and even discontinuation of Bevacizumab therapy. In addition, long-term therapy 
with Bevacizumab is also limited by cumulative toxicities: primarily hypertension 
and proteinuria, but also, premature ovarian insufficiency in menstruating females. 
Responses are not sustained off treatment and discontinuation of Bevacizumab has 
been associated with accelerated VS regrowth and decline of hearing function [48]. 
The optimal duration of therapy with Bevacizumab for NF2-related VS remains 
unknown.

Bevacizumab has also been administered for treatment of other NF2-related 
tumors, including meningiomas and ependymomas. In a small retrospective study 
involving 15 patients with NF2-related meningiomas, a volumetric response rate of 
29% was observed, however the median duration of response was limited at only 
3.7 months [52]. Hence the effectivity for Bevacizumab in treating NF2-related 
meningioma remains unclear. In regards to NF2-related ependymoma, a retrospec-
tive evaluation demonstrated no significant benefit for patients with solid ependy-
momas, however, 7 out of 12 patients who had ependymomas with a syrinx or cystic 
component demonstrated radiographic and clinical improvements in response to 
treatment with Bevacizumab [53].

2.1.2 Axitinib

Axitinib is an orally available small molecule multikinase inhibitor of VEGF, 
PDGFR, and c-KIT (a receptor tyrosine kinase), leading to reduction of angiogen-
esis. Preclinical NF2 models have demonstrated the relevance of these molecular 
targets in the pathogenesis of NF2-related schwannomas [35, 54]. Specifically, in 
vitro studies on human schwannoma cells from NF2 patients revealed inhibition 
of PDGFR and c-KIT activation lead to inhibition of schwannoma cell growth and 
induction of schwannoma cell death [35, 54]. Recently, these results have been 
translated into an ongoing phase II clinical trial, evaluating the efficacy of axitinib 
in patients with NF2 and progressive VS (NCT02129647).
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2.1.3 Sorafenib

Sorafenib is an orally available small molecular multikinase inhibitor against 
PDGFR, VEGF, and kinase-Raf1 (C-RAF). The relevance of these markers for VS 
tumorigenesis has been investigated in preclinical studies: increased PDGFR activ-
ity lead to increased cellular proliferation of human schwannoma cells in vitro by 
upregulating ERK 1/2 and Akt [35]. Expectedly, treatment with sorafenib reversed 
the PDGFR-mediated proliferation of schwannoma cells, and decreased the activity 
of ERK 1/2 and Akt [35]. These results were translated into a clinical study assessing 
the intratumoral concentration and activity of sorafenib in cutaneous schwanno-
mas in NF2 patients (ISRCTN49989464), the results of which are pending.

2.1.4 Highlights

• Bevacizumab has efficacy in treating NF2-related VS, as evidenced by tumor 
reduction or stabilization, and improved hearing assessments or clinical 
stabilization [17, 28, 30, 49], in addition to improved quality of life [49].

• The exact dose remains to be determined, variable doses of 5 mg/kg every 
2 weeks, 5 mg/kg every 3 weeks, and 10 mg/kg every 2 weeks have all demon-
strated effectivity [17, 30, 49].

• As compared with their adult counterparts, there is less benefit in the treat-
ment of pediatric NF2-related VS [30, 49].

• Although well tolerated for shorter durations, cumulative toxicities limit the 
long-term use of Bevacizumab, and responses are not sustained off treatment 
[48]. Optimal duration of treatment remains unknown.

• Bevacizumab is partially effective in treating NF2-related meningiomas, 
although these responses are not particularly durable [52].

• No benefit has been demonstrated for the treatment of solid ependymomas, 
however, ependymomas with a cystic component or syrinx had a modest 
response rate [53].

• Axitinib and sorafenib have demonstrated anti-schwannoma activity in preclin-
ical studies [35, 54] and have been evaluated in clinical studies (NCT02129647 
and ISRCTN49989464, respectively), the results of which are pending.

2.2 Tyrosine kinase inhibitors

2.2.1 Lapatinib

Lapatinib is an orally active small molecule, reversible tyrosine kinase inhibitor 
of EGFR and human epidermal growth factor receptor 2 (HER2/neu). Preclinical 
studies showed lapatinib had anti-proliferative effects on human schwannoma 
cells from NF2 patients in vitro, via downregulation of ERBB2, survivin, and other 
downstream receptor kinases [55]. Subsequently, in a phase 2 clinical trial for adults 
and children with NF2 and progressive VS, treatment with lapatinib resulted in 
imaging and hearing responses in 4 out of 17 patients and 4 out of 13 evaluable 
patients, respectively [56]. However, audiological responses were sustained in 
only one patient, and persisted for 9 months [56]. Based on these results, the 2018 
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Congress of Neurological Surgeons suggested there is Level 3 evidence to support 
lapatinib monotherapy in reducing VS volume and/or improving hearing function 
in NF2 patients with VS [57].

In addition, the effect of lapatinib on meningioma growth was evaluated in 
NF2 patients who received lapatinib in the clinical study described above [58]. 
Eight out of 17 patients had a total of 17 volumetrically measurable meningiomas 
and received at least 5 cycles of lapatinib [58]. Increased meningioma growth was 
observed in patients off lapatinib therapy (9 out of 17), as compared with those 
on treatment (2 out of 17). One patient had significant volume shrinkage which 
sustained for 23 months on lapatinib [58]. Hence, lapatinib may reduce the growth 
rate of NF2-related meningiomas and delay time to progression [58].

In regards to toxicity, in general treatment was tolerable and the most common 
adverse events were minor including most commonly skin rash, and less commonly 
fatigue, headache, diarrhea, nail changes, and elevations of liver transaminases 
without impact on liver function [56]. One patient developed a grade 3 toxicity 
of delayed wound healing postoperatively, and no grade 4 or 5 toxicities were 
observed [56].

2.2.2 Erlotinib

In contrast to lapatinib’s pan-Erb inhibitory activity, Erlotinib is an orally active 
tyrosine kinase inhibitor that is selective for EGFR. Preclinical studies demon-
strated persistent EGFR signaling in NF2-deficient cells contributes to cellular 
proliferation, and that treatment with a selective EGFR inhibitor stopped cellular 
proliferation at a high cell density via contact-dependent inhibition [37].

In a retrospective study, 11 patients with NF2-related progressive VS ineligible 
for surgical resection or radiotherapy were treated with erlotinib on the basis of 
compassionate use [59]. Unfortunately, no significant imaging or hearing responses 
were observed, though median time to clinical progression was 9.2 months [59]. 
Notably, the subset of four evaluable patients reported to experience stable disease 
on erlotinib all had slow VS growth rates (baseline annual volumetric growth rate 
ranging from 6 to 14%) prior to erlotinib initiation [59]. In summation, erlotinib is 
not effective in treating fast growing VS, however it may delay time to progression 
in patients with slow growing VS. The adverse event profile of erlotinib is similar 
to that of lapatinib, and primarily included minor toxicities of skin rash, diarrhea, 
and hair thinning [59]. Two patients developed a rare corneal keratopathy that was 
related to eyelash curling [59].

2.2.3 Crizotinib

Crizotinib is an orally active, small molecule multi-target tyrosine kinase 
inhibitor of mesenchymal-epithelial transition (MET), anaplastic lymphoma kinase 
(ALK), and c-ros oncogene 1 (ROS1). In orthotopic mouse models of NF2, treat-
ment with crizotinib resulted in slower growth of VS as compared with those who 
did not receive the drug [60]. Kissil et al. found that wildtype focal adhesion kinase 
(FAK1) was necessary for proliferation of NF2-null Schwann cells and treatment 
with crizotinib lead to inhibition of FAK1 and significantly reduced proliferation of 
NF2-null Schwann cells [60]. Conversely, treatment with crizotinib-resistant forms 
of FAK1 reversed the anti-proliferative benefits seen with wildtype FAK1 [60]. 
Hence, the primary anti-proliferative activity of crizotinib on NF2-null Schwann 
cells is mediated through inhibition of FAK1 [60]. FAK has previously been recog-
nized as a target involved with NF2-mediated tumorigenesis [61]. In addition, MET 
has also been implicated in the pathogenesis of NF2-related VS [62, 63]. Recently, 
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Congress of Neurological Surgeons suggested there is Level 3 evidence to support 
lapatinib monotherapy in reducing VS volume and/or improving hearing function 
in NF2 patients with VS [57].

In addition, the effect of lapatinib on meningioma growth was evaluated in 
NF2 patients who received lapatinib in the clinical study described above [58]. 
Eight out of 17 patients had a total of 17 volumetrically measurable meningiomas 
and received at least 5 cycles of lapatinib [58]. Increased meningioma growth was 
observed in patients off lapatinib therapy (9 out of 17), as compared with those 
on treatment (2 out of 17). One patient had significant volume shrinkage which 
sustained for 23 months on lapatinib [58]. Hence, lapatinib may reduce the growth 
rate of NF2-related meningiomas and delay time to progression [58].

In regards to toxicity, in general treatment was tolerable and the most common 
adverse events were minor including most commonly skin rash, and less commonly 
fatigue, headache, diarrhea, nail changes, and elevations of liver transaminases 
without impact on liver function [56]. One patient developed a grade 3 toxicity 
of delayed wound healing postoperatively, and no grade 4 or 5 toxicities were 
observed [56].

2.2.2 Erlotinib

In contrast to lapatinib’s pan-Erb inhibitory activity, Erlotinib is an orally active 
tyrosine kinase inhibitor that is selective for EGFR. Preclinical studies demon-
strated persistent EGFR signaling in NF2-deficient cells contributes to cellular 
proliferation, and that treatment with a selective EGFR inhibitor stopped cellular 
proliferation at a high cell density via contact-dependent inhibition [37].
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these results have been translated into an upcoming phase II clinical trial evaluating 
the efficacy of Crizotinib in children and adults with NF2 and progressive VS, set to 
open for enrollment later this year.

2.2.4 Brigatinib

Brigatinib is an orally available, small molecule tyrosine kinase inhibitor of 
ALK and EGFR. Based on a cell viability screen, ALK was identified as a promising 
target for inhibiting growth of NF2-deficient Schwann cells [64]. Subsequently, 
administration of brigatinib to NF2 mouse models delayed growth of schwannomas 
and better preserved hearing, as compared with vehicle-treated models [64]. These 
results have contributed to the development of a phase II clinical study for NF2 
patients, which is currently being developed and set to open for enrollment later 
this year.

2.2.5 Highlights

• Lapatinib has modest effect in reducing VS volume and/or improving hearing 
function in NF2 patients with VS [56, 57]

• Erlotinib is not effective in shrinking VS or improving hearing function, how-
ever, it may delay time to progression in patients with slow growing VS [59].

• Crizotinib and Brigatinib have demonstrated anti-schwannoma activity in 
preclinical studies and these results have been translated into a phase II clinical 
studies set to open later this year.

2.3 Mammalian target of Rapamycin (mTOR) inhibitors

2.3.1 Everolimus (RAD001)

Everolimus is an orally available inhibitor of mTOR complex 1 (mTORC1). 
Merlin is considered a negative regulator of mTORC1, and loss of merlin function 
leads to increased mTOR signaling and NF2-related tumorigenesis [65]. In preclini-
cal studies, inhibition of mTORC1 with rapamycin lead to VS tumor shrinkage in 
vivo [47] and halted growth of NF2-deficient meningioma cells in vitro [45]. These 
results were subsequently translated into two phase II clinical trials evaluating the 
efficacy of everolimus in NF2 patients with progressive VS [66, 67]. Both trials 
included adult and pediatric NF2 patients and subjects were treated with everolimus 
at 10 mg/day for continuous 28-day cycles. Neither study demonstrated any appre-
ciable tumor shrinkage or hearing improvement after treatment with everolimus 
[66, 67]. However, in the phase II study by Karajannis et al., three adult patients did 
experience mild reductions in their target VS (−3.6 to −11.93 cm3 reduction from 
baseline); two of these patients discontinued treatment at 3 and 6 months due to 
personal preference, while the third continued for 12 months with stabilization 
of their index VS [67]. Goutagny et al. also found that treatment with everolimus 
resulted in stabilization of tumor volumes, as well as hearing function, in five out 
of nine evaluable adult patients [66]. Stabilization was parallel to a decrease in the 
median annual growth rate of VS, from 67% per year before treatment to 0.5% per 
year during treatment [66]. Overall, time to tumor progression also increased, from 
4.2 months before treatments to >12 months with treatment [66].

In the five patients with stabilization of disease on everolimus, discontinua-
tion after 12 months lead to rebound effects on tumor growth rate [66]. All five 

41

Neurofibromatosis Type 2: Current Trends and Future Directions for Targeted Biologic Therapies
DOI: http://dx.doi.org/10.5772/intechopen.90163

patients experienced marked growth of VS volumes 2–6 months after discontinu-
ation; one patient had concomitant decline of hearing and balance and elected 
to undergo surgical resection [66]. In the other four patients, resumption of 
everolimus leads to a median VS volume reduction of 6.8% at 24 months and 
increased time to tumor progression [68]. Thereafter, the study was amended to 
increase duration of therapy with everolimus for another 2 years [68]. At 4-year 
follow-up, one patient continued to remain stable on everolimus, and the other 
three patients progressed radiographically after 36, 39, and 45 months of treat-
ment; hearing function was stable for three out of four patients [68]. Hence, 
reintroduction of everolimus resulted in delayed time to progression from a 
median of 2.9 months before treatment, to 13.9 months with treatment [68]. In 
addition, the previously observed rebound effect on VS growth rate following 
withdrawal of everolimus, did not occur with discontinuation of therapy after VS 
progression on treatment [68]. Two of the three patients with progression went 
on to receive bevacizumab, which resulted in tumor shrinkage for one patient 
and stabilization for the other [68].

Notably, the patients in the study by Goutagny et al. had received less prior 
medical therapies as compared with Karajannis et al., potentially reflecting a 
less refractory group of NF2-related VS. No rebound effects were observed by 
Karajannis et al., however, as seven out of nine patients were previously treated 
with lapatinib and/or bevacizumab, these therapies may lead to genetic alterations 
of VS tumorigenesis prior to everolimus therapy [67].

Everolimus monotherapy also resulted in stabilization of meningiomas in NF2 
patients. Two patients with asymptomatic frontal meningiomas had increased time 
to progression of meningioma while on everolimus, from 5.5 and 8.5 months before 
therapy, to 17.3 months and not reached, respectively, after 26 months of treatment 
with everolimus [68].

Overall the side effects due to everolimus were tolerable and mostly minor grade 
1 or 2 events including mouth ulcers, rash, headache, fatigue, cholesterol eleva-
tion, sinusitis, and delayed wound healing [66, 67]. One patient developed a grade 
3 toxicity of basocellular carcinoma which did not require additional treatment 
beyond excision [66] and another had transient azoospermia which resolved after 
drug discontinuation [67].

2.3.2 Vistusertib (AZD2014)

AZD2014 is an orally available dual inhibitor of mTOR complex 1 and 2 
(mTORC1/2). Plotkin et al. found that combined mTORC1/2 inhibition was more 
effective than single mTORC1 inhibition in reducing proliferation of NF2-deficient 
meningioma cells in vitro [69]. These results were translated into a phase II clini-
cal study for NF2 patients with growing or symptomatic meningiomas; the trial 
is active however it is not currently recruiting patients according to cancer.gov 
(NCT02831257).

2.3.3 Highlights

• Everolimus is effective in stabilizing VS and delaying time to tumor progression 
in about 50% of patients [66]; these observations are more notable for patients 
who have not been previously treated with other biologic agents [66, 67].

• Early discontinuation of everolimus in patients’ with stable disease may result 
in a life-threatening rebound effect on VS growth rate [66] which can be 
rescued by reintroduction of everolimus [68].



Neurofibromatosis - Current Trends and Future Directions

40

these results have been translated into an upcoming phase II clinical trial evaluating 
the efficacy of Crizotinib in children and adults with NF2 and progressive VS, set to 
open for enrollment later this year.

2.2.4 Brigatinib

Brigatinib is an orally available, small molecule tyrosine kinase inhibitor of 
ALK and EGFR. Based on a cell viability screen, ALK was identified as a promising 
target for inhibiting growth of NF2-deficient Schwann cells [64]. Subsequently, 
administration of brigatinib to NF2 mouse models delayed growth of schwannomas 
and better preserved hearing, as compared with vehicle-treated models [64]. These 
results have contributed to the development of a phase II clinical study for NF2 
patients, which is currently being developed and set to open for enrollment later 
this year.

2.2.5 Highlights

• Lapatinib has modest effect in reducing VS volume and/or improving hearing 
function in NF2 patients with VS [56, 57]

• Erlotinib is not effective in shrinking VS or improving hearing function, how-
ever, it may delay time to progression in patients with slow growing VS [59].

• Crizotinib and Brigatinib have demonstrated anti-schwannoma activity in 
preclinical studies and these results have been translated into a phase II clinical 
studies set to open later this year.

2.3 Mammalian target of Rapamycin (mTOR) inhibitors

2.3.1 Everolimus (RAD001)

Everolimus is an orally available inhibitor of mTOR complex 1 (mTORC1). 
Merlin is considered a negative regulator of mTORC1, and loss of merlin function 
leads to increased mTOR signaling and NF2-related tumorigenesis [65]. In preclini-
cal studies, inhibition of mTORC1 with rapamycin lead to VS tumor shrinkage in 
vivo [47] and halted growth of NF2-deficient meningioma cells in vitro [45]. These 
results were subsequently translated into two phase II clinical trials evaluating the 
efficacy of everolimus in NF2 patients with progressive VS [66, 67]. Both trials 
included adult and pediatric NF2 patients and subjects were treated with everolimus 
at 10 mg/day for continuous 28-day cycles. Neither study demonstrated any appre-
ciable tumor shrinkage or hearing improvement after treatment with everolimus 
[66, 67]. However, in the phase II study by Karajannis et al., three adult patients did 
experience mild reductions in their target VS (−3.6 to −11.93 cm3 reduction from 
baseline); two of these patients discontinued treatment at 3 and 6 months due to 
personal preference, while the third continued for 12 months with stabilization 
of their index VS [67]. Goutagny et al. also found that treatment with everolimus 
resulted in stabilization of tumor volumes, as well as hearing function, in five out 
of nine evaluable adult patients [66]. Stabilization was parallel to a decrease in the 
median annual growth rate of VS, from 67% per year before treatment to 0.5% per 
year during treatment [66]. Overall, time to tumor progression also increased, from 
4.2 months before treatments to >12 months with treatment [66].

In the five patients with stabilization of disease on everolimus, discontinua-
tion after 12 months lead to rebound effects on tumor growth rate [66]. All five 

41

Neurofibromatosis Type 2: Current Trends and Future Directions for Targeted Biologic Therapies
DOI: http://dx.doi.org/10.5772/intechopen.90163

patients experienced marked growth of VS volumes 2–6 months after discontinu-
ation; one patient had concomitant decline of hearing and balance and elected 
to undergo surgical resection [66]. In the other four patients, resumption of 
everolimus leads to a median VS volume reduction of 6.8% at 24 months and 
increased time to tumor progression [68]. Thereafter, the study was amended to 
increase duration of therapy with everolimus for another 2 years [68]. At 4-year 
follow-up, one patient continued to remain stable on everolimus, and the other 
three patients progressed radiographically after 36, 39, and 45 months of treat-
ment; hearing function was stable for three out of four patients [68]. Hence, 
reintroduction of everolimus resulted in delayed time to progression from a 
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addition, the previously observed rebound effect on VS growth rate following 
withdrawal of everolimus, did not occur with discontinuation of therapy after VS 
progression on treatment [68]. Two of the three patients with progression went 
on to receive bevacizumab, which resulted in tumor shrinkage for one patient 
and stabilization for the other [68].

Notably, the patients in the study by Goutagny et al. had received less prior 
medical therapies as compared with Karajannis et al., potentially reflecting a 
less refractory group of NF2-related VS. No rebound effects were observed by 
Karajannis et al., however, as seven out of nine patients were previously treated 
with lapatinib and/or bevacizumab, these therapies may lead to genetic alterations 
of VS tumorigenesis prior to everolimus therapy [67].
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to progression of meningioma while on everolimus, from 5.5 and 8.5 months before 
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with everolimus [68].
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1 or 2 events including mouth ulcers, rash, headache, fatigue, cholesterol eleva-
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drug discontinuation [67].
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AZD2014 is an orally available dual inhibitor of mTOR complex 1 and 2 
(mTORC1/2). Plotkin et al. found that combined mTORC1/2 inhibition was more 
effective than single mTORC1 inhibition in reducing proliferation of NF2-deficient 
meningioma cells in vitro [69]. These results were translated into a phase II clini-
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is active however it is not currently recruiting patients according to cancer.gov 
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• Notably, this rebound effect was not observed in patients who progressed on 
everolimus [68] or who had been previously treated with lapatinib or beva-
cizumab [66]. Hence discontinuation of everolimus in setting of ongoing VS 
stabilization is not recommended [68].

• While the timing of everolimus administration remains unclear, data suggest 
it is more likely to achieve tumor stabilization prior to other biologic agents 
[66, 67], and that bevacizumab can be safely administered after progression on 
everolimus with some stabilization of VS [68].

• Everolimus can also slow the growth of meningiomas in NF2 patients [68].

• Vistusertib is a dual mTORC1/2 inhibitor and may have more anti-meningioma 
activity than mTORC1 inhibitors [69]; it is currently being evaluated in a phase 
II clinical study (NCT02831257).

2.4 Histone deacetylase (HDAC) inhibitors

2.4.1 AR-42

AR-42 is an orally active inhibitor of HDAC with multiple downstream molecu-
lar targets, including downregulation of phosphorylated-Akt [70], a protein kinase 
important for cellular apoptosis. Preclinical studies with AR-42 on schwannoma 
and meningioma cells in vitro demonstrated a dose-dependent inhibitory effect on 
the cellular proliferation and increased cellular apoptosis, by reducing Akt activa-
tion [43]. Subsequently these findings were replicated in schwannoma mice xeno-
graft models, which demonstrated the mice that ate AR-42 had 42% smaller tumor 
volume and less phosphorylated-Akt as compared with those that did not receive 
drug [43]. Collectively, these studies demonstrate AR-42 has anti-neoplastic activ-
ity against schwannoma and meningioma cells via a dose-dependent suppression of 
phosphorylated-Akt [43]. These results have been translated into a proof of concept 
phase 0 study assessing expression of phosphorylated-Akt of VS and meningiomas 
in adults receiving AR-42 prior to surgical resection (NCT02282917).

2.5 Mitogen-activated protein kinase (MEK) inhibitors

2.5.1 Selumetinib (AZD6244)

Selumetinib is an orally available small molecule inhibitor of MEK 1 and 2. The 
Ras/MEK/extracellular signal-related kinase (ERK) pathway is implicated in NF2 
tumorigenesis and is strongly activated in NF2-deficient schwannoma cell lines 
[71]. In preclinical studies, inhibition of MEK 1 and 2 with selumetinib lead to ces-
sation of cellular proliferation of human schwannoma cells in vitro and interruption 
of PDFGR-mediated ERK activation [72]. These findings lead to phase II clinical 
study assessing the efficacy of selumetinib for patients with NF2-related tumors, 
and are actively recruiting according to clinicaltrials.gov (NCT03095248).

3. Conclusions

NF2 is a tumor predisposition syndrome that leads to the formation of VS, 
meningiomas, ependymomas, and a variety of ophthalmologic and cutaneous 
features. The management of NF2-related tumors has primarily been with surgery 
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and radiotherapy. However, surgical resection is associated with considerable 
morbidity, and radiotherapy is increasingly less advised due to the risk of malignant 
transformation and secondary malignancies. Hence, there remains a critical need 
for the treatment of patients with NF2-related tumors.

Biologically targeted therapies are an emerging and promising role. 
Dysfunctioning Merlin underlies NF2-associated tumorigenesis and is a multifunc-
tioning protein intimately involved with molecular targets and pathways important 
for cellular metabolism, structure, proliferation, survival, and contact-dependent 
inhibition. Targets that have been validated in preclinical models and translated into 
clinical trials include VEGF, PDGFR, VEGF, PI3K/Akt, HDAC, mTOR, ALK, and 
Ras/Raf/MEK/ERK. Ongoing studies for patients with NF2-related tumors include 
AR-42, selumetinib, and vistusertib, and two other clinical trials are set to open 
later this year: crizotinib and brigatinib. Currently published results from clinical 
studies suggest bevacizumab, everolimus, and lapatinib have some effectivity in sta-
bilizing NF2-VS and to a lesser degree, NF2-meningiomas. Bevacizumab, especially, 
has the ability to preserve function and prevent hearing loss in NF2 patients with 
progressive VS growth or hearing loss. However, these results are not durable and 
tumor growth eventually occurs. Given the multifunctioning reaches of Merlin, 
and the eventual drug-resistance of NF2-related tumors seen with monotherapy, 
developing a multi-drug regimen may be necessary for reducing the emergence of 
drug-resistant tumor cells, optimizing cell kill, and improving overall survival.

In summary, major advancements in understanding NF2 biology has enabled the 
translation of biologically targeted therapies for NF2-related tumors. Secondarily, 
monotherapy with some agents has resulted in stabilization of disease and clinical 
improvement. However, these results are not sustained off treatment, are limited by 
cumulative toxicities, and unfortunately, eventual growth occurs on monotherapy. 
A multi-drug regimen may be the key to overpowering the multifunctioning 
reaches of Merlin, and developing more efficacious long-term therapies with 
improved survival outcomes for patients with NF2.
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Chapter 4

Cognitive Issues Experienced 
by Individuals Living with 
Neurofibromatosis
Brian S. Potter and Leanne Mendoza

Abstract

In this chapter, we will review cognitive issues faced by individuals living with 
neurofibromatosis. The chapter will discuss the complicated and sometimes incon-
sistent cognitive issues and adaptive functioning struggles associated with NF1, 
NF2, and schwannomatosis. We will review neurocognitive outcomes associated 
with each of these conditions across the lifespan while focusing on NF1. Specific 
neurocognitive domains we will review include: intellect, memory, language, 
nonverbal skills, attention, and executive functions. We will discuss the heteroge-
neity of the cognitive phenotype for each of these conditions. We will include how 
associated medical complications such as brain tumor, seizures, and hearing loss 
can impact neurocognitive outcomes. The chapter will also review the functional 
consequence of cognitive difficulties including academic struggles, learning dis-
abilities, and decreased quality of life that are sometimes seen in this population.

Keywords: neurofibromatosis, schwannomatosis, cognitive, neurocognitive, 
learning, lifespan

1. Introduction

Neurofibromatosis is a collection of three distinct autosomal dominant genetic 
disorders including neurofibromatosis type 1 (NF1), neurofibromatosis type 
2 (NF2), and schwannomatosis. Each of these disorders has their own genetic 
variant, symptoms, and disease course [1]. These disorders are neurocutaneous 
syndromes, which represent a group of central nervous system (CNS) disorders 
with simultaneous lesions of other organs such as the skin or eye. One core common 
symptom among these conditions is that they cause tumors of nerve sheath [2].

In this chapter, we discuss cognitive, academic, and adaptive effects of neurofibro-
matosis over the course of the lifespan. Through review and synthesis of the extant 
literature, we summarize what is currently known regarding cognitive sequelae asso-
ciated with neurofibromatosis and discuss the functional impact with regard to learn-
ing, academics, and overall quality of life (QoL). Neurofibromatosis is a multisystem 
disorder that can cause multiple nerve sheath tumors throughout the body [1]. Each of 
the three conditions present with their own distinct as well as overlapping symptoms 
that can have a negative impact on QoL (e.g., chronic pain, bone abnormalities, skin 
disorders, hearing problems, and learning disabilities) [3, 4]. The presence of benign 
and malignant tumors, depending on their presentation and treatment regimen, can 
impact cognitive and developmental functioning [1]. Understanding the functional 
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ing, academics, and overall quality of life (QoL). Neurofibromatosis is a multisystem 
disorder that can cause multiple nerve sheath tumors throughout the body [1]. Each of 
the three conditions present with their own distinct as well as overlapping symptoms 
that can have a negative impact on QoL (e.g., chronic pain, bone abnormalities, skin 
disorders, hearing problems, and learning disabilities) [3, 4]. The presence of benign 
and malignant tumors, depending on their presentation and treatment regimen, can 
impact cognitive and developmental functioning [1]. Understanding the functional 
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impact of this disorder is especially crucial in order to improve quality of life through-
out the lifespan, as there is no known cure for neurofibromatosis [3]. NF1 is one of the 
most prevalent and researched genetic disorders. In contrast, prevalence rates of NF2 
and Schwannomatosis are much lower, and related research is much more limited. As 
such, this chapter will focus on the most common of the genetic conditions, NF1.

NF1 is characterized by cutaneous symptoms, including café-au-lait spots, 
skin neurofibromas, bone abnormalities (e.g., scoliosis), and glial cell tumors 
(gliomas) [2]. It is associated with a range of developmental and cognitive issues 
that are present throughout the lifespan. Cognitive and learning problems are the 
most common complications associated with NF1 [5–7]. In contrast, we did not 
find any studies that directly investigate the cognitive impact and learning issues 
of NF2 or Schwannomatosis. This is likely in part because these conditions are less 
prevalent and believed not to be directly associated with learning issues or academic 
struggles. That said, these are multisystem conditions that can impact vision and 
hearing, which can have indirect impact on cognitive skills and learning. Thus, we 
will discuss the cognitive effects of NF2 and Schwannomatosis indirectly by looking 
at associated common symptoms of the disorders that can impact cognition. NF2 
is defined by bilateral vestibular schwannomas (i.e., benign Schwann cell tumors 
on the vestibulocochlear nerve), which can cause hearing loss and balance issues 
[1]. Schwannomatosis is the newest recognized form of neurofibromatosis and is 
characterized by multiple schwannomas that typically occur in adulthood [1]. The 
degree of physical/medical phenotypical symptom presentation of each of these 
conditions is highly variable [1, 3]. Not surprisingly, the cognitive impact of these 
disorders has been found to be just as variable, which will be discussed more in 
detail below. At this time, the current literature does not demonstrate to what extent 
specific cognitive skills are related to each NF phenotype, and it is not yet known 
whether the presence of predisposing genetic factors for each variant of NF explain 
this heterogeneity of cognitive outcomes.

2. Neurofibromatosis type 1 (NF1)

Because the phenotypic expression of NF1 is so variable, some individuals 
living with NF1 are unaware they have the disorder while others are significantly 
impacted. Additionally, symptoms and signs of NF1 can be fluid and can change in 
presentation throughout a person’s life [8]. In more severe presentations, NF1 can 
cause physical disfigurement and can be accompanied by significant neurological 
problems, such as brain tumor and seizures [2]. As noted above, NF1 is a disorder 
that affects multiple systems in the body, including the brain.

There have been many studies that have investigated the cognitive and learn-
ing issues associated with NF1 across age groups throughout the lifespan. One 
reason that the cognitive and learning struggles associated with NF1 have been 
well-researched is that NF1 is a single gene disorder (i.e., a mutation of the tumor 
suppressor gene on chromosome 17), and as such it presents an opportunity to 
investigate cognitive dysfunction at the molecular and cellular level [9]. The NF1 
gene encodes the neurofibromin protein, which serves a vital role in regulating the 
development of the brain [10]. Brain abnormalities have been detected in magnetic 
resonance imaging (MRI) studies of those with NF1, such as increased white matter 
volume, increased subcortical gray matter volume in the thalamus right caudate, 
decreased cortical gray matter density, T2 hyperintensities (T2H), macrocephaly, 
and reduced integrity of white matter microstructure [11–13]. Research has also 
indicated that thalamic T2H as well as volume abnormalities in the corpus callosum, 
putamen, and amygdala are specifically associated with cognitive deficits in NF1 
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[11, 14]. Of note, studies looking into the number of T2 spots and how this relates to 
cognitive impairment have been inconsistently documented [15].

Medical complications that can co-occur with NF1 may lead to or compound 
cognitive deficits. For example, children with oncological complications of NF1 
(e.g., brain tumors) are at risk for long-term cognitive issues as a result of treatment 
with chemotherapy and/or cranial irradiation [16]. Optic gliomas, tumors that arise 
from the nerve sheath of the optic nerve, are fairly common in children with NF1 
and are sometimes associated with visual impairment, which can impact cognitive 
skills. The presence of a brain tumor also increases the risk of seizures or additional 
tumors arising in other areas of the brain [17], which can lead to specific cognitive 
deficits dependent on the area of the brain it is impacting. NF1 has also been associ-
ated with increased rates of other rarer neurological conditions that have known 
cognitive effects, including cortical dysplasia and hemimegalencephaly, as well as 
cerebrovascular diseases such as Moyamoya syndrome [17–19].

Just as the severity of phenotypic expression and incidences of medical symptoms 
are quite variable within those with NF1, the impact on the CNS and subsequent 
cognitive and academic functioning are significantly heterogeneous. Cognitive 
and academic weaknesses are some of the most common symptoms in NF1 [5–7]. 
Cognitive weaknesses can present challenges for the individual, and this has been 
shown to occur across the lifespan [7]. Findings from studies with very young chil-
dren have noted that developmental delays and subsequent academic struggles and 
learning disabilities are pervasive [12, 20]. With regard to investigations with adults 
and elderly adults, cognitive weaknesses have been noted to be fairly stable over time 
from childhood [6, 21, 22]. Overall, the level and type of functional impairment 
may vary depending on what period in life an individual is in (e.g., preschool, school 
aged, college, working adult, elderly). Across age groups, cognitive issues associated 
with NF1 have significant associated morbidities, including weaker adaptive skills 
[15]. Additional consequences of cognitive difficulties associated with NF1 include 
poorer academic achievement and overall reduced QoL [3].

Below we will provide an in-depth discussion on the cognitive morbidities 
associated with NF1 as indicated by current research. Table 1 summarizes specific 
cognitive domains and findings related to the NF1 population, including overall 
intellectual ability as well as underlying cognitive functions including language, 
nonverbal skills, memory, attention, executive functions, academic skills, and 
adaptive skills.

Studies investigating specific cognitive domains as they relate to NF1 have been 
wide ranging in their outcomes. Early on, it was believed that in childhood, NF1 was 
associated with a “nonverbal learning disability” (NLD) profile, a former term for 
what encompasses deficits in visual–spatial, fine motor, and handwriting abilities in 
the context of preserved verbal functioning [23]; however, later research challenged 
this notion with findings indicating that features of NLD are inconsistent among 
NF1 populations [24, 25]. Additionally, the comorbidity of learning difficulties with 
these deficits has been found to significantly vary [6, 24]. This is likely in part due 
to the heterogeneity of the clinical presentation of the condition as well as meth-
odological issues used in research studies, including differences in approaches to 
cognitive measurement and how learning problems are operationally defined.

Additional studies examining the cognitive outcomes associated with NF1 have 
led to mixed findings and indicate varying degrees of prevalence of cognitive and 
academic problems. Hyman et al. [6] noted that these issues were likely due to 
research design factors, such low sample sizes, lack of controls, subject and control 
selection, as well as how learning problems are operationally defined. Individual 
cognitive test sensitivity and measures with overlapping cognitive domains have 
also been identified as leading to variability [26]. For example, performance on a 
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impact of this disorder is especially crucial in order to improve quality of life through-
out the lifespan, as there is no known cure for neurofibromatosis [3]. NF1 is one of the 
most prevalent and researched genetic disorders. In contrast, prevalence rates of NF2 
and Schwannomatosis are much lower, and related research is much more limited. As 
such, this chapter will focus on the most common of the genetic conditions, NF1.

NF1 is characterized by cutaneous symptoms, including café-au-lait spots, 
skin neurofibromas, bone abnormalities (e.g., scoliosis), and glial cell tumors 
(gliomas) [2]. It is associated with a range of developmental and cognitive issues 
that are present throughout the lifespan. Cognitive and learning problems are the 
most common complications associated with NF1 [5–7]. In contrast, we did not 
find any studies that directly investigate the cognitive impact and learning issues 
of NF2 or Schwannomatosis. This is likely in part because these conditions are less 
prevalent and believed not to be directly associated with learning issues or academic 
struggles. That said, these are multisystem conditions that can impact vision and 
hearing, which can have indirect impact on cognitive skills and learning. Thus, we 
will discuss the cognitive effects of NF2 and Schwannomatosis indirectly by looking 
at associated common symptoms of the disorders that can impact cognition. NF2 
is defined by bilateral vestibular schwannomas (i.e., benign Schwann cell tumors 
on the vestibulocochlear nerve), which can cause hearing loss and balance issues 
[1]. Schwannomatosis is the newest recognized form of neurofibromatosis and is 
characterized by multiple schwannomas that typically occur in adulthood [1]. The 
degree of physical/medical phenotypical symptom presentation of each of these 
conditions is highly variable [1, 3]. Not surprisingly, the cognitive impact of these 
disorders has been found to be just as variable, which will be discussed more in 
detail below. At this time, the current literature does not demonstrate to what extent 
specific cognitive skills are related to each NF phenotype, and it is not yet known 
whether the presence of predisposing genetic factors for each variant of NF explain 
this heterogeneity of cognitive outcomes.

2. Neurofibromatosis type 1 (NF1)

Because the phenotypic expression of NF1 is so variable, some individuals 
living with NF1 are unaware they have the disorder while others are significantly 
impacted. Additionally, symptoms and signs of NF1 can be fluid and can change in 
presentation throughout a person’s life [8]. In more severe presentations, NF1 can 
cause physical disfigurement and can be accompanied by significant neurological 
problems, such as brain tumor and seizures [2]. As noted above, NF1 is a disorder 
that affects multiple systems in the body, including the brain.

There have been many studies that have investigated the cognitive and learn-
ing issues associated with NF1 across age groups throughout the lifespan. One 
reason that the cognitive and learning struggles associated with NF1 have been 
well-researched is that NF1 is a single gene disorder (i.e., a mutation of the tumor 
suppressor gene on chromosome 17), and as such it presents an opportunity to 
investigate cognitive dysfunction at the molecular and cellular level [9]. The NF1 
gene encodes the neurofibromin protein, which serves a vital role in regulating the 
development of the brain [10]. Brain abnormalities have been detected in magnetic 
resonance imaging (MRI) studies of those with NF1, such as increased white matter 
volume, increased subcortical gray matter volume in the thalamus right caudate, 
decreased cortical gray matter density, T2 hyperintensities (T2H), macrocephaly, 
and reduced integrity of white matter microstructure [11–13]. Research has also 
indicated that thalamic T2H as well as volume abnormalities in the corpus callosum, 
putamen, and amygdala are specifically associated with cognitive deficits in NF1 
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[11, 14]. Of note, studies looking into the number of T2 spots and how this relates to 
cognitive impairment have been inconsistently documented [15].

Medical complications that can co-occur with NF1 may lead to or compound 
cognitive deficits. For example, children with oncological complications of NF1 
(e.g., brain tumors) are at risk for long-term cognitive issues as a result of treatment 
with chemotherapy and/or cranial irradiation [16]. Optic gliomas, tumors that arise 
from the nerve sheath of the optic nerve, are fairly common in children with NF1 
and are sometimes associated with visual impairment, which can impact cognitive 
skills. The presence of a brain tumor also increases the risk of seizures or additional 
tumors arising in other areas of the brain [17], which can lead to specific cognitive 
deficits dependent on the area of the brain it is impacting. NF1 has also been associ-
ated with increased rates of other rarer neurological conditions that have known 
cognitive effects, including cortical dysplasia and hemimegalencephaly, as well as 
cerebrovascular diseases such as Moyamoya syndrome [17–19].

Just as the severity of phenotypic expression and incidences of medical symptoms 
are quite variable within those with NF1, the impact on the CNS and subsequent 
cognitive and academic functioning are significantly heterogeneous. Cognitive 
and academic weaknesses are some of the most common symptoms in NF1 [5–7]. 
Cognitive weaknesses can present challenges for the individual, and this has been 
shown to occur across the lifespan [7]. Findings from studies with very young chil-
dren have noted that developmental delays and subsequent academic struggles and 
learning disabilities are pervasive [12, 20]. With regard to investigations with adults 
and elderly adults, cognitive weaknesses have been noted to be fairly stable over time 
from childhood [6, 21, 22]. Overall, the level and type of functional impairment 
may vary depending on what period in life an individual is in (e.g., preschool, school 
aged, college, working adult, elderly). Across age groups, cognitive issues associated 
with NF1 have significant associated morbidities, including weaker adaptive skills 
[15]. Additional consequences of cognitive difficulties associated with NF1 include 
poorer academic achievement and overall reduced QoL [3].

Below we will provide an in-depth discussion on the cognitive morbidities 
associated with NF1 as indicated by current research. Table 1 summarizes specific 
cognitive domains and findings related to the NF1 population, including overall 
intellectual ability as well as underlying cognitive functions including language, 
nonverbal skills, memory, attention, executive functions, academic skills, and 
adaptive skills.

Studies investigating specific cognitive domains as they relate to NF1 have been 
wide ranging in their outcomes. Early on, it was believed that in childhood, NF1 was 
associated with a “nonverbal learning disability” (NLD) profile, a former term for 
what encompasses deficits in visual–spatial, fine motor, and handwriting abilities in 
the context of preserved verbal functioning [23]; however, later research challenged 
this notion with findings indicating that features of NLD are inconsistent among 
NF1 populations [24, 25]. Additionally, the comorbidity of learning difficulties with 
these deficits has been found to significantly vary [6, 24]. This is likely in part due 
to the heterogeneity of the clinical presentation of the condition as well as meth-
odological issues used in research studies, including differences in approaches to 
cognitive measurement and how learning problems are operationally defined.

Additional studies examining the cognitive outcomes associated with NF1 have 
led to mixed findings and indicate varying degrees of prevalence of cognitive and 
academic problems. Hyman et al. [6] noted that these issues were likely due to 
research design factors, such low sample sizes, lack of controls, subject and control 
selection, as well as how learning problems are operationally defined. Individual 
cognitive test sensitivity and measures with overlapping cognitive domains have 
also been identified as leading to variability [26]. For example, performance on a 



Neurofibromatosis - Current Trends and Future Directions

56

commonly used visuospatial task in the assessment of nonverbal skills in children, 
the Rey-Osterrieth Complex Figure Test [27], can be undermined by weaknesses 
in attention and executive functions, as well as motor demands on the measure. 
Studies have varied in findings related to the prevalence of cognitive issues associ-
ated with NF1, though most note that cognitive issues are quite prevalent. Hyman 
et al. [6] noted that 81% of their sample had moderate to severe cognitive issues in 
one or more cognitive domains.

2.1 Intellectual ability

Intellectual ability is a cognitive construct that is commonly measured by an 
Intelligence Quotient (IQ ), which represents an individual’s performance on an 
intelligence test relative to similar-aged individuals and culminates performance 
across verbal and nonverbal problem-solving skills. [28] IQ represents what Charles 
Spearman (1904) proposed in the early 20th century as the g factor, which is 
thought to contribute to successful performance across various cognitive skills. As 
such, IQ tests utilize a collection of cognitive tasks to determine a person’s overall 
intellectual functioning. Some of the most commonly used IQ tests are the Wechsler 
Intelligence Tests, which include various versions of assessments for individuals in 
preschool through adulthood. Most intelligence tests, like the Wechsler tests, are 
comprised of verbal and nonverbal reasoning tasks as well as cognitive efficiency 
tests, including working memory and processing speed. This is particularly the 
case with the older versions of the Wechsler tests, on which most of the published 

Domain Definition Common findings

Intellectual 
ability (IQ )

Summary score of overall 
cognitive/reasoning ability

Multiple studies suggest IQ to be mildly reduced 
(IQ ~ 90)

Language How well a person expresses 
(including speech) and 
understands language

Studies have varied. Weaknesses with expressive 
language and speech are more common than 
receptive language issues Limited studies in 
adults.

Nonverbal 
skills

Visual spatial and fluid reasoning 
skills

Weaknesses are very common; however, recent 
studies suggest that findings are confounded 
by executive function demands inherent in 
nonverbal measures

Memory Learning and retention of 
information

Studies on explicit memory have been variable.
Weakness with working memory (short term 
memory) are common

Attention Ability to focus, maintain focus 
on a task

Multiple studies have noted attention problems 
to be very common. Up to 70% of children 
demonstrate deficit(s) in one or more aspect of 
attention

Executive 
functioning

A collection of higher order skills 
that assist with complex goal 
directed behavior

Weaknesses are common. Specific weaknesses 
with planning/organization and working memory

Academic 
skills

Skills learned in school that 
include reading, writing, and 
mathematics

Weaknesses are very common. Studies vary in 
prevalence from 20 to 75%, which appears in part 
to how learning problems are defined

Adaptive skills Basic skills needed for 
independent living

Mildly reduced, similar to IQ above

Table 1. 
Cognitive domains affected in NF1.
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literature on NF1 is based. IQ scores are typically standard scores with a mean of 
100 and a standard deviation of 15.

Numerous studies have investigated IQ in NF1 populations. One of the more con-
sistent cognitive findings in NF1 in children is that overall IQ is slightly lower than 
the normal population. That is, studies investigating IQ have placed the mean overall 
IQ approximately 10 points lower than normative sample [6, 29, 30]. This finding 
has been documented when compared to siblings controlling for environmental 
influences [30]. Hyman et al. [6] compared cognitive performance of 81 children 
with NF1 to 49 sibling controls. They found that the NF1 group demonstrated mildly 
reduced FSIQ with a mean of 90.6 compared to sibling mean of 102.6. Interestingly, 
this study found no associations between IQ and clinical severity, familial history of 
NF1, gender or age. Socioeconomic status was the only significant predictor of IQ in 
NF1 in their sample. Mild delays in IQ have also been noted with very young chil-
dren, and given that difficulties have been found to be stable across the lifetime, this 
pattern has been noted in adults as well [14, 31]. In a combined adult and pediatric 
sample of 103 patients with NF1, Ferner et al. [32] noted an overall mean IQ score of 
88.6 [32]. This finding appears to be consistent across cultures. Descheemaeker et al. 
found the overall IQ to be 89.96 in a Dutch-speaking sample [21]. With regard to 
elderly adults, there is very limited research investigating NF1; however, one small 
study noted mild delays in overall intellectual ability [22]. Taken together, these 
studies provide further support for the lack of progressive decline in IQ over time in 
NF1. In summary, it appears that NF1 is associated with average but mildly reduced 
overall IQ , which appears stable over the course of a lifespan.

Despite overall average intelligence, NF1 is associated with greater preva-
lence of intellectual disability. Intellectual Disability (ID), formerly known as 
Mental Retardation, is defined in the Diagnostic and Statistical Manual of Mental 
Disorders, fifth edition (DSM-V) as an IQ approximately two standard devia-
tions below the population mean with associated deficits in adaptive functioning 
[33]. Studies have varied on findings related to the actual prevalence of ID in NF1 
populations. Early studies were believed to have significantly overestimated the 
prevalence of ID due to methodological issues as well as how ID was defined [5]. 
The rate of ID in NF1 is believed to be 6–7%, which is much less than what was pre-
viously believed, though still two to three times the normative expectation [6]. The 
prevalence of ID increases if neurological complications (brain tumor, seizures) are 
not excluded [34].

The overall composite score of the Full-Scale IQ likely masks the underlying 
subtle cognitive profile of NF1. Nearly 80% of people with NF1 have some cognitive 
deficit [14]. Thus, recent studies have focused on more discrete cognitive domains 
which we will discuss more below.

2.2 Language

Verbal skills are a collection of cognitive processes that involves language. 
Language is commonly divided into expressive and receptive language, which is 
how well a person uses language to relay their thoughts and ideas (including use of 
speech) and how a person understands language, respectively.

Weaknesses with aspects of language have been found in populations with 
NF1. Delays in early language development have been noted children as young 
as 10 months, which appear to persist [20, 35, 36]. NF1 has been associated with 
weaknesses with nearly all aspects of language; however, studies have not been 
consistent [37, 38]. Expressive language problems, especially with speech/articula-
tion, have been more consistently found than deficits with receptive language. 
Additional speech issues include problems with prosody, overall voice qualify, and 
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commonly used visuospatial task in the assessment of nonverbal skills in children, 
the Rey-Osterrieth Complex Figure Test [27], can be undermined by weaknesses 
in attention and executive functions, as well as motor demands on the measure. 
Studies have varied in findings related to the prevalence of cognitive issues associ-
ated with NF1, though most note that cognitive issues are quite prevalent. Hyman 
et al. [6] noted that 81% of their sample had moderate to severe cognitive issues in 
one or more cognitive domains.

2.1 Intellectual ability

Intellectual ability is a cognitive construct that is commonly measured by an 
Intelligence Quotient (IQ ), which represents an individual’s performance on an 
intelligence test relative to similar-aged individuals and culminates performance 
across verbal and nonverbal problem-solving skills. [28] IQ represents what Charles 
Spearman (1904) proposed in the early 20th century as the g factor, which is 
thought to contribute to successful performance across various cognitive skills. As 
such, IQ tests utilize a collection of cognitive tasks to determine a person’s overall 
intellectual functioning. Some of the most commonly used IQ tests are the Wechsler 
Intelligence Tests, which include various versions of assessments for individuals in 
preschool through adulthood. Most intelligence tests, like the Wechsler tests, are 
comprised of verbal and nonverbal reasoning tasks as well as cognitive efficiency 
tests, including working memory and processing speed. This is particularly the 
case with the older versions of the Wechsler tests, on which most of the published 

Domain Definition Common findings

Intellectual 
ability (IQ )

Summary score of overall 
cognitive/reasoning ability

Multiple studies suggest IQ to be mildly reduced 
(IQ ~ 90)

Language How well a person expresses 
(including speech) and 
understands language

Studies have varied. Weaknesses with expressive 
language and speech are more common than 
receptive language issues Limited studies in 
adults.

Nonverbal 
skills

Visual spatial and fluid reasoning 
skills

Weaknesses are very common; however, recent 
studies suggest that findings are confounded 
by executive function demands inherent in 
nonverbal measures

Memory Learning and retention of 
information

Studies on explicit memory have been variable.
Weakness with working memory (short term 
memory) are common

Attention Ability to focus, maintain focus 
on a task

Multiple studies have noted attention problems 
to be very common. Up to 70% of children 
demonstrate deficit(s) in one or more aspect of 
attention

Executive 
functioning

A collection of higher order skills 
that assist with complex goal 
directed behavior

Weaknesses are common. Specific weaknesses 
with planning/organization and working memory

Academic 
skills

Skills learned in school that 
include reading, writing, and 
mathematics

Weaknesses are very common. Studies vary in 
prevalence from 20 to 75%, which appears in part 
to how learning problems are defined

Adaptive skills Basic skills needed for 
independent living

Mildly reduced, similar to IQ above

Table 1. 
Cognitive domains affected in NF1.
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literature on NF1 is based. IQ scores are typically standard scores with a mean of 
100 and a standard deviation of 15.

Numerous studies have investigated IQ in NF1 populations. One of the more con-
sistent cognitive findings in NF1 in children is that overall IQ is slightly lower than 
the normal population. That is, studies investigating IQ have placed the mean overall 
IQ approximately 10 points lower than normative sample [6, 29, 30]. This finding 
has been documented when compared to siblings controlling for environmental 
influences [30]. Hyman et al. [6] compared cognitive performance of 81 children 
with NF1 to 49 sibling controls. They found that the NF1 group demonstrated mildly 
reduced FSIQ with a mean of 90.6 compared to sibling mean of 102.6. Interestingly, 
this study found no associations between IQ and clinical severity, familial history of 
NF1, gender or age. Socioeconomic status was the only significant predictor of IQ in 
NF1 in their sample. Mild delays in IQ have also been noted with very young chil-
dren, and given that difficulties have been found to be stable across the lifetime, this 
pattern has been noted in adults as well [14, 31]. In a combined adult and pediatric 
sample of 103 patients with NF1, Ferner et al. [32] noted an overall mean IQ score of 
88.6 [32]. This finding appears to be consistent across cultures. Descheemaeker et al. 
found the overall IQ to be 89.96 in a Dutch-speaking sample [21]. With regard to 
elderly adults, there is very limited research investigating NF1; however, one small 
study noted mild delays in overall intellectual ability [22]. Taken together, these 
studies provide further support for the lack of progressive decline in IQ over time in 
NF1. In summary, it appears that NF1 is associated with average but mildly reduced 
overall IQ , which appears stable over the course of a lifespan.

Despite overall average intelligence, NF1 is associated with greater preva-
lence of intellectual disability. Intellectual Disability (ID), formerly known as 
Mental Retardation, is defined in the Diagnostic and Statistical Manual of Mental 
Disorders, fifth edition (DSM-V) as an IQ approximately two standard devia-
tions below the population mean with associated deficits in adaptive functioning 
[33]. Studies have varied on findings related to the actual prevalence of ID in NF1 
populations. Early studies were believed to have significantly overestimated the 
prevalence of ID due to methodological issues as well as how ID was defined [5]. 
The rate of ID in NF1 is believed to be 6–7%, which is much less than what was pre-
viously believed, though still two to three times the normative expectation [6]. The 
prevalence of ID increases if neurological complications (brain tumor, seizures) are 
not excluded [34].

The overall composite score of the Full-Scale IQ likely masks the underlying 
subtle cognitive profile of NF1. Nearly 80% of people with NF1 have some cognitive 
deficit [14]. Thus, recent studies have focused on more discrete cognitive domains 
which we will discuss more below.

2.2 Language

Verbal skills are a collection of cognitive processes that involves language. 
Language is commonly divided into expressive and receptive language, which is 
how well a person uses language to relay their thoughts and ideas (including use of 
speech) and how a person understands language, respectively.

Weaknesses with aspects of language have been found in populations with 
NF1. Delays in early language development have been noted children as young 
as 10 months, which appear to persist [20, 35, 36]. NF1 has been associated with 
weaknesses with nearly all aspects of language; however, studies have not been 
consistent [37, 38]. Expressive language problems, especially with speech/articula-
tion, have been more consistently found than deficits with receptive language. 
Additional speech issues include problems with prosody, overall voice qualify, and 
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aspects of speech sounds [37]. Hyman et al. [6] found that 44% of children with 
NF1 in their sample received speech-language therapy. Batista et al. [36] assessed 
central auditory temporal function in children with NF1 and correlated it with the 
results of language testing. They compared 25 NF1 patients to 22 healthy controls on 
audiometric and language tasks. They found no problems with peripheral acoustic 
hearing; however, the NF1 group performed more poorly on the temporal auditory 
processing task. Weaknesses with phonological skills in children have also been 
documented in several studies [38–40]. Phonological skills are not only associated 
with language delays but are also a core component of reading disability, which 
will be discussed further below. Studies on children have documented further 
weaknesses with verbal concept formation and comparisons as measured by the 
Similarities subtest from the Wechsler Intelligence Scales for Children (WISC). 
These findings were consistent compared to normal population and sibling control 
group [37, 41]. However, studies with childhood populations have not been con-
sistent, as some studies noted that the differences in language disappear when IQ 
is controlled for [6, 38]. Verbal fluency has been found to be a relatively preserved 
cognitive function in children [42, 43]. Available literature on language in adult and 
elderly adult populations is relatively scarce as most studies in NF1 have been with 
pediatric populations.

2.3 Nonverbal skills

Nonverbal skills are a collection of visual perceptual, visual spatial, or visual-
motor skills. They include visual perception, understanding spatial relations, and 
ability to integrate information from visual stimulus. Visuospatial (also referred to 
as visuoperceptual) skills have been found to be impaired in most studies involv-
ing children [5, 6, 12, 24, 26, 29, 34]. These studies have noted specific deficits in 
angulation, visual organization, and object recognition. The findings have been 
consistent when comparing children to normative sample or sibling control.

Early studies on children with NF1 noted a significant discrepancy between 
verbal and nonverbal reasoning abilities. Weaknesses were noted with nonverbal 
reasoning skills, while verbal skills were believed to be preserved [25, 44]. However, 
several follow-up studies did not find the same discrepancy between verbal IQ and 
perceptual (nonverbal) IQ [6, 25]. Hyman et al. [6] actually noted a pattern oppo-
site of what was expected, with males with NF1 having weaker verbal than nonver-
bal reasoning compared to females with NF1. It is now clear that NF1 is condition 
that can impact a range of cognitive functions not limited to nonverbal reasoning.

In addition to nonverbal reasoning, studies with children and adults suggest 
weaknesses with many aspects of nonverbal skills including visual perception, 
visual-motor integration, form discrimination, visual organization [6, 21, 41, 42]. 
Indeed, weaknesses with aspects of visual spatial skills are common in NF1. However, 
several studies have not found significant differences between NF1 and controls 
regarding aspects of nonverbal skills [38, 45, 46]. Van Eylen et al. reviewed studies 
that directly assessed visuoperceptual and visual spatial functioning of children 
with NF1 [26]. They argue that the measures used to assess nonverbal skills are likely 
confounding findings. That is, many tasks that are purported to assess nonverbal 
skills also require other cognitive domains, most notably executive functions. In 
their sample, they found that when controlling for executive functions and IQ , 
performance on nonverbal tasks was not impaired. A similar pattern of weaknesses 
on nonverbal tasks has been documented in adults [21]. Overall, it appears that NF1 
is associated with weaker visual/nonverbal skills; however, there are many confounds 
to previous studies which temper this conclusion.
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2.4 Memory

Memory is our ability to encode, store, and retrieve previously learned informa-
tion. Neuroscientists have identified many forms of memory, which at a basic level 
is divided into explicit and implicit memory. Cognitive tests of memory often only 
assess a small portion of memory functions. Cognitive tests typically focus on work-
ing memory and explicit memory. Working memory is our ability to actively hold 
information in mind for a short duration. It is commonly conceptualized as part of a 
collection of higher order executive functions.

Cognitive tests assess explicit memory with verbal and visual tests. Studies 
in both children and adults identifying memory weaknesses in NF1 have been 
variable, and several studies have not found a significant difference in memory 
performance than controls [6, 21, 37, 41]. Hyman et al. [6] did not find a significant 
difference in performance on verbal and visual explicit memory tests in children 
with NF1 compared to sibling controls. Similarly, Krab et al. [41] did not find a 
significant difference in NF1 children’s performance on verbal or visual memory 
tasks when compared to children with no learning disabilities, children with 
specific learning disabilities, and children with general learning disabilities. In 
contrast, several studies have documented explicit memory weakness in children 
with NF1 [10, 14, 44, 47]. Bulgheroni et al. [47] assessed visual memory with 
the Rey Complex Figure Test (RCFT) [48]. They compared 18 children with NF1 
to 17 siblings and 18 typically developing children. They found that the children 
with NF1 performed worse on recall memory, with no difference found regarding 
recognition memory. This pattern suggests that the NF1 had more difficulty with 
efficient retrieval rather coding and storing of the information, which is often due 
how the information was initially organized (an executive function). Overall, stud-
ies on explicit memory are mixed.

2.5 Attention

Attention involves of collection of processes that allows a person to engage in 
certain cognitive processing while ignoring others [51]. Attention is a complex 
system that has many subcomponents that includes focused attention, sustained 
attention, divided attention, and selective attention.

Cognitive weakness with attention is very common to children, adolescents, and 
adults with NF1 [7, 37]. Children with NF1 have frequently been reported to exhibit 
impaired performance on tasks measuring the ability to sustain and switch atten-
tion [6, 52]. These findings appear to be consistent across measures of both visual 
and auditory sustained attention, as well as divided auditory attention and response 
inhibition [53]. In a large cohort study of 199 children with NF1, approximately 
54% were at risk for inattentive behavior based on parent and teacher ratings [43].

Up to 50% of individuals with NF1 meet diagnostic criteria for attention-deficit 
hyperactivity disorder (ADHD), [37, 54] and research has indicated that incidence 
rates of ADHD are much more common in children with NF1 than in immediate 
family members [55]. Neurocognitive deficits associated with NF1 have been found 
to be more severe in individuals with comorbid ADHD. While both groups have 
been found to demonstrate deficits in sustained attention, individuals with NF1 and 
comorbid ADHD have been indicated to be at higher risk [10]. Reduced attention 
skills in children with NF1 and ADHD have also been found to negatively impact 
the ability to process and respond to verbal instructions of increasing complexity, 
suggesting that receptive language skill development may also be vulnerable in this 
group as a result of attentional difficulties [10].
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Early studies on children with NF1 noted a significant discrepancy between 
verbal and nonverbal reasoning abilities. Weaknesses were noted with nonverbal 
reasoning skills, while verbal skills were believed to be preserved [25, 44]. However, 
several follow-up studies did not find the same discrepancy between verbal IQ and 
perceptual (nonverbal) IQ [6, 25]. Hyman et al. [6] actually noted a pattern oppo-
site of what was expected, with males with NF1 having weaker verbal than nonver-
bal reasoning compared to females with NF1. It is now clear that NF1 is condition 
that can impact a range of cognitive functions not limited to nonverbal reasoning.

In addition to nonverbal reasoning, studies with children and adults suggest 
weaknesses with many aspects of nonverbal skills including visual perception, 
visual-motor integration, form discrimination, visual organization [6, 21, 41, 42]. 
Indeed, weaknesses with aspects of visual spatial skills are common in NF1. However, 
several studies have not found significant differences between NF1 and controls 
regarding aspects of nonverbal skills [38, 45, 46]. Van Eylen et al. reviewed studies 
that directly assessed visuoperceptual and visual spatial functioning of children 
with NF1 [26]. They argue that the measures used to assess nonverbal skills are likely 
confounding findings. That is, many tasks that are purported to assess nonverbal 
skills also require other cognitive domains, most notably executive functions. In 
their sample, they found that when controlling for executive functions and IQ , 
performance on nonverbal tasks was not impaired. A similar pattern of weaknesses 
on nonverbal tasks has been documented in adults [21]. Overall, it appears that NF1 
is associated with weaker visual/nonverbal skills; however, there are many confounds 
to previous studies which temper this conclusion.
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rates of ADHD are much more common in children with NF1 than in immediate 
family members [55]. Neurocognitive deficits associated with NF1 have been found 
to be more severe in individuals with comorbid ADHD. While both groups have 
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comorbid ADHD have been indicated to be at higher risk [10]. Reduced attention 
skills in children with NF1 and ADHD have also been found to negatively impact 
the ability to process and respond to verbal instructions of increasing complexity, 
suggesting that receptive language skill development may also be vulnerable in this 
group as a result of attentional difficulties [10].
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The behavioral phenotype of ADHD in NF1 also appears to differ from ADHD 
in the general population. In a large cohort study by Hyman et al. [6], ADHD co-
occurrence in children with NF1 occurred equally in frequency among males and 
females, which differs from the 3:1 ratio of males to females in the general popula-
tion [43]. Research suggests that ADHD in NF1 also differs from typical ADHD in 
that the combined subtype appears to occur at the highest frequency followed by 
the inattentive subtype, while the hyperactive/impulsive subtype is typically found 
at the highest rates in children with ADHD alone [56]. Additionally, while clinical 
symptoms of ADHD in children with NF1 and those diagnosed with ADHD are 
comparable, differences lie in performance deficits specific to each group such that 
response inhibition processes have been found to be compromised in ADHD, but 
not in NF1 when compared to healthy controls, suggesting that response inhibi-
tion deficits may be less strong compared to those occurring in ADHD [57]. It has 
also been suggested that NF1/ADHD is not associated with increased frequency 
of executive deficits related to behavioral inhibition as it is in the general ADHD 
population [6]. A study comparing individuals with NF1/ADHD with a group of 
participants with ADHD and no NF1 found that ADHD symptomatology in NF1 
did not exacerbate attention deficits and suggested that ADHD cannot account for 
all attention impairments in NF1 [57].

Various brain-based characteristics associated with NF1 have been presumed 
to contribute to the neurocognitive deficits in NF1. For example, increased brain 
volume due to increased white matter and an enlarged corpus callosum appear to be 
characteristic of children with NF1 and may interfere with integration and process-
ing of information [56]. Regarding attentional processes specifically, an fMRI study 
investigating ventral attention networks in the brain found that children with NF1 
demonstrated hypoactivation in the temporoparietal junction and the anterior 
cingulate cortex when compared to typically developing children, which was associ-
ated with poorer selective attention and attentional control [58].

The presence of attentional deficits in children with NF1 is associated with even 
greater risk for poorer performance in other cognitive functions, learning, social 
skills, and academic achievement [12, 56]. Social outcomes in particular appear 
to be worse in this group than in children with NF1 only [56]. A study examining 
face perception in children with NF1 found that sustained attention to faces in a 
social context is reduced in this population, which may inhibit the processing of 
socially relevant information needed for successful reciprocal social interactions 
[59]. Research also suggests that the risk of developing a specific learning disorder 
is higher in children with NF1 who have a diagnosis of ADHD [6]. As with other 
domains, it is suggested that while the literature on attentional problems primarily 
investigates these issues in childhood, these difficulties likely persist into adulthood 
without treatment.

2.6 Executive functions

Executive functions include a wide range of higher-order cognitive processes 
that serve goal-directed behaviors, including working memory, planning, organiza-
tion, inhibition, flexibility. Because executive functioning encompasses a wide 
range of processes, studies investigating executive functioning in individuals with 
NF1 vary greatly in terms of the areas of focus and measures used [37]. Of note, 
many neuropsychological measures of executive function have been found to 
lack correlation with functional/behavioral ratings of the same constructs when 
evaluating individuals with NF1, and it has been suggested that Behavior Rating 
Inventory of Executive Function (BRIEF) rating scale items are more predictive of 
performance in real-world tasks outside of the structured testing environment [43]. 
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Children with NF1 demonstrate significant impairments across all composite scores 
on the BRIEF [43, 52]. Differences remained even after controlling for VIQ [43].

Despite this, executive dysfunction has been noted on performance measures 
as well. Beaussart et al. [50] conducted a meta-analysis of executive functioning 
in children with NF1. They included 19 studies in their analysis, with a total of 805 
children with NF1 and 667 control subjects. They found a moderate effect with 
executive functions, indicating that children with NF1 had greater overall execu-
tive functioning impairments than controls. However, they noted variability in 
sub-domains of executive functions including cognitive flexibility, planning and 
problem solving, inhibitory control, and working memory. They found significant 
effect sizes for each sub-domain, with moderate effect sizes for working memory 
and planning/organization and small effect sizes for cognitive flexibility and 
inhibition. Significance remained even after controlling for moderating variables of 
executive functioning measures, control group composition, IQ , and ADHD.

Weaknesses with working memory in NF1 populations are much more consis-
tent and prevalent than with explicit memory. Several studies have documented 
verbal and visual working memory weaknesses [10, 14, 49]. Beaussart et al. [50] 
found a moderate to large effect size for working memory problems. The effect 
size for verbal working memory was larger than nonverbal working memory. They 
note that differences in effect size may be due to the psychometric properties of the 
working memory tasks [50].

Executive function deficits have also been distinguished in NF1 adult popula-
tions. In particular, weaknesses in working memory and cognitive flexibility have 
been noted [21]. Very limited information is known with regard to executive func-
tions in the elderly. Costa de et al. [22] noted working memory weaknesses in this 
population; however, this study was limited by a very small NF1 group.

2.7 Academic learning

Academic learning entails the use of basic educational skills to be successful 
in the classroom. This includes reading, writing, and mathematics. Academic 
learning struggles are one of the most common concerns of parents of children 
with NF1 [54]. Estimates of learning disabilities have significantly varied between 
studies. Research has found prevalence rates of learning difficulties to be 20–70% 
[5, 6, 41]. The variability is in part due to how each study operationalized the 
definition of “learning disability,” as the definition of learning disability has 
changed over the years. Previously an IQ-academic discrepancy model in which an 
individual performing much more poorly in an academic skill as compared to his 
or her overall intelligence level was used to define learning disability; however, this 
limited definition of a specific learning disability has received increased scrutiny 
and is rarely used today [60]. Hyman et al. [6] found that 20% of their child 
sample met the strict definition (discrepancy model) of specific learning disability 
(SLD), which is double the rate found in the normal population. In contrast, Krab 
et al. [41] used a different definition that examined “learning efficacy” and found 
that 75% percent of their sample had learning difficulties based on this definition. 
This study also noted a connection between disease severity and increase in learn-
ing struggles; however, this pattern has not been consistent in other studies. They 
argue that this is due to the fact that other studies do not systematically measure 
severity and other methodological issues.

Despite the disagreement in overall prevalence rates of learning struggles, 
studies have been consistent in that NF1 is associated with significantly higher rate 
of learning disabilities in children when compared to normative sample and sibling 
controls [5, 6, 38, 41].
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on the BRIEF [43, 52]. Differences remained even after controlling for VIQ [43].

Despite this, executive dysfunction has been noted on performance measures 
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effect sizes for each sub-domain, with moderate effect sizes for working memory 
and planning/organization and small effect sizes for cognitive flexibility and 
inhibition. Significance remained even after controlling for moderating variables of 
executive functioning measures, control group composition, IQ , and ADHD.
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tent and prevalent than with explicit memory. Several studies have documented 
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This study also noted a connection between disease severity and increase in learn-
ing struggles; however, this pattern has not been consistent in other studies. They 
argue that this is due to the fact that other studies do not systematically measure 
severity and other methodological issues.

Despite the disagreement in overall prevalence rates of learning struggles, 
studies have been consistent in that NF1 is associated with significantly higher rate 
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Specific learning disability in the area of reading has been noted in childhood 
NF1 populations. Weaknesses have been found regarding phonological awareness, 
word decoding, fluency, and reading comprehension [5, 38, 39, 54]. Cutting and 
Levine [38] compared four groups that included children without reading difficul-
ties, a reading disability group, an NF1 group without reading disability, and an 
NF1 group with reading disability. They found that children with NF1 with reading 
struggles performed similarly as the reading disability group.

Learning struggles in mathematics and written expression in children with 
NF1 have also been noted. Math difficulties have been noted with computation 
and application of math concepts [6, 41, 49, 54]. Krab et al. [41] found that 23% 
of their NF1 sample met the criteria for a specific learning disability in math-
ematics and 77% demonstrated learning efficiency struggles with mathematics. 
However, another study did not find learning disability in mathematics [46]. 
Problems with writing including graphomotor control (penmanship) and spelling 
have noted as well [49, 61].

2.8 Adaptive skills

Adaptive skills are a collection of functional behaviors needed to effectively 
meet the demands of our environment. Adaptive functions are often divided into 
Conceptual skills, Practical skills, and Social skills. The DSM-V notes that adaptive 
deficits result in the failure to meet developmental and social standard for indepen-
dent living without support.

Several studies have noted adaptive deficits in children with NF1 [15, 62]. In 
a cross sectional study of 104 children with NF1, Eby et al. [15] found that 46.5 
percent of their sample demonstrated adaptive functioning impairment. They 
found mild reductions across Conceptual, Social and Practical skill domains. Less is 
known about the specific adaptive domains that are impacted in adults and elderly 
adults. While adaptive demands change as individuals develop across the lifespan, it 
is likely that because cognitive difficulties remain stable with age, adaptive deficits 
are associated with adults with NF1 as well.

3. NF2 and schwannomatosis

We were unable to locate any studies that directly investigate cognitive weak-
nesses in NF2 or Schwannomatosis populations. It is likely that this has not been 
investigated, as these disorders are rarer and typically have less brain involvement. 
As such, we will discuss the cognitive effects of NF2 and Schwannomatosis with 
regard to common symptoms associated with these disorders and how these symp-
toms may impact cognitive functions.

NF2 is defined in part by bilateral vestibular schwannomas [63]. Vestibular 
schwannomas are nonmalignant tumors that arise from eighth cranial nerve. The 
vestibular schwannomas can impact hearing, balance, at times vision, and facial 
weakness [65]. Hearing loss is progressive due to the presence of schwannomas 
and treatment, and it has been found in 60% of adults and 30% of children with 
NF2 [65]. Hearing loss can lead to decreased QoL [66] and can impact language 
development. Hearing loss has also been associated with decreased performance 
on intellectual and academic skills [67, 68]. Olivier et al. [69] investigated sensori-
neural hearing loss associated with intellectual and learning struggles in children 
with brain tumors. They found that children with severe hearing loss demonstrated 
greater difficulty with reading with weaker phonological skills, processing speed, 
and reading [69].
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Schwannomatosis is clinically distinguished from NF2 by the lack of bilateral 
vestibular schwannomas and ependymomas [64]. All neurofibromatoses, including 
NF1, NF2, and schwannomatosis, have schwannomas. Depending on the size and 
location, schwannomas can also be associated with pain [3]. Chronic pain has been 
associated with cognitive weaknesses with memory, attention, processing speed, 
and executive functions [70]. More research is needed to determine the possible 
cognitive sequalae associated with NF2 and Schwannomatosis. Further research is 
also warranted to distinguish whether differences in these sequelae exist depending 
on the age of the individual.

4. Conclusions

Neurofibromatosis is associated with effects on cognitive domains that 
impact learning, adaptive functioning, and quality of life across the lifespan of 
individuals affected by these disorders. The three distinct genetic disorders that 
encompass neurofibromatosis have their own genetic variant, symptoms, and 
disease course that result in differences in phenotypic expression as well as impact 
on the brain. While patterns of neurocognitive outcomes vary among and within 
each disorder, relatively less research has been conducted on those with NF2 and 
Schwannomatosis as compared to NF1. In particular, more research is needed 
investigating cognitive sequalae associated with NF2 and Schwannomatosis as these 
conditions at least indirectly are associated with cognitive weaknesses which can 
impact overall quality of life, likely from diagnosis through late adulthood.

Within NF1, cognitive deficits are much more common yet highly variable 
within and between individuals. The heterogeneity of the cognitive outcomes is 
likely due to a combination of reasons, including genetic factors that have not been 
adequately elucidated yet, as well as methodological issues. Current research does 
not yet indicate to what extent differences among each NF phenotype are related 
to differences in typical cognitive deficits associated with each genetic variant. 
Common methodological issues in the literature include composition of control 
groups, evolving/varying definitions of cognitive domains and learning disorders, 
and limitations inherent in specific cognitive tests. Nonetheless, the current litera-
ture indicates that IQ , expressive language, visual spatial and fluid reasoning, and 
working memory are commonly impacted to some extent. Attention and executive 
functions appear to also be compromised in individuals with NF1, which are a 
factor in difficulties in receptive language, memory, academic skills, and adaptive 
skills. Most studies are focused on children, though existing adult studies suggest 
that cognitive deficits are present and similar to child studies, likely due to the 
stability of difficulties over time. Overall, evaluation of cognitive skills in those 
with neurofibromatosis is important in order to determine the functional impact 
that potential deficits may have on an individual, especially with regard to academic 
performance and adaptive functioning. This is especially significant due to the fact 
that neurofibromatosis is not a curable condition, which necessitates treatment 
that directly targets cognitive, academic, and adaptive problems directly. Regular 
monitoring of these individuals with respect to cognitive skills can aid in necessary 
intervention planning and should occur as early as possible to detect and treat issues 
that can arise early in development.
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Specific learning disability in the area of reading has been noted in childhood 
NF1 populations. Weaknesses have been found regarding phonological awareness, 
word decoding, fluency, and reading comprehension [5, 38, 39, 54]. Cutting and 
Levine [38] compared four groups that included children without reading difficul-
ties, a reading disability group, an NF1 group without reading disability, and an 
NF1 group with reading disability. They found that children with NF1 with reading 
struggles performed similarly as the reading disability group.

Learning struggles in mathematics and written expression in children with 
NF1 have also been noted. Math difficulties have been noted with computation 
and application of math concepts [6, 41, 49, 54]. Krab et al. [41] found that 23% 
of their NF1 sample met the criteria for a specific learning disability in math-
ematics and 77% demonstrated learning efficiency struggles with mathematics. 
However, another study did not find learning disability in mathematics [46]. 
Problems with writing including graphomotor control (penmanship) and spelling 
have noted as well [49, 61].

2.8 Adaptive skills

Adaptive skills are a collection of functional behaviors needed to effectively 
meet the demands of our environment. Adaptive functions are often divided into 
Conceptual skills, Practical skills, and Social skills. The DSM-V notes that adaptive 
deficits result in the failure to meet developmental and social standard for indepen-
dent living without support.

Several studies have noted adaptive deficits in children with NF1 [15, 62]. In 
a cross sectional study of 104 children with NF1, Eby et al. [15] found that 46.5 
percent of their sample demonstrated adaptive functioning impairment. They 
found mild reductions across Conceptual, Social and Practical skill domains. Less is 
known about the specific adaptive domains that are impacted in adults and elderly 
adults. While adaptive demands change as individuals develop across the lifespan, it 
is likely that because cognitive difficulties remain stable with age, adaptive deficits 
are associated with adults with NF1 as well.

3. NF2 and schwannomatosis

We were unable to locate any studies that directly investigate cognitive weak-
nesses in NF2 or Schwannomatosis populations. It is likely that this has not been 
investigated, as these disorders are rarer and typically have less brain involvement. 
As such, we will discuss the cognitive effects of NF2 and Schwannomatosis with 
regard to common symptoms associated with these disorders and how these symp-
toms may impact cognitive functions.

NF2 is defined in part by bilateral vestibular schwannomas [63]. Vestibular 
schwannomas are nonmalignant tumors that arise from eighth cranial nerve. The 
vestibular schwannomas can impact hearing, balance, at times vision, and facial 
weakness [65]. Hearing loss is progressive due to the presence of schwannomas 
and treatment, and it has been found in 60% of adults and 30% of children with 
NF2 [65]. Hearing loss can lead to decreased QoL [66] and can impact language 
development. Hearing loss has also been associated with decreased performance 
on intellectual and academic skills [67, 68]. Olivier et al. [69] investigated sensori-
neural hearing loss associated with intellectual and learning struggles in children 
with brain tumors. They found that children with severe hearing loss demonstrated 
greater difficulty with reading with weaker phonological skills, processing speed, 
and reading [69].
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Schwannomatosis is clinically distinguished from NF2 by the lack of bilateral 
vestibular schwannomas and ependymomas [64]. All neurofibromatoses, including 
NF1, NF2, and schwannomatosis, have schwannomas. Depending on the size and 
location, schwannomas can also be associated with pain [3]. Chronic pain has been 
associated with cognitive weaknesses with memory, attention, processing speed, 
and executive functions [70]. More research is needed to determine the possible 
cognitive sequalae associated with NF2 and Schwannomatosis. Further research is 
also warranted to distinguish whether differences in these sequelae exist depending 
on the age of the individual.

4. Conclusions

Neurofibromatosis is associated with effects on cognitive domains that 
impact learning, adaptive functioning, and quality of life across the lifespan of 
individuals affected by these disorders. The three distinct genetic disorders that 
encompass neurofibromatosis have their own genetic variant, symptoms, and 
disease course that result in differences in phenotypic expression as well as impact 
on the brain. While patterns of neurocognitive outcomes vary among and within 
each disorder, relatively less research has been conducted on those with NF2 and 
Schwannomatosis as compared to NF1. In particular, more research is needed 
investigating cognitive sequalae associated with NF2 and Schwannomatosis as these 
conditions at least indirectly are associated with cognitive weaknesses which can 
impact overall quality of life, likely from diagnosis through late adulthood.

Within NF1, cognitive deficits are much more common yet highly variable 
within and between individuals. The heterogeneity of the cognitive outcomes is 
likely due to a combination of reasons, including genetic factors that have not been 
adequately elucidated yet, as well as methodological issues. Current research does 
not yet indicate to what extent differences among each NF phenotype are related 
to differences in typical cognitive deficits associated with each genetic variant. 
Common methodological issues in the literature include composition of control 
groups, evolving/varying definitions of cognitive domains and learning disorders, 
and limitations inherent in specific cognitive tests. Nonetheless, the current litera-
ture indicates that IQ , expressive language, visual spatial and fluid reasoning, and 
working memory are commonly impacted to some extent. Attention and executive 
functions appear to also be compromised in individuals with NF1, which are a 
factor in difficulties in receptive language, memory, academic skills, and adaptive 
skills. Most studies are focused on children, though existing adult studies suggest 
that cognitive deficits are present and similar to child studies, likely due to the 
stability of difficulties over time. Overall, evaluation of cognitive skills in those 
with neurofibromatosis is important in order to determine the functional impact 
that potential deficits may have on an individual, especially with regard to academic 
performance and adaptive functioning. This is especially significant due to the fact 
that neurofibromatosis is not a curable condition, which necessitates treatment 
that directly targets cognitive, academic, and adaptive problems directly. Regular 
monitoring of these individuals with respect to cognitive skills can aid in necessary 
intervention planning and should occur as early as possible to detect and treat issues 
that can arise early in development.
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Abstract

Neurofibromatosis (NF) is an inherited disease affecting multiple systems in 
the body. The eye is frequently affected in neurofibromatosis, and therefore ocular 
manifestations play a major role in the diagnosis of NF. This chapter aims to explore 
the spectrum of ocular manifestations found in neurofibromatosis highlighting the 
importance of ophthalmic exam in these patients. It will describe various intraocu-
lar manifestations involving the iris, lens, and retina. It will be focusing on glau-
coma and the pathogenesis behind it in this group of patients. Moreover, periorbital 
and orbital involvement such as skin neurofibromas and optic nerve gliomas will be 
discussed along with some of their histopathological findings.

Keywords: neurofibromatosis, glaucoma, cataract, retinal hamartoma, Lisch nodules, 
choroid, optic nerve, glioma, plexiform neurofibroma, diffuse neurofibroma

1. Introduction

Neurofibromatosis (NF) is an inherited disease affecting multiple systems in 
the body. It is caused by a genetic mutation affecting cellular growth regulation, 
therefore resulting in disrupted pathways and formation of multiple tumors in the 
body. Ocular involvement is an important part of the disease as it may be required 
for the diagnosis. Although some manifestations are only of diagnostic value such 
as Lisch nodules, other ocular involvement can be vision threatening like glaucoma 
and optic nerve gliomas. Therefore, this chapter aims to explore how this disease 
can affect various structures of the eye and some histopathological changes that 
may be seen in some.

2. Types of neurofibromatosis

Neurofibromatosis is caused by a gene mutation affecting a tumor suppressor 
protein resulting in uncontrolled proliferation of neural cells that can involve vari-
ous parts of the body such as nerves, skin, and eyes. It is classified into two types 
based on the location of the mutated gene. Neurofibromatosis type 1 (NF-1), also 
known as von Recklinghausen disease, is caused by a mutation in the gene NF-1 
located on chromosome 17. This leads to a dysfunctional tumor suppressor protein 
known as neurofibromin. As a result, NF-1 manifests as multiple benign tumors in 
the body such as plexiform neurofibromas, Lisch nodules, and optic nerve gliomas. 
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NF-1 is inherited as autosomal dominant trait but may be sporadic in about 50% 
of the cases [1]. Ophthalmic manifestations are of diagnostic value in NF. Table 1 
shows the criteria that are used for the diagnosis of NF-1 [2]. Three out of the total 
seven may involve ocular structures. Therefore, an individual may be diagnosed 
with NF-1 solely on his ophthalmic exam.

Neurofibromatosis type 2 (NF-2) is caused by a chromosome 22 mutation in 
the gene encoding for the protein merlin or schwannomin, which is also a tumor 
suppressor protein. Dysregulation of this gene results in overproduction of 
Schwann cells. Therefore, the most prominent feature of this disease is bilateral 
vestibular schwannomas occurring in almost 90% of the patients. It may also 
affect different structures in the body causing tumors such as optic meningiomas 
and gliomas. Similar to NF-1, it is inherited in autosomal dominant fashion but 
may be sporadic [2].

Clinical presentation of both diseases may overlap as they both affect cellular 
growth of neural tissue. This chapter will be discussing ocular manifestations that 
are seen in NF highlighting the importance of ophthalmic examination in these 
patients.

3. Intraocular manifestations

3.1 Iris

Various intraocular conditions have been described in NF, most commonly, 
iris hamartomas. Iris hamartomas is a hallmark feature in NF-1 and is therefore 
considered one of the diagnostic criteria. Histologically, Lisch nodules have been 
described to be a collection of spindle cells that are melanocytic in origin [3]. They 
usually occur during childhood and increase in size and number with aging. They 
are typically seen under slit-lamp examination; are described as round elevated 
nodules within the iris, measuring around 2–3 mm in size; and are brown to yellow 
in color (Figure 1). Lisch nodules are typically bilateral; however, unilateral nodules 
have been reported previously in some types of NF [4].

3.2 Glaucoma

Glaucoma has been found to occur in about 1 in 300 NF-1 patients [5]. Patients 
with orbito-facial involvement have been linked to higher rates of glaucoma at 
23–50% [6–8]. It was also found that patients with eyelid plexiform neurofibromas 
have ipsilateral globe enlargement up to 36 mm axial length [6]. Although glaucoma 

Six or more café au lait macules (greatest diameter of >5 mm in prepubertal individuals and > 15 mm in 
postpubertal individuals)

Two or more neurofibromas of any type or one plexiform neurofibroma

Axillary or inguinal freckling.

Optic glioma

Two or more Lisch nodules (iris hamartomas)

A distinctive osseous lesion (sphenoid dysplasia or tibial pseudarthrosis)

A first degree relative with NF1

Table 1. 
Diagnostic criteria for NF1 (two or more must be present).
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in NF is not common, it has been studied due to the visual burden it may cause. 
Various mechanisms have been described in the pathogenesis of glaucoma in these 
patients. The most commonly described mechanism is the presence of neurofi-
bromas in the angle causing aqueous outflow obstruction [6]. Other suggested 
processes include secondary angle closure due to the anterior displacement of the 
peripheral iris by an abnormally thickened ciliary body or developmental anomalies 
in the angle [7].

Moreover, congenital ectropion uvea has been linked to refractory glaucoma in 
patients with NF. Histologically, endothelialization of the anterior chamber angle 
has been observed in these eyes. It has been hypothesized that loss of the NF gene 
and therefore RAS–RAF–ERK–MAPK pathway activation may be the cause of 
endothelial overgrowth in these patients [9]. It is difficult to link one mechanism 
causing glaucoma in NF as most cases are probably multifactorial as described 
above.

3.3 Lens

Lens opacities are of importance in NF-2 as they may be the first sign to suggest the 
diagnosis during childhood [10]. NF-2 typically causes posterior subcapsular cataract 
or cortical cataract and occurs in 60–80% of patients with the disease [10, 11].

3.4 Retina and choroid

Retinal astrocytic hamartomas are benign tumors that usually affect the optic 
nerve. They clinically resemble a small white mulberry and are mostly linked to 
tuberous sclerosis but have been reported in NF patients as well. Rarely, those 
lesions may extend to the peripheral retina and cause devastating complications 
such as neovascular glaucoma and retinal detachment. Other retinal lesions 
described in NF patients include combined hamartoma of the retina and retinal 
pigment epithelium (CHR-RPE) and retinal capillary hemangiomatosis [12–14].

In the past, choroidal involvement was thought to be uncommon in NF patients 
as it was difficult to visualize subtle changes with fundus examination and conven-
tional angiography. However, with the development of new diagnostic technologies 
such as optical coherence tomography (OCT), choroidal changes have been found 
to reach up to 100% of NF patients [15]. Uveal neurofibromatosis has been also 
demonstrated histopathologically within the choroid (Figure 2) [9].

Figure 1. 
Slit-lamp photo of an iris showing Lisch nodules in a patient diagnosed with neurofibromatosis.
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Figure 1. 
Slit-lamp photo of an iris showing Lisch nodules in a patient diagnosed with neurofibromatosis.
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4. Periocular and orbital manifestations

4.1 Optic pathway glioma

Optic pathway gliomas are low-grade tumors which are classified as WHO grade 
I pilocytic astrocytomas. They usually occur early in childhood in around 5–25% of 
NF patients [15]. Although benign, these tumors can cause significant visual loss 
due to the direct compression of the optic nerve. They may arise anywhere along the 
optic pathway from the optic nerve to the chiasm and radiation. When those tumors 
involve the orbit, they may cause unilateral proptosis, strabismus, and decreased 
vision. Due to the nature of these tumors and the catastrophic consequences they 
may have, annual screening for all NF patients less than 10 years of age and then 
every 2 years until the age of 18 years is recommended [16].

4.2 Orbital-periorbital plexiform neurofibroma (OPPN)

One of the most characteristic findings in NF-1 patients and a hallmark of 
the disease is plexiform neurofibroma. It is a congenital tumor usually unilateral 
involving the eyelid, orbit, and periorbital area. It starts early in childhood with 
rapid growth that slows down after puberty. OPPN affects approximately 10% of 
patients with NF-1, and it carries a risk for malignant transformation in about 10%. 
It is considered a benign tumor of peripheral nerves with spindle cell proliferation 
and wavy filamentous pattern of growth (Figures 3 and 4). Histologically, they may 
be composed of mixed diffuse and plexiform types (Figure 5) with proliferation 
of Schwann cells, fibroblasts, and mast cells. Plexiform neurofibromas are similar 
but are encapsulated with the proliferations being surrounded by perineurium 
(Figure 6). Plexiform neurofibromas are of clinical significance as they are often 
described clinically as a “bag of worms” and can grow to form bulging masses that 
can be quiet disfiguring to a patient leading to social embarrassment. They usually 
cause mechanical ptosis when involving the upper eyelid (Figure 7), which may 
lead to amblyopia in children. Further progression to orbital and periorbital areas 
lead to proptosis, strabismus, and displacement of the globe. Rarely, plexiform 
neurofibromas may also involve the conjunctiva of the eye. Sphenoid wing dysplasia 
can be found in patients with OPPN affecting the same side and usually present 
with proptosis and pulsatile exophthalmos. Plexiform neurofibroma is a highly 
recurrent tumor, especially in orbito-facial area and in younger patients [17–19].

Figure 2. 
The choroid in a neurofibroma patient with spindle and ganglion cells (original magnification X400 
hematoxylin and eosin).
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Figure 3. 
Neurofibroma of the diffuse type with spindle cell proliferation (original magnification X400 
hematoxylin and eosin).

Figure 4. 
The same diffuse type of neurofibroma with spindle cells expressing s-100 staining (original 
magnification X200 S-100).

Figure 5. 
Mixed plexiform (black star) and diffuse (red arrowhead) neurofibromatosis (original 
magnification X100 hematoxylin and eosin).
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magnification X100 hematoxylin and eosin).
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5. Imaging

A high-resolution magnetic resonance imaging (MRI) with and without contrast 
of the brain and orbits should be performed in all NF-suspected patients to con-
firm the diagnosis and to monitor for the progression. CT scan should be avoided 
if possible, because of its radiation and the risk of malignant transformation of 
neurofibroma [19].

6. Management

Patients with NF need a multidisciplinary team of pediatric ophthalmology, 
neuro-ophthalmology, oculoplastic surgeon, neuro-oncology, and genetics. All chil-
dren diagnosed with NF should have regular ophthalmological examinations every 
6 months until the age of visual maturation (7 years) to detect and treat amblyopia, 
glaucoma, or strabismus. Also, serial MRI might be needed. The frequency of 
examination and imaging should be tailored according to the patient needs and 
disease progression. Early diagnosis and management of ophthalmic related issues 
are important and usually treated by supportive methods.

In children, surgical interventions for neurofibroma and its related strabismus 
should be reserved for severe cosmesis and visually threatening conditions because 
of its highly recurrent nature. Adults with neurofibroma usually need an aggres-
sive and definitive surgical approach to prevent recurrence with the possibility of 

Figure 7. 
A child with a plexiform neurofibroma of the right upper eyelid causing significant ptosis that 
affects the visual axis.

Figure 6. 
An area of typical plexiform neurofibroma (original magnification X100 hematoxylin and eosin).
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several surgeries. The most common indications for surgical debulking are cos-
metic, decreased vision, progressive involvement of a vital structure, and func-
tional deficits. Any significant increase in the growth rate of neurofibroma that is 
unusual for the patient age should be worrisome for malignant transformation [19].

7. Conclusion

In conclusion, neurofibromatosis can affect the eye and ocular adnexa in various 
ways. It is of importance to recognize ocular involvement in such patients in order 
to help earlier diagnosis of treatable conditions that can be vision-threatening.
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Abstract

Although neurofibromatosis (NF) was initially recognized in the nine-
teenth  century, only in the past two decades we have witnessed a paradigm shift 
in therapeutics. This progress is driven by the increasing understanding of the 
natural history of the NF-associated tumors and understanding of the molecular 
landscape of these disorders. Multiple clinical trials have been launched evalu-
ating non-surgical  treatment modalities and more studies are in the pipeline. 
Recently, the NF community has adopted standardized endpoints recommended 
by the Response Evaluation in Neurofibromatosis and Schwannomatosis (REiNS) 
International Collaboration established in 2011. Such collaborations among 
academic, regulatory and supporting communities are crucial for providing 
the infrastructure needed for advancing the therapeutic development in the 
field of NF.

Keywords: neurofibromatosis type I, neurofibromatosis type II, chemotherapy, 
radiotherapy, therapeutics, clinical trials, targeted therapy

1. Introduction

The neurofibromatoses are a heterogenous group of familial tumor predis-
position syndromes that result from pathogenic variants in tumor suppressor 
genes leading to dysregulation in various cellular pathways. This dysregulation 
eventually leads to tumors of the central and peripheral nervous systems as 
well as multiorgan involvement. The incidence of Neurofibromatosis type 1 
(NF1) is approximately 1 in every 2500–3500 births [1], while the incidence 
of neurofibromatosis type 2 (NF2) is approximately 1 in every 25,000–33,000 
births [2]. Schwannomatosis (SWN) has been identified as a distinct entity with 
different genetic etiology and clinical phenotype from NF2, but it is difficult to 
assess the precise incidence of this condition. Although the tumors that develop 
most frequently in NF1, NF2 and SWN are histologically benign, they can 
cause significant neurologic disabilities and even mortality due to the involve-
ment of the central and peripheral nervous systems. These tumors represent a 
unique therapeutic challenge due to the heterogeneity in severity and rate of 
progression among patients and hence novel therapeutic approaches are needed. 
In this chapter, we will review the recent studies in the field of neurofibromatosis 
therapeutics along with the collaborative efforts for innovative clinical trial 
designs.
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2. The power of collaboration in neurofibromatosis research

The establishment of the NFCTC in 2006 by the Department of Defense was 
a landmark in the field of NF therapeutics development [3]. The consortium has 
been in continuous operation since inception. It provides infrastructure, and shared 
resources across multiple institutions to generate resource-efficient clinical trials. 
The REiNS working groups are another clear example of the influence of collabora-
tion among NF experts to advance the NF drug development efforts. The Children’s 
Tumor Foundation (CTF) has provided support to the NF community, including 
efforts to advance research as well as public education and patient support. In 
2007, the CTF invested $4 million to launch the Neurofibromatosis Preclinical 
Consortium (NFPC) to test candidate drug therapies in NF1 and NF2 models. The 
Neurofibromatosis Therapeutic Acceleration (NTAP) was established as a private 
philanthropy to accelerate the development of effective therapeutics for pNFs and 
cNFs. NTAP has partnered with CTF in the evaluation of potential therapeutic 
agents in animal models of pNFs.

The collaborative efforts among academic, federal regulatory, and private 
foundations have resulted in early successes in the NF therapeutic development. 
In February 2018, selumetinib, a MEK1/2 inhibitor co-developed by AstraZenca 
and Merck&Co, received breakthrough status from the FDA. Selumetinib was 
granted Orphan Drug Designation based on data from the phase II trial that tested 
selumetinib in pediatric patients with inoperable pNFs (NCT01362803) [4] and 
hence, selumetinib may become the first approved drug for NF. This success 
highlights the power of collaboration, which moved Selumetinib from a repurposed 
oncology drug to its current clinical success in NF patients. The funders involved 
for in this “MEK story” are the CTF, the National Institute of Health (NIH), the 
Congressionally Directed Medical Research Program (CDMRP) through NFCTC, 
and the NTAP at Johns Hopkins University [5].

3. Therapeutic development in neurofibromatosis type I

Understanding of the pathogenesis and molecular landscape of the NF1-
associated tumors has advanced dramatically in recent years. This advancement, 
along with the continued collaborative approaches across the research community, 
has fueled therapeutic development efforts against many of the NF1 manifestations. 
Therapeutic development in NF1 has been tumor-specific, due to the substantial 
heterogeneity of the development and behavior of NF1-associated tumors across 
and within patients. Plexiform neurofibromas (pNFs), the source of major morbid-
ity in NF1, has been an area of major focus for therapeutic development, followed 
by other NF1-associated tumors including cutaneous neurofibromas (cNF), optic 
pathway gliomas (OPG), and malignant peripheral nerve sheath tumors (MPNST).

3.1 NF1-associated plexiform neurofibroma

Plexiform neurofibromas (pNFs) affect up to 50% of NF1 patients and can 
involve any peripheral nerve [6, 7]. They occur most commonly in the trunk, fol-
lowed by the extremities [6]. pNFs tend to grow most rapidly in early childhood and 
may increase by ≥20% per volume per year in young children [8]. Though surgery 
remains the mainstay for treatment of pNF, complete resection is virtually impos-
sible due to the frequent involvement of adjacent normal tissue, and occasionally 
critical structures. Moreover, surgical resection is frequently challenging since 
pNF can cross tissue planes and involve multiple body regions. The most common 
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morbidities leading to surgery are neurologic, disfigurement, and airway involve-
ment [9]. A substantial risk of pNF regrowth after surgical resection has motivated 
the ongoing research to find non-invasive therapies for pNF.

There are multiple ongoing clinical trials (Table 1) targeting pNF which repre-
sent a rapid expansion in the pNF therapeutic landscape. Though some of the tested 
drugs have failed to achieve the primary endpoint, they helped establish the natural 
history of the growth rates of pNF [10, 11]. The therapeutic development efforts 
in pNFs had shifted from testing “empirically,” usually cytotoxic, agents to agents 
being supported by well-established transitional studies. The first agent that showed 
radiographic response was imatinib, with a response rate of 17% [12]. Ras-pathway 
targeted therapy has been of particular interest, as it provides an opportunity for 
treating multiple manifestations of NF1 with one drug. For example, Selumetinib, 
which is a MEK (mitogen-activated protein kinase) inhibitor, has shown activity in 
pNF and low-grade gliomas (including OPG) associated with NF1 [13].

3.2 NF1-associated gliomas

Optic pathway glioma (OPG) is the most common form of glioma seen in indi-
viduals with NF1. While 15–20% of children with NF1 will develop OPG [27, 28] only 
30–50% will be symptomatic and one-third will require therapeutic intervention [29]. 
In those with confirmed decline in visual acuity (VA) or involvement in the hypothal-
amus, chemotherapy is the mainstay of treatment. First-line chemotherapeutic agents 
include vincristine and carboplatin [30], while second-line agents include vinblastine 
[31], vinorelbine [32], and temozolomide [33]. There is a report of four cases of 
refractory OPG (two sporadic and two NF1-associated OPG) that showed marked 
improvement in VA following treatment with bevacizumab [34]. These agents rarely 
restore the premorbid visual acuity and the aim of treatment is usually to stabilize 
disease and prevent further worsening [35, 36]. Radiotherapy is usually avoided in 
NF1-associated OPG for concern of secondary tumors [37] and moya moya syndrome 
[38] Surgical excision of OPG is not feasible due to the tumor location and is usually 
reserved for instances of complete loss of vision, severe proptosis, or hydrocephalus.

Recently, small molecule inhibitors have been used for refractory OPG in clinical 
trials (Table 2). Among these agents, selumetinib has shown promising results in 
phase II studies and was proven to be active in recurrent, refractory or progressive 
NF1-associated pediatric low-grade glioma [39].

Unnecessary cytotoxic therapies for OPG should be avoided, as many OPGs 
remain asymptomatic and some even regress over time [28]. One of the efforts to 
standardize the VA assessment in clinical trials for NF1-associated OPG is through 
using optic coherence tomography (OCT) [40, 41]. OCT provides an objective 
assessment of the retinal nerve fiber layer thickness. OCT is a noninvasive tool to 
monitor children with OPG in whom, especially the youngest ones, traditional 
methods of VA assessment is challenging [42]. Another objective noninvasive tool 
to asses VA in NF1-associated OPG is automated tractography of the optic radiation 
that was validated in a recent study [43].

A retrospective study that analyzed the clinical and pathological features of 
gliomas in 100 individuals with NF1 emphasized the wide histologic spectrum of 
gliomas in those with NF1 [44]. Indeed, individuals with NF1 have an increased 
risk of malignant gliomas compared with the general population [45], but there 
are confounding reports on glioblastoma prognosis in those with NF1 vs. cases 
without NF1 [46, 47]. A recent study analyzed the molecular landscape of gliomas 
in NF1 and showed that 50% of low-grade gliomas displayed an immune signature, 
T-lymphocytic infiltrate, and increased neoantigen load [48], findings that may 
influence future clinical trials in NF1-associated gliomas.
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drugs have failed to achieve the primary endpoint, they helped establish the natural 
history of the growth rates of pNF [10, 11]. The therapeutic development efforts 
in pNFs had shifted from testing “empirically,” usually cytotoxic, agents to agents 
being supported by well-established transitional studies. The first agent that showed 
radiographic response was imatinib, with a response rate of 17% [12]. Ras-pathway 
targeted therapy has been of particular interest, as it provides an opportunity for 
treating multiple manifestations of NF1 with one drug. For example, Selumetinib, 
which is a MEK (mitogen-activated protein kinase) inhibitor, has shown activity in 
pNF and low-grade gliomas (including OPG) associated with NF1 [13].

3.2 NF1-associated gliomas

Optic pathway glioma (OPG) is the most common form of glioma seen in indi-
viduals with NF1. While 15–20% of children with NF1 will develop OPG [27, 28] only 
30–50% will be symptomatic and one-third will require therapeutic intervention [29]. 
In those with confirmed decline in visual acuity (VA) or involvement in the hypothal-
amus, chemotherapy is the mainstay of treatment. First-line chemotherapeutic agents 
include vincristine and carboplatin [30], while second-line agents include vinblastine 
[31], vinorelbine [32], and temozolomide [33]. There is a report of four cases of 
refractory OPG (two sporadic and two NF1-associated OPG) that showed marked 
improvement in VA following treatment with bevacizumab [34]. These agents rarely 
restore the premorbid visual acuity and the aim of treatment is usually to stabilize 
disease and prevent further worsening [35, 36]. Radiotherapy is usually avoided in 
NF1-associated OPG for concern of secondary tumors [37] and moya moya syndrome 
[38] Surgical excision of OPG is not feasible due to the tumor location and is usually 
reserved for instances of complete loss of vision, severe proptosis, or hydrocephalus.

Recently, small molecule inhibitors have been used for refractory OPG in clinical 
trials (Table 2). Among these agents, selumetinib has shown promising results in 
phase II studies and was proven to be active in recurrent, refractory or progressive 
NF1-associated pediatric low-grade glioma [39].

Unnecessary cytotoxic therapies for OPG should be avoided, as many OPGs 
remain asymptomatic and some even regress over time [28]. One of the efforts to 
standardize the VA assessment in clinical trials for NF1-associated OPG is through 
using optic coherence tomography (OCT) [40, 41]. OCT provides an objective 
assessment of the retinal nerve fiber layer thickness. OCT is a noninvasive tool to 
monitor children with OPG in whom, especially the youngest ones, traditional 
methods of VA assessment is challenging [42]. Another objective noninvasive tool 
to asses VA in NF1-associated OPG is automated tractography of the optic radiation 
that was validated in a recent study [43].

A retrospective study that analyzed the clinical and pathological features of 
gliomas in 100 individuals with NF1 emphasized the wide histologic spectrum of 
gliomas in those with NF1 [44]. Indeed, individuals with NF1 have an increased 
risk of malignant gliomas compared with the general population [45], but there 
are confounding reports on glioblastoma prognosis in those with NF1 vs. cases 
without NF1 [46, 47]. A recent study analyzed the molecular landscape of gliomas 
in NF1 and showed that 50% of low-grade gliomas displayed an immune signature, 
T-lymphocytic infiltrate, and increased neoantigen load [48], findings that may 
influence future clinical trials in NF1-associated gliomas.
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3.3 NF1-associated malignant peripheral nerve sheath tumors

Malignant peripheral nerve sheath tumors (MPNSTs) are rare high-grade 
sarcomas with poor prognosis [49]. MPNSTs occur more frequently in those with 
NF1 compared with the general population, with a lifetime risk of 8–13% [50]. 
Several studies have not shown a significant difference in the molecular landscape 
between sporadic and NF1-associated MPNSTs [51, 52]. FDG-PET remains the gold 
standard noninvasive diagnostic tool for MPNSTs, with 89–100% sensitivity and 
72–95 specificity [53, 54]. Surgical resection with negative margins is the mainstay 
of treatment [55], though that is not usually feasible. Use of adjuvant radiotherapy 
to induce local control in MPSNTs failed to show improvement in overall survival in 
NF1-associated MPNSTs [56].

There are limited chemotherapeutic options, including agents like doxorubicin, 
and ifosfamide [57, 58]. A phase II study of bevacizumab and everolimus that 
enrolled 25 individuals (17 had NF1-associated MPNST) did not show a clinical ben-
efit (defined as complete response, partial response or stable disease for ≥4 months) 
[59]. Although preclinical studies showed EGFR amplification in MPSNT [60], 
EGFR inhibitors did not show clinical activity against MPNST in clinical trials. A 
few studies have been conducted in sarcomas using targeted therapy, and these have 
not shown clinical activity; tested drugs included imatinib [61], dasatinib [62], 
sorafenib [63], and erlotinib [64]. These negative studies emphasize the importance 
of developing xenografts to explore new therapeutic targets and explore pathways 
of interest like the NF1/P53-mutant transgenic MPNST model [65–67].

Drug Target Phase Age Endpoints Status

Vinblastine +/− 
Bevacizumab
NCT02840409

Cytotoxic/VEGF II 6 months–18 years Response 
rate, OS, 
PFS, visual 
outcome 
measures, 
OCT

Recruiting

Pegylated 
interferon
NCT02343224

Tumor 
microenvironment

II 3–18 years Response rate Recruiting

Pomalidomide
NCT02415153

Angiogenesis/
immunomodulation

I 3–20 years Toxicity, 
MTD

Active, not 
recruiting

Lenalidomide
NCT01553149

Angiogenesis/
immunomodulation

II 0–21 years Response rate Active, not 
recruiting

Everolimus 
(RAD0001)
NCT01158651

mTOR II 1–21 years Response rate Active, not 
recruiting

Binimetinib 
(MEK162) 
NCT02285439

MEK I/II 1–18 years MTD, 
response rate

Recruiting

Binimetinib 
(MEK162)
NCT01885195

MEK II Older than 
18 years

Response rate Completed 
(pending 
results)

Selumetinib 
NCT01089101

MEK I/II 3–21 years Safety, MTD, 
Response rate

Recruiting

Abbreviations: MEK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin; VEGF, vascular 
endothelial growth factor.

Table 2. 
Clinical trials for optic pathway gliomas (OPG) and other gliomas associated with neurofibromatosis type 1.
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Combined targeted therapy has been used to exploit cellular vulnerabilities 
of cancer cells, as in RAS-driven tumors which are refractory to conventional 
therapies. A preclinical study has shown dramatic tumor shrinkage in a transgenic 
MPNST mouse model in response to combined HSP90 and mTOR inhibition 
[68]. This promising preclinical work had led to a phase I/II study of gantespib, 
a novel injectable inhibitor of HSP90 and the mTOR inhibitor, sirolimus. The 
study enrolled 20 participants (NCT02008877) and results are pending [69]. 
Another novel approach undergoing phase I study utilizes the oncolytic potential 
of the genetically engineered injectable measles virus Edmonston vaccine strain 
(MVEdm) that encodes thyroid sodium iodide symporter [70] (Table 3).

3.4 NF1-associated cutaneous neurofibromas

Cutaneous neurofibromas (cNFs) are among the most common manifestations 
in NF1, affecting about 99% of patients with NF1 [71]. cNFs are unlikely to undergo 
malignant transformation or to cause fatal complications or severe neurologic dis-
ability. Nevertheless, cNFs are considered one of the greatest concerns in patients, 
especially adults, with NF1. These concerns are mainly due to disfigurement and 
dysesthesia, causing substantial psychological distress and negative body image 
perception [72]. There is immense variability in cNF among patients with NF1 with 
respect to size, location, age at first presentation, associated symptoms, and num-
ber. These factors affect the therapeutic approach to cNFs and emphasize the need 
for reproducible and reliable endpoints to ensure clinical success for tested agents.

Drug Target Phase Age 
(years)

Endpoints Status

EGFR806 CAR-T 
cell
NCT03618381

Immunotherapy I 1–26 Toxicity Recruiting

Selumetinib and 
Sirolimus
NCT03433183

MEK and 
mTOR

II ≥12 CBR, PFS, 
OS

Active, not 
recruiting

Injectable MVEdm 
vaccine strain
NCT02700230

Oncolytic 
virotherapy

I ≥18 Toxicity, 
MTD, ORR

Recruiting

Pazopanib vs. 
Sapanisertib
NCT02601209

PDGFR, 
VEGFR, c-kit 
(Pazopanib), 

TORC1&2 
(Sapanisertib)

I 
(Sapanisertib), 

II

≥18 MTD, PFS, 
ORR

Active, not 
recruiting

Lorvotuzumab 
mertansine
NCT02452554

CD-56 antibody II 1–30 RECIST Active, not 
recruiting

Pexidartinib and 
Sirolimus
NCT02584647

c-kit, FLT3, 
CSF1R, mTOR

II ≥18 PFS, OS Recruiting

Abbreviations: CBR, clinical benefit rate; c-kit, kit ligand or stem cell factor; c-MET, MET proton-oncogene; 
CSF1R, colony stimulating factor 1 receptor; FLT3, Fms-like tyrosine kinase 11; MEK, mitogen activated protein 
kinas; MTD, maximum tolerated dose; MVEdm; measles virus edmonston vaccine strain, OS, overall survival; 
PDGFR platelet-derived growth factor; PFS, progression free survival; RECIST, Response Evaluation Criteria 
In Solid Tumors; TORC, mammalian target of rapamycin complex; TTP, time to progression; VEGFR vascular 
endothelial growth factor receptor; ORR, objective response rate.

Table 3. 
Clinical trials for malignant peripheral nerve sheath tumors in neurofibromatosis type 1.
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Clinical management for cNF involves surveillance or procedure-based therapy. 
Conventional surgical resection promotes complete removal of the lesion, but 
there are obstacles, including limited number of lesions that can be treated in a 
single session and the scarring that may be induced by surgical resection. Other 
alternatives include electrodessication, which remove cNFs through dehydration 
and denaturation [73]. This allows for removal of large numbers (up to thousands) 
of cNFs in one session, but it requires general anesthesia and may cause scarring 
and pigmentation changes. A retrospective study of 106 individuals with multiple, 
small cNFs treated with CO2 laser ablation reported >90% patient satisfaction, yet 
a local infection rate was reported to be 15% [74]. Other procedure-based therapies 
reported in cNFs are laser photocoagulation [75] and radiofrequency ablation [76]. 
Another approach using local drug/device combinations is the photodynamic ther-
apy (PDT), which is being tested in different cancers [77]. PDT in cNFs studies use 
a photosensitizer, 5-amino-levulinic acid, plus illumination with red light. PDT was 
evaluated in phase I study (NCT01682811) and a phase II study (NCT02728388) is 
active in a single US institution.

One of the early efforts for treatment of cNFs and their associated symptoms 
used ketotifen [78]. Ketotifen is a histamine 1 receptor blocker which facilitates 
mast cell stabilization and; its use in NF1 is based on the finding of abundant mast 
cells in neurofibromas. Improvement in pain and pruritis has been reported, but 
objective tumor shrinkage has not been documented. Three drugs have been tested 
in cNFs using local therapeutic approaches; the first was ranibizumab, a vascular 
endothelial growth factor monoclonal antibody, which was injected intralesionally 
(NCT00657202). The overall effect of the treatment was minimal and the variabil-
ity in the tumor volume assessment (measured by a caliper) limited the interpreta-
tion of the data. The second agent was topical imiquimod, which showed minimal 
efficacy in tumor shrinkage compared to baseline volume (measured by a caliper) 
(NCT00865644). The third agent was topical rapamycin, an mTOR inhibitor, which 
was initially tested in Tuberous Sclerosis Complex (TSC)-associated angiofibromas 
(NCT01031901) [79]. The study enrolled 52 patients with TSC and NF1 and data are 
expected.

Due to the relatively benign histology of cNFs and the likely need for long term 
therapy, there are special considerations pertaining to cNF drug development 
[80]. The safety profile of tested drugs is a major concern to physicians, regulators, 
patients and their caregiver. Also, the route of administration and cost are impor-
tant considerations, as individuals with cNF are more likely to require treatment 
(either medication or intervention) for an extended period of time. The variant 
phenotype among affected persons, demographic differences, and the goal of treat-
ment are important factor determining the type and timing of treatment.

The above-mentioned considerations, especially the safety profile, make 
oral systemic therapies preferable for individuals with a heavy tumor burden. 
Everolimus, an oral mTOR inhibitor, was evaluated in a phase II study of disfigur-
ing cNF associated with NF1 (NCT02334902). The study enrolled 22 patients and 
used photographic measurement of selected lesion to assess surface volume. While 
5/22 patients withdrew due to adverse events, a very modest effect was reported 
in <20% of the participants [81]. Due to the promising results of using targeted 
therapied against MEK, selumetinib is being studied in NF1-associated cNFs 
(NCT02839720). The study is a phase II, multi-institutional, open label study with 
the primary outcome measure being the change in the size of cNFs assessed by 
digital photography and caliper measurements.

The Clinical Trial Design and Development REiNS subgroup, involving experts 
from different settings, has presented the priorities and challenges associated 
with conducting clinical trials targeting cNF in NF1 [82]. The subgroup members 

93

Therapeutic Development in Neurofibromatosis
DOI: http://dx.doi.org/10.5772/intechopen.89037

reviewed key topics like natural history, assessment methods, functional endpoints, 
safety, and development strategies. One of the most important topics, which pose a 
major challenge in cNF clinical trials, is the measurement of outcomes. Methods of 
measurement that have been used include calipers, digital and volume photography, 
ultrasound, and MRI. The subgroup members support considering clinically mean-
ingful measures of effectiveness in interpreting changes in tumor size or number. 
Tumor size reduction that correlates with improved pain control or discomfort 
is more clinically meaningful than the crude number or size of the tumors. New 
approaches, such as high-frequency ultrasound or optical coherence tomography, 
may be able to address some of the limitations of the conventional methods like 
MRI, photography or caliper measurement. These new approaches need to be vali-
dated through additional studies. The subgroup members recommend several key 
factors when designing clinical trials on cNF, including timing to initiate interven-
tion, eligibility criteria to ensure diversity, mechanism of the intervention, route of 
administration, safety monitoring, and regulatory considerations.

4. Therapeutic development in neurofibromatosis type 2

NF2 is an autosomal dominant disorder that affects the central and peripheral 
nervous systems. NF2 has an estimated incidence of 1 in 25,000–33,000 births, 
making it far less common than NF1 [83]. Vestibular schwannomas (VS) are con-
sidered the hallmark of NF2, and bilateral VS fulfill the clinical diagnosis of definite 
NF2 [84]. The average age at diagnosis in NF2-associated VS is about 27 years [85]; 
diagnosis in childhood predicts a severe phenotype and unfavorable prognosis [86]. 
Though VS are slowly progressive tumors, they can cause significant neurologic 
disability, including hearing loss and eventually deafness, balance problems, and 
brain stem compression [87]. The other common tumor associated with NF2 is 
meningioma, which is the most common intracranial tumor worldwide. Up to half 
of individuals with NF2 develop meningiomas [88], and despite benign histology, 
they may lead to a shortened life expectancy [89].

The loss of the tumor suppressor protein merlin in NF2 leads to activation of 
prosurvival pathways via RAS modulation. Hence, NF2 shares many of the same 
targets identified in NF1. Merlin is absent not only in NF2-associated VS, but also in 
sporadic VS [90]. This observation is important as it may point to a shared thera-
peutic pathway between NF2-associated VS and sporadic VS [91].

Though surgery remains the mainstay of treatment in sporadic VS, or stereo-
tactic radiosurgery (SRS) for tumors <3 cm [92], these approaches have proved to 
be less efficacious in NF2-associated VS, with high rate of complications, includ-
ing facial nerve weakness, hearing loss, and headache [93, 94]. Moreover, there 
are growing concerns about utilizing radiation therapy in NF2 due to risk of late 
malignant transformation [95]. Some of the challenges that face NF2 clinical trials 
are the substantial variability in disease severity across individuals with NF2, the 
lack of clear association between the rate of VS growth and the rate of hearing loss, 
and the variable growth rates between the right and the left VS in same patient 
[96]. A prospective study that highlighted the lack of correlation between VS size 
or growth rate and rate of hearing loss was published in 2014 and included 120 
individuals with NF2-associated VS (total of 200 VS) [97]. The investigators used 
word recognition score (WRS) as an objective measurement for hearing decline 
and defined radiographic tumor growth as ≥20% increase in tumor volume com-
pared with baseline. The study showed that the mean rate of hearing decline from 
diagnosis was 5% at 1 year and 16% at 3 years, while the rate of VS tumor graphic 
progression was 31% at 1 year and 79% at 3 years. The median time to progression 
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pared with baseline. The study showed that the mean rate of hearing decline from 
diagnosis was 5% at 1 year and 16% at 3 years, while the rate of VS tumor graphic 
progression was 31% at 1 year and 79% at 3 years. The median time to progression 
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(14 months) was significantly shorter than the median time to hearing decline 
(62 months) [93]. This study, along with prior reports, elucidated the natural his-
tory of individuals with NF2 to help to determine the most appropriate timing for 
intervention [81, 83, 98].

Clinical trials for NF2 have been focused on vestibular schwannomas, since loss 
of hearing is often the most pressing concern in individuals with NF2. A group of 
36 international researchers, physicians, representatives from the pharmaceutical 
industry, and patient advocates held a workshop to provide consensus recommen-
dations to accelerate clinical trials progress in NF2 [99]. The group provided recom-
mendations on participant selection, clinically meaningful and feasible endpoints, 
the clinical trials models most appropriate for NF2, and candidate therapeutic 
agents for NF2.

Different cellular pathways have been targeted in clinical trials for NF2-
associated tumors (Table 4), with mixed responses. One of the most promising 
agents used in NF2 is bevacizumab, which was initially given on a compassionate 
use basis for adults with NF2-associated VS with severe disability [100, 101]. In 
these reports, 6 of 10 participants had ≥20% reduction in tumor volume and 
significantly improved hearing. The promising results led to designing two phase 
II clinical trials using bevacizumab in persons with NF2 who suffered from pro-
gressive hearing loss. A preliminary report from one of these 2 trials that enrolled 
22 participants showed that the overall hearing and radiographic response rates 
were 41 and 23% respectively, though pediatric participants appeared to benefit 
less compared to adults (NCT01767792) [102]. Bevacizumab was used in a dose 
of 10 mg/kg every 2 weeks for 6 months, followed by 5 mg/kg every 3 weeks for 
18 months; this regimen was well tolerated.

Drug Target Phase Age 
(years)

Endpoints Status

Everolimus [104]
NCT01419639

mTOR II ≥3 VS: 15% volume 
reductions

No RR

Everolimus [105]
NCT01490476

mTOR II ≥15 VS: volume 
reduction

No RR

Everolimus
NCT01345136

mTOR II 16–65 VS: volume 
reduction

Active, not 
recruiting

Everolimus
NCT01880749

mTOR Early phase I ≥18 VS and MEN: 
tumor PK, 
molecular 
analysis

Active, not 
recruiting

Lapatinib [106]
NCT00973739

EGFR/ErBb2 II 4–80 VS: 15% volume 
reduction

23.5% RR

Lapatinib
NCT00863122

EGFR/ErBb2 Early phase I ≥18 VS: tumor 
PK, molecular 

analysis

Completed, 
pending 
results

Axitinib
NCT02129647

VEGF, c-kit, 
PDGFR

II ≥18 VS: 20% volume 
reduction

Active, not 
recruiting

Nilotinib
NCT01201538

PDGF, c-kit II ≥18 VS: 20% volume 
reduction

Terminated

PTC 299
NCT00911248

VEGF II ≥18 VS: Tumor 
volume or WRS

Terminated

Endostatin
NCT02104323

Anti-
angiogenic

II 16–30 Tumor volume Completed, 
pending 
results
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NF2 shares many of the same targets identified in NF1; hence, some of the 
therapeutic agents tested in NF1 are being tested in NF2, including everolimus 
(NCT01345136), sorafenib, and selumetinib (NCT03095248). The dual mTROC1 
and mTORC2 inhibitor, vistusertib (AZD2014), is used in a phase II study for NF2 
patients with progressive or symptomatic meningiomas (NCT02831257). While the 
primary outcome for this study is the radiographic response rate for meningioma using 
volumetric MRI scans, the secondary outcomes include response assessment for VS and 
non-target meningioma using volumetric MRI. The NFCTC has approved using crizo-
tinib, a MET and ALK inhibitor, in a phase II study for children and adults with NF2-
associated progressive VS. There are promising preclinical studies identifying crizotinib 
as a potent inhibitor of NF2-null Schwann cell proliferation in vitro and tumor growth 
in vivo [103]. The goal for these clinical trials is to assess the hearing response rate as a 
clinically meaningful endpoint and to assess tolerability and long term effects of the 
tested agents, as well as identify biomarkers that can predict outcomes.

5. Therapeutic development in Schwannomatosis

Schwannomatosis (SWN), as the name implies, is characterized by the develop-
ment of multiple peripheral nerve schwannomas, without concomitant involvement 

Drug Target Phase Age 
(years)

Endpoints Status

AR-42
NCT02104323

HDAC Early phase I ≥18 VS and MEN: 
tumor PK, 
molecular 
analysis

Active, not 
recruiting

Bevacizumab 
[107]
NCT01207687

VEGF II ≥12 VS: hearing 
response 

measured by 
WRS

Completed, 
hearing 

response 36%

Bevacizumab
[102] 
NCT01767792

VEGF II ≥12 VS: hearing 
response 

measured by 
WRS

Active, not 
recruiting, 

hearing 
response 41%, 

RR 23%

Acetylsalicylic 
acid
NCT03079999

Antiplatelet, 
anti-

inflammatory

II, 
randomized, 

placebo-
control

≥12 VS: PFS Active

Vistusertib 
(AZD2014)
NCT02831257

mTORC1, 
mTORC2

II ≥18 MEN: RR using 
volumetric MRI

Active, not 
recruiting

Selumetinib
NCT03095248

MEK II 3–45 VS, MEN, and 
ependymoma: 

hearing 
response 

measured by 
WRS, RR

Active

Abbreviations: c-kit, kit ligand or stem cell factor; EGFR/ErBb2, epidermal growth factor reception; HDAC, histone 
deacetylase; MEK, mitogen activated protein kinas; MEN, meningioma; mTOR, mammalian target of rapamycin; 
mTORC, mammalian target of rapamycin complex; PDGFR platelet-derived growth factor; PFS, progression-
free survival; PK, pharmacokinetics; VEGF, vascular endothelial growth factor; RR, radiographic response; VS. 
vestibular schwannoma; WRS, word recognition score.

Table 4. 
Clinical trials in Neurofibromatosis type 2-associated vestibular schwannomas and meningiomas.
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of hearing is often the most pressing concern in individuals with NF2. A group of 
36 international researchers, physicians, representatives from the pharmaceutical 
industry, and patient advocates held a workshop to provide consensus recommen-
dations to accelerate clinical trials progress in NF2 [99]. The group provided recom-
mendations on participant selection, clinically meaningful and feasible endpoints, 
the clinical trials models most appropriate for NF2, and candidate therapeutic 
agents for NF2.

Different cellular pathways have been targeted in clinical trials for NF2-
associated tumors (Table 4), with mixed responses. One of the most promising 
agents used in NF2 is bevacizumab, which was initially given on a compassionate 
use basis for adults with NF2-associated VS with severe disability [100, 101]. In 
these reports, 6 of 10 participants had ≥20% reduction in tumor volume and 
significantly improved hearing. The promising results led to designing two phase 
II clinical trials using bevacizumab in persons with NF2 who suffered from pro-
gressive hearing loss. A preliminary report from one of these 2 trials that enrolled 
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were 41 and 23% respectively, though pediatric participants appeared to benefit 
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NF2 shares many of the same targets identified in NF1; hence, some of the 
therapeutic agents tested in NF1 are being tested in NF2, including everolimus 
(NCT01345136), sorafenib, and selumetinib (NCT03095248). The dual mTROC1 
and mTORC2 inhibitor, vistusertib (AZD2014), is used in a phase II study for NF2 
patients with progressive or symptomatic meningiomas (NCT02831257). While the 
primary outcome for this study is the radiographic response rate for meningioma using 
volumetric MRI scans, the secondary outcomes include response assessment for VS and 
non-target meningioma using volumetric MRI. The NFCTC has approved using crizo-
tinib, a MET and ALK inhibitor, in a phase II study for children and adults with NF2-
associated progressive VS. There are promising preclinical studies identifying crizotinib 
as a potent inhibitor of NF2-null Schwann cell proliferation in vitro and tumor growth 
in vivo [103]. The goal for these clinical trials is to assess the hearing response rate as a 
clinically meaningful endpoint and to assess tolerability and long term effects of the 
tested agents, as well as identify biomarkers that can predict outcomes.

5. Therapeutic development in Schwannomatosis

Schwannomatosis (SWN), as the name implies, is characterized by the develop-
ment of multiple peripheral nerve schwannomas, without concomitant involvement 

Drug Target Phase Age 
(years)

Endpoints Status
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NCT02104323

HDAC Early phase I ≥18 VS and MEN: 
tumor PK, 
molecular 
analysis

Active, not 
recruiting

Bevacizumab 
[107]
NCT01207687

VEGF II ≥12 VS: hearing 
response 

measured by 
WRS

Completed, 
hearing 

response 36%

Bevacizumab
[102] 
NCT01767792

VEGF II ≥12 VS: hearing 
response 

measured by 
WRS

Active, not 
recruiting, 

hearing 
response 41%, 

RR 23%

Acetylsalicylic 
acid
NCT03079999

Antiplatelet, 
anti-

inflammatory

II, 
randomized, 

placebo-
control

≥12 VS: PFS Active

Vistusertib 
(AZD2014)
NCT02831257

mTORC1, 
mTORC2

II ≥18 MEN: RR using 
volumetric MRI

Active, not 
recruiting

Selumetinib
NCT03095248

MEK II 3–45 VS, MEN, and 
ependymoma: 

hearing 
response 

measured by 
WRS, RR

Active

Abbreviations: c-kit, kit ligand or stem cell factor; EGFR/ErBb2, epidermal growth factor reception; HDAC, histone 
deacetylase; MEK, mitogen activated protein kinas; MEN, meningioma; mTOR, mammalian target of rapamycin; 
mTORC, mammalian target of rapamycin complex; PDGFR platelet-derived growth factor; PFS, progression-
free survival; PK, pharmacokinetics; VEGF, vascular endothelial growth factor; RR, radiographic response; VS. 
vestibular schwannoma; WRS, word recognition score.

Table 4. 
Clinical trials in Neurofibromatosis type 2-associated vestibular schwannomas and meningiomas.
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of the vestibular nerve, and, less commonly, meningiomas [108–110]. Since the 
schwannoma is the most common tumor in NF2 and SWN, there can be overlap 
between the two syndromes. SWN is a distinct entity with different clinical pheno-
type and genetic etiology from NF2. Germline mutations in SMARCB1 and LZTR1, 
both tumor suppressor genes, have been identified in SWN [111–113]. Unlike NF1 
and NF2, pain is the most common symptom reported by individuals affected with 
SWN, with 68% reporting chronic pain in SWN in a retrospective study [114].

Surgical resection is considered the treatment of choice for symptomatic 
schwannomas for pain relief, though local recurrence is not uncommon. Patients 
usually require multiple surgical resections due to pain, focal neurologic deficits, 
or myelopathy [113]. Radiotherapy is reserved for those with life-threatening or 
enlarging tumors, and in rare occasions, malignant schwannomas. There are no 
available safety studies with respect to radiotherapy-induced malignant transforma-
tion in SWN, though theoretically it is possible given the available data from NF1, 
and NF2 studies.

Up to date, no clinical trials have been conducted in the setting of SWN and no 
known effective therapies exist. A case report was published using bevacizumab in 
one individual with SWN-associated refractory pain with a remarkable response in 
pain control [115].

6. Clinical trials endpoints in neurofibromatoses

Most early clinical trials for patients with neurofibromatoses used designs and 
endpoints similar to oncology trials. However, there are major differences in natural 
history, disease manifestations, and overall prognosis between patients with NF 
and those with cancers. Hence, there was an unmet need to establish standard-
ized endpoints in NF clinical trials that will allow precise data interpretation and 
the ability to assess efficacy across different studies. The Response Evaluation in 
Neurofibromatosis and Schwannomatosis (REiNS) International Collaboration was 
established in 2011 at the Children’s Tumor Foundation (CTF) meeting to achieve 
consensus about the design for future clinical trials with major emphasis on end-
points. The collaboration included 7 working groups; disease biomarkers; whole-
body MRI; functional, visual, patient-reported, and neurocognitive outcome; and 
imaging for tumor response. Later, two more working groups were added; cutane-
ous neurofibromas, and patient representation [116].

The REiNS Collaboration published the initial recommendations for clinical 
trials endpoint in 2013 [117]. MRI with volumetric analysis was recommended as 
the standard imaging metric for pNF and VS in NF1 and NF2 clinical trials [118]. 
A 20% volume change was chosen to indicate an increase or decrease in the tumor 
size. MRI analysis requires central review to ensure consistent results. This is a 
time and resource intensive tool; thus, the development of methods that can be 
incorporated into routine clinical practice and can be performed more easily is 
warranted. Whole-body MRI imaging (WB-MRI) may serve as an endpoint in 
clinical trials that target multiple tumors. The working group concluded that while 
WB-MRI is feasible for identifying tumors using both 1.5 T and 3.0 T systems, 
choosing a standardized image acquisition and analysis methods is crucial for 
applying WB-MRIs as a tool for assessing tumors in NF [119]. For clinical trials 
targeting NF2-associated VS, the REiNS functional outcomes group endorsed the 
use of maximum word recognition score as the primary endpoint for hearing. The 
group recommended using the measurement of improvement in lip excursion 
(SMILE) system for studies of facial function [120]. For clinical trials targeting 
NF-associated OPG, the visual outcomes working group recommended the use 
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of visual acuity as the primary endpoint, as opposed to measurement of tumor 
size [121]. The group also recommended assessing the optic disc for pallor to 
allow accurate interpretation of the visual acuity. Regarding the neurocognitive 
outcomes, the working group concluded that The Digit Span (DS) subtest from the 
Wechsler scales is the most appropriate performance-based outcome measure, as it 
provides the best psychometrics, feasibility, and utility across a wide age range, and 
is extensively used in previous research [122]. For similar reasons, the Conners scale 
achieved the highest ratings of behavioral questionnaires and is considered the most 
appropriate observe-rated outcome measure.

It is uncommon for pNF to cause airway compromise or pulmonary dysfunction, 
yet airway pNFs are clinically important. The REiNS functional outcomes group 
developed consensus recommendations for sleep and pulmonary outcome end-
points in airway pNFs [123]. The group endorsed using the apnea hypopnea index 
(AHI) as the primary sleep endpoint, and pulmonary resistance at 10 Hz (R10) of 
forced expiratory volume in 1 or 0.75 seconds (FEV1 or FEV 0.75) as the primary 
pulmonary endpoint. The group also identified secondary sleep and pulmonary 
outcomes. Measures of sleep and pulmonary function may be more clinically mean-
ingful as endpoints than changes in tumor size in clinical trials targeting airway 
pNFs. Regarding patient-reported outcomes (PRO) of pain and physical function 
in NF clinical trials, the REiNS working group recommended the numeric rating 
scale-11 (NRS-11) to assess pain intensity for age 8 years and older [124]. To assess 
pain interference, the group recommended the Pain Interference Index in pediatric 
studies and the Patient-Reported Outcome Measurement Information System 
(PROMIS) Pain Interference Scale in adult studies. PROMIS Physical Function Scale 
was deemed the most appropriate for NF trials to assess the physical functioning 
domain. The REiNS disease biomarkers working group reported consensus recom-
mendations to provide clinicians and researches with a common set of guidelines to 
collect and store biospecimens and for establishment of biobanks for neurofibroma-
toses [125]. The group described the existing biomarkers in NF and report con-
sensus recommendations for standard operation procedures to standardize sample 
collection and methodology protocols to promote comparison between studies.

Drug discovery is a very costly and lengthy process, which may take up to 
10 years from first-in-human dosing to approval [126]. This process is usually 
preceded by years of extensive preclinical research to identify suitable targets for 
clinical development. The REiNS International Collaboration continues to work on 
developing consensus endpoints in NF clinical trials and to promote early engage-
ment with FDA and other industry partners to accelerate the drug development and 
approval for NF-associated tumors.

7. Conclusion

The field of NF therapeutics is at inflection point. Several clinical trials have been 
conducted targeting various manifestations of NF and more studies are ongoing. The 
alignment of endpoints along with utilizing validated clinical outcomes measures 
represents a priority for therapeutic development for NF. Fortunately, there is a 
growing interest in NF, which is drawing the attention of pharmaceutical and bio-
technology companies to grow the pipeline for NF targeted therapy. These efforts are 
combined with several ongoing laboratory and preclinical studies that provide unique 
opportunities to study the complex biology and natural history of NF-associated 
tumor. The US breakthrough therapy designation that was granted to Selumetinib 
in NF1 endorses the critical need for partnership among the major consortia and 
funders to accelerate the therapeutics development efforts in the NF field.
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usually require multiple surgical resections due to pain, focal neurologic deficits, 
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tion in SWN, though theoretically it is possible given the available data from NF1, 
and NF2 studies.
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endpoints similar to oncology trials. However, there are major differences in natural 
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and those with cancers. Hence, there was an unmet need to establish standard-
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body MRI; functional, visual, patient-reported, and neurocognitive outcome; and 
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The REiNS Collaboration published the initial recommendations for clinical 
trials endpoint in 2013 [117]. MRI with volumetric analysis was recommended as 
the standard imaging metric for pNF and VS in NF1 and NF2 clinical trials [118]. 
A 20% volume change was chosen to indicate an increase or decrease in the tumor 
size. MRI analysis requires central review to ensure consistent results. This is a 
time and resource intensive tool; thus, the development of methods that can be 
incorporated into routine clinical practice and can be performed more easily is 
warranted. Whole-body MRI imaging (WB-MRI) may serve as an endpoint in 
clinical trials that target multiple tumors. The working group concluded that while 
WB-MRI is feasible for identifying tumors using both 1.5 T and 3.0 T systems, 
choosing a standardized image acquisition and analysis methods is crucial for 
applying WB-MRIs as a tool for assessing tumors in NF [119]. For clinical trials 
targeting NF2-associated VS, the REiNS functional outcomes group endorsed the 
use of maximum word recognition score as the primary endpoint for hearing. The 
group recommended using the measurement of improvement in lip excursion 
(SMILE) system for studies of facial function [120]. For clinical trials targeting 
NF-associated OPG, the visual outcomes working group recommended the use 
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of visual acuity as the primary endpoint, as opposed to measurement of tumor 
size [121]. The group also recommended assessing the optic disc for pallor to 
allow accurate interpretation of the visual acuity. Regarding the neurocognitive 
outcomes, the working group concluded that The Digit Span (DS) subtest from the 
Wechsler scales is the most appropriate performance-based outcome measure, as it 
provides the best psychometrics, feasibility, and utility across a wide age range, and 
is extensively used in previous research [122]. For similar reasons, the Conners scale 
achieved the highest ratings of behavioral questionnaires and is considered the most 
appropriate observe-rated outcome measure.

It is uncommon for pNF to cause airway compromise or pulmonary dysfunction, 
yet airway pNFs are clinically important. The REiNS functional outcomes group 
developed consensus recommendations for sleep and pulmonary outcome end-
points in airway pNFs [123]. The group endorsed using the apnea hypopnea index 
(AHI) as the primary sleep endpoint, and pulmonary resistance at 10 Hz (R10) of 
forced expiratory volume in 1 or 0.75 seconds (FEV1 or FEV 0.75) as the primary 
pulmonary endpoint. The group also identified secondary sleep and pulmonary 
outcomes. Measures of sleep and pulmonary function may be more clinically mean-
ingful as endpoints than changes in tumor size in clinical trials targeting airway 
pNFs. Regarding patient-reported outcomes (PRO) of pain and physical function 
in NF clinical trials, the REiNS working group recommended the numeric rating 
scale-11 (NRS-11) to assess pain intensity for age 8 years and older [124]. To assess 
pain interference, the group recommended the Pain Interference Index in pediatric 
studies and the Patient-Reported Outcome Measurement Information System 
(PROMIS) Pain Interference Scale in adult studies. PROMIS Physical Function Scale 
was deemed the most appropriate for NF trials to assess the physical functioning 
domain. The REiNS disease biomarkers working group reported consensus recom-
mendations to provide clinicians and researches with a common set of guidelines to 
collect and store biospecimens and for establishment of biobanks for neurofibroma-
toses [125]. The group described the existing biomarkers in NF and report con-
sensus recommendations for standard operation procedures to standardize sample 
collection and methodology protocols to promote comparison between studies.

Drug discovery is a very costly and lengthy process, which may take up to 
10 years from first-in-human dosing to approval [126]. This process is usually 
preceded by years of extensive preclinical research to identify suitable targets for 
clinical development. The REiNS International Collaboration continues to work on 
developing consensus endpoints in NF clinical trials and to promote early engage-
ment with FDA and other industry partners to accelerate the drug development and 
approval for NF-associated tumors.
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The field of NF therapeutics is at inflection point. Several clinical trials have been 
conducted targeting various manifestations of NF and more studies are ongoing. The 
alignment of endpoints along with utilizing validated clinical outcomes measures 
represents a priority for therapeutic development for NF. Fortunately, there is a 
growing interest in NF, which is drawing the attention of pharmaceutical and bio-
technology companies to grow the pipeline for NF targeted therapy. These efforts are 
combined with several ongoing laboratory and preclinical studies that provide unique 
opportunities to study the complex biology and natural history of NF-associated 
tumor. The US breakthrough therapy designation that was granted to Selumetinib 
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