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Neurofibromatosis from Head to Toe: 
What the Radiologist Needs to Know

Neurofibromatosis type 1 (NF1) and neurofibromatosis type 2 
(NF2) are autosomal dominant inherited neurocutaneous disorders 
or phakomatoses secondary to mutations in the NF1 and NF2 tu-
mor suppressor genes, respectively. Although they share a common 
name, NF1 and NF2 are distinct disorders with a wide range of 
multisystem manifestations that include benign and malignant tu-
mors. Imaging plays an essential role in diagnosis, surveillance, and 
management of individuals with NF1 and NF2. Therefore, it is cru-
cial for radiologists to be familiar with the imaging features of NF1 
and NF2 to allow prompt diagnosis and appropriate management. 
Key manifestations of NF1 include café-au-lait macules, axillary 
or inguinal freckling, neurofibromas or plexiform neurofibromas, 
optic pathway gliomas, Lisch nodules, and osseous lesions such as 
sphenoid dysplasia, all of which are considered diagnostic features 
of NF1. Other manifestations include focal areas of signal intensity 
in the brain, low-grade gliomas, interstitial lung disease, various ab-
dominopelvic neoplasms, scoliosis, and vascular dysplasia. The vari-
ous NF1-associated abdominopelvic neoplasms can be categorized 
by their cellular origin: neurogenic neoplasms, interstitial cells of 
Cajal neoplasms, neuroendocrine neoplasms, and embryonal neo-
plasms. Malignant peripheral nerve sheath tumors and intracranial 
tumors are the leading contributors to mortality in NF1. Classic 
manifestations of NF2 include schwannomas, meningiomas, and 
ependymomas. However, NF2 may have shared cutaneous manifes-
tations with NF1. Lifelong multidisciplinary management is critical 
for patients with either disease. The authors highlight the genetics 
and molecular pathogenesis, clinical and pathologic features, imag-
ing manifestations, and multidisciplinary management and surveil-
lance of NF1 and NF2.

Online supplemental material is available for this article.
©RSNA, 2022 • radiographics.rsna.org

Mindy X. Wang, MD 
Jonathan R. Dillman, MD, MSc 
Jeffrey Guccione, MD 
Ahmed Habiba, MD 
Marwa Maher, MD 
Serageldin Kamel, MD 
Prasad M. Panse, MD 
Corey T. Jensen, MD 
Khaled M. Elsayes, MD

Abbreviations: CNS = central nervous system, 
FASI = focal area of signal intensity, NF1 = neu-
rofibromatosis type 1, NF2 = neurofibromatosis 
type 2, PNST = peripheral nerve sheath tumor

RadioGraphics 2022; 42:1123–1144

 https://doi.org/10.1148/rg.210235

Content Codes:      

From the Department of Radiology (M.X.W., 
C.T.J., K.M.E.) and Department of Lymphoma 
and Myeloma (S.K.), University of Texas MD 
Anderson Cancer Center, Pickens Academic 
Tower, 1400 Pressler St, Houston, TX 77030-
4009; Department of Radiology, Cincinnati 
Children’s Hospital Medical Center, Univer-
sity of Cincinnati, Cincinnati, Ohio (J.R.D.); 
Department of Radiology, Stanford University, 
Stanford, Calif (J.G.); Department of Radiol-
ogy (A.H.) and Faculty of Medicine (M.M.), 
Alexandria University, Alexandria, Egypt; and 
Department of Radiology, Mayo Clinic Arizona, 
Phoenix/Scottsdale, Ariz (P.M.P.). Presented 
as an education exhibit at the 2021 RSNA An-
nual Meeting. Received December 30, 2021; 
revision requested January 26, 2022, and re-
ceived February 17; accepted February 18. For 
this journal-based SA-CME activity, the author 
K.M.E. has provided disclosures (see end of ar-
ticle); all other authors, the editor, and the re-
viewers have disclosed no relevant relationships. 
Address correspondence to M.X.W. (email: 
Mindy.X.Wang@uth.tmc.edu).

©RSNA, 2022

After completing this journal-based SA-CME 
activity, participants will be able to:

	�Describe the diagnostic criteria for 
NF1 and NF2.

	�Identify characteristic NF1-related im-
aging manifestations.

	�Recognize characteristic NF2-related 
imaging manifestations.

See rsna.org/learning-center-rg.

SA-CME LEARNING OBJECTIVES
Introduction

Neurofibromatosis type 1 (NF1) and neurofibromatosis type 2 
(NF2) are autosomal dominant inherited neurocutaneous disorders 
or phakomatoses that share a common name; however, they are 
distinct disorders with a wide range of clinical and imaging manifes-
tations. NF1, also known as von Recklinghausen disease, is the most 
common phakomatosis. Key clinical manifestations of NF1 include 
café-au-lait macules, axillary or inguinal freckling, neurofibromas or 
plexiform neurofibromas, optic pathway gliomas, Lisch nodules, and 
osseous lesions such as sphenoid dysplasia, which are considered di-
agnostic features. However, there are numerous other manifestations, 
such as low-grade gliomas, interstitial lung disease, various abdomi-
nopelvic neoplasms, scoliosis, and vascular dysplasia.

Classic manifestations of NF2 include schwannomas, meningiomas, 
and ependymomas. This article highlights the genetics and molecular 
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NF2 gene located at chromosome 22q11.2. The 
NF2 gene encodes for the merlin protein, which 
regulates cell growth, especially in Schwann cells, 
and cell-cell adhesion (1,3). Merlin deficiency 
results in elevated receptor tyrosine kinase level, 
which activates the ERK and AKT/mTOR path-
ways, resulting in cell growth (3).

More than 50% of individuals present with de 
novo gene mutations. Approximately 20%–30% 
of individuals with NF2 without a family history 
display mosaicism, resulting in mild generalized 
or unilateral disease (1). Truncating mutations 
cause the most severe disease, while single or 
multiple exon deletions cause milder disease (4).

Diagnostic Criteria

Neurofibromatosis Type 1
Clinical manifestations can vary significantly 
among NF1 patients. While some clinical 
features may appear in infancy or early child-
hood, most hallmark features may manifest only 
later in life (5). Since the National Institutes 
of Health (NIH) Consensus Conference in 
1987 (6), significant progress has been made in 
understanding the molecular basis of NF1. In 
2020, an international panel of experts updated 
the diagnostic criteria for NF1, which incorpo-
rated new clinical features and genetic testing 
(Table 1) (Fig 1) (7).

pathogenesis, clinical and pathologic features, imag-
ing manifestations, and multidisciplinary manage-
ment and surveillance of NF1 and NF2.

Genetics and Molecular Pathogenesis

Neurofibromatosis Type 1
NF1 has a prevalence of at least one in 4000–5000 
(1). It is an autosomal dominant syndrome, result-
ing from loss-of-function mutations in the tumor 
suppressor gene NF1, located at chromosome 
17q11.2 (2). Approximately 50% of NF1 muta-
tions are sporadic (2). The NF1 gene encodes for 
the neurofibromin protein, a guanosine triphospha-
tase (GTPase)–activating protein, which normally 
allows inactivation of RAS proteins and inhibits 
proliferative growth. This syndrome follows the 
Knudson two-hit hypothesis, with subsequent so-
matic mutations causing loss of heterozygosity (2).

With NF1 mutations, the RAS pathway is hy-
peractivated, leading to increased signaling through 
the Raf/MEK/ERK mitogen-activated protein ki-
nase (MAPK) and phosphoinositide-3-kinase (PI3 
K)/AKT/mammalian target of rapamycin (mTOR) 
pathways. This permits increased cell proliferation, 
migration, and survival, resulting in various benign 
and malignant tumor manifestations (3).

Neurofibromatosis Type 2
NF2 has a prevalence of one in 60 000 (1). NF2 
also exhibits autosomal dominant inheritance 
and results from loss-of-function mutations in the 

TEACHING POINTS
	� At MRI, FASIs demonstrate focal or diffuse hyperintensity in 
the basal ganglia, cerebellum, or brainstem at T2-weighted 
imaging and fluid-attenuated inversion-recovery (FLAIR) im-
aging, relative to the brain. They generally exhibit isointensity 
or mild hyperintensity at T1-weighted imaging, no enhance-
ment, and no mass effect. At MR spectroscopy, they demon-
strate preserved N-acetylaspartate level, unlike gliomas.

	� Gliomas are distinguished from FASIs by the presence of mass 
effect, their T1 and T2 characteristics, contrast enhancement, 
and evolution over time. MR spectroscopy can also help dif-
ferentiate these from FASIs, as gliomas demonstrate decreased 
or absent N-acetylaspartate, increased choline, and decreased 
creatine levels.

	� At MRI, malignant degeneration is suggested by hetero
geneous signal intensity on T1-weighted images. Four im-
aging features can help differentiate malignant PNST from 
benign neurofibroma at MRI: large dimension of the mass, 
peripheral enhancement pattern, perilesion edema-like zone, 
and intratumor cystic changes.

	� The various NF1-associated intra-abdominal neoplasms can 
be categorized by their cellular origin: neurogenic neoplasms, 
interstitial cells of Cajal neoplasms, neuroendocrine neo-
plasms, and embryonal neoplasms.

	� Key NF2 manifestations include schwannomas, meningi
omas, and ependymomas.

Table 1: Revised Diagnostic Criteria for NF1

A: The diagnostic criteria for NF1 are met in an indi-
vidual who does not have a parent diagnosed with 
NF1 if two or more of the following are present:

  Six or more café-au-lait macules over 5 mm in 
greatest diameter in prepubertal individuals 
and over 15 mm in greatest diameter in post-
pubertal individuals

  Freckling in the axillary or inguinal region
  Two or more neurofibromas of any type or one 

plexiform neurofibroma
  Optic pathway glioma
  Two or more iris Lisch nodules identified by slit 

lamp examination or two or more choroidal 
abnormalities

  A distinctive osseous lesion such as sphenoid 
dysplasia, anterolateral bowing of the tibia, or 
pseudarthrosis of a long bone

  A heterozygous pathogenic NF1 variant with a 
variant allele fraction of 50% in apparently 
normal tissue such as white blood cells

B: A child of a parent who meets the diagnostic 
criteria specified in A merits a diagnosis of NF1 
if one or more of the criteria in A are present

Source.—Reprinted, under a CC BY 4.0 license, 
from reference 7.
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Figure 1.  Key diagnostic features for NF1 and NF2.

Neurofibromatosis Type 2
Bilateral vestibular schwannomas were consid-
ered pathognomonic for NF2; however, subse-
quent studies demonstrated that this feature is 
not sufficient for NF2 diagnosis, as they can be 
associated with leucine zipperlike transcription 
regulator 1 (LZTR1) germline mutations (8). 
The Manchester diagnostic criteria for NF2 
were updated in 2017, incorporating the facts 
that unilateral vestibular schwannoma may be 
due to LZTR1 germline mutations rather than 
NF2 and that vestibular schwannomas are rarely 
seen with NF2 after the age of 70 years (Table 
2) (Fig 1) (8).

NF1 Multisystem Manifestations

Cutaneous Manifestations
Various cutaneous manifestations are commonly 
seen with NF1, primarily café-au-lait macules, 
axillary and inguinal freckling, neurofibromas, and 
plexiform neurofibromas. Café-au-lait macules are 
benign, tan-brown pigmented, flat skin patches 
that occur in 99% of NF1 individuals (Figs 2, E1) 

(9). They can be seen at birth and increase in size 
and number over time. Although commonly seen, 
they are nonspecific and can be seen in 10% of the 
general population (5). However, the presence of 
six or more café-au-lait macules is highly predic-
tive of NF1 (10). Axillary and inguinal freckling 
manifests as small clustered pigmented macules 
that occur in 90% of NF1 cases by the age of 7 
years (9). While these manifestations are benign, 
they can be a cosmetic concern, for which laser 
therapy may be considered (5,11).

Dermal and subcutaneous neurofibromas are 
benign peripheral nerve sheath tumors (PNSTs), 
occurring in approximately 60% of NF1 patients 
(5). They result from proliferation of spindle 
cells, Schwann cells, mast cells, and vascular 
components. Neurofibromas can arise anywhere 
in the body along the nerves. On the skin, they 
manifest as fleshy, pink-to-brown, pedunculated 
papulonodules in young adults (9). Over time, 
they may grow and increase in number.

At US, they manifest as well-defined oval 
hypoechoic masses contiguous with peripheral 
nerves, often demonstrating posterior acoustic 
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Table 2: Revised Manchester Criteria for NF2

The presence of any one of the following criteria 
suggests the diagnosis of NF2:

Bilateral vestibular schwannomas before age 70 
    years
Unilateral vestibular schwannoma before age 70 
    years and a first-degree relative with NF2
Any two of the following tumor types: meningioma, 
    nonvestibular schwannoma, ependymoma, 
    cataract; and
  First-degree relative with NF2 or
  Unilateral vestibular schwannoma and negative 
    result at LZTR1 testing
Multiple meningiomas and
  Unilateral vestibular schwannoma or
  Any two of the following: nonvestibular 
    schwannoma, ependymoma, cataract
Constitutional or mosaic pathogenic NF2 gene 
    mutation in blood or by identification of an 
    identical mutation from two separate tumors 
    in the same individual

Source.—Adapted, with permission, from refer-
ence 8.

Figure 2.  Café-au-lait macules in a 6-year-old girl with 
NF1. Photograph shows multiple café-au-lait macules 
on the torso. At least six macules are seen, which is 
highly predictive of NF1. (See also Fig E1.)

enhancement. At color Doppler imaging, inter-
nal flow is expected, although they are gener-
ally hypovascular (12). At CT, they manifest as 
soft-tissue masses with low attenuation (Table 3) 
(13). At MRI, neurofibromas may demonstrate 
the target sign (hyperintense peripheral rim and 
hypointense central fibrous component) on T2-
weighted images and central enhancement (14).

Although malignant transformation in cuta-
neous neurofibromas is exceedingly rare, they 
can be a cosmetic concern and cause irritation. 
Surgical removal, laser ablation, and electro
desiccation are treatment options (11,15).

Plexiform neurofibromas are complex deep or 
superficial masses that arise from peripheral nerve 
sheaths, occurring in 40%–50% of patients with 
NF1 (16). They appear as thickened firm masses 
or nodules that may deeply infiltrate structures, 
causing disfigurement and dysfunction. At MRI, 
they manifest as multinodular confluent masses 
with mass effect on surrounding structures and 
multiple target signs on T2-weighted images (Figs 
3, E2) (14). Surgical removal is often difficult 
(11). Targeted therapy with mammalian target of 
rapamycin (mTOR) inhibitors or mitogen-acti-
vated protein kinase kinase (MEK) inhibitors may 
be helpful but is not curative (3,15).

Owing to the moderately high risk of devel-
oping breast cancer, patients with NF1 should 
undergo screening mammography starting at the 
age of 30 years (17). However, the presence of 
cutaneous neurofibromas may pose a diagnostic 
challenge for mammographic interpretation (18).

Ophthalmic Manifestations
Lisch nodules are the most common clinical 
feature of NF1 (19). They are benign iris hamarto-
mas composed of pigmented cells, mast cells, and 
fibroblasts (20). They are identified as pigmented 
flat or slightly elevated lesions at slit-lamp exami-
nation (Fig 4). They are helpful for earlier diagno-
sis, since they manifest before neurofibromas and 
are NF1 specific, unlike café-au-lait macules. No 
specific treatment is needed (9).

Sphenoid wing dysplasia is a hallmark skull 
abnormality in NF1 patients attributed to meso-
dermal dysplasia, occurring in more than 10% of 
cases (14,21). It manifests as greater and lesser 
sphenoid wing hypoplasia, which is indicated by 
the bare orbit sign (absence of the innominate 
line) at plain radiography and CT (14,22). As-
sociated widening of the middle cranial fossa (Fig 
5), widening of the orbital fissures, and flatten-
ing of the posterior orbit may result in pulsatile 
exophthalmos, incomplete lid closure, buphthal-
mos, and vision loss (22). In severe cases, menin-
gocele and meningoencephalocele can be seen. 
Over half of these patients have an associated 
plexiform tumor that disrupts bone remodeling 
(22). Multidisciplinary surgical management is 
crucial in these cases.

Central Nervous System Manifestations
Central nervous system (CNS) manifestations 
are one of the most common findings in NF1 
(23). Various clinical manifestations include 
learning and language difficulties, inattention, 
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Table 3: Imaging Features of Common NF1-related Manifestations

Common  
Manifestations

Commonly Used 
Imaging Modal-
ity or Modalities Imaging Features

Neurofibromas US, CT, MRI US: well-defined oval hypoechoic masses contiguous with peripheral 
nerves

CT: soft-tissue masses with low attenuation
MRI: target sign (T2 hyperintense peripheral rim and hypointense cen-

tral component), enhancement of central component
Plexiform neurofi-

bromas
MRI Multinodular confluent masses with multiple target signs and mass effect 

on surrounding structures
Malignant PNSTs MRI Similar to plexiform neurofibromas with suggestive features: large size, 

peripheral enhancement pattern, perilesion edemalike zone, intratu-
mor cystic changes

Sphenoid wing 
dysplasia

CT, MRI Hypoplastic sphenoid wing, widened middle cranial fossa, flattened pos-
terior orbit, possible meningocele and meningoencephalocele

Focal areas of signal 
intensity (FASIs)

MRI Focal or diffuse T2 hyperintensity in the basal ganglia, cerebellum, or 
brainstem without enhancement or mass effect

Optic pathway 
glioma

MRI T1-hypointense, T2-hyperintense, and homogeneously enhancing en-
largement of the optic nerve sheath complex

Non–optic pathway 
glioma

MRI T1-hypointense or -isointense, T2-hyperintense, and variably enhancing 
intraparenchymal lesion, usually in the brainstem or cerebellum; may 
cause obstructive hydrocephalus

Dural ectasia, me-
ningocele

CT, MRI Well-circumscribed paravertebral mass following CSF signal intensity, 
often in the anterior or anterolateral aspect of the vertebral column

Interstitial lung 
disease

CT Bilateral, symmetric, basal-predominant linear and ground-glass opaci-
ties; apical-predominant cysts and centrilobular nodules

GIST CT, MRI Submucosal bowel wall tumor with an endophytic, exophytic, or com-
bined growth pattern

Pheochromocytoma 
or paraganglioma

CT, MRI CT: well-circumscribed homogeneously enhancing adrenal gland mass 
(pheochromocytoma) or extra-adrenal mass (paraganglioma)

MRI: often T2 hyperintense; possible T2 intermediate signal intensity 
due to hemorrhage, cystic changes, or myxoid degeneration

Rhabdomyosarcoma CT, MRI Heterogeneous enhancement with local invasion of organs and destruc-
tion of bone

Scoliosis XR, CT Lateral spinal curvature with sharply angulated segments of four to six 
vertebrae

Bone dysplasia XR, CT Posterior vertebral body scalloping; thinning of the pedicles, transverse 
processes, laminae; neural foramen enlargement; rib deformities; an-
terolateral tibial bowing, fracture, and pseudoarthrosis

Nonossifying fibro-
mas

XR, CT, MRI Slightly expansile cortically based lesions in the metaphysis of long bones 
with thin sclerotic borders and narrow zone of transition

Vascular dysplasia US, CT, MRI Narrowing and aneurysmal dilatation of various arteries (eg, renal artery, 
abdominal aorta, and terminal internal carotid artery)

Note.—CSF = cerebrospinal fluid, GIST = gastrointestinal stromal tumor, XR = radiography.

impulsivity, epilepsy, headaches, and neurologic 
symptoms. CNS tumors occur in 1%–3% of pa-
tients with NF1 and are significant contributors 
to mortality (21,24).

Focal Areas of Signal Intensity.—Focal areas of 
signal intensity (FASIs) are common MRI find-
ings, occurring in approximately 70% of NF1 
cases (23,25). Temporal change in number and 
size is noted, appearing by the age of 3 years, 
followed by a size decrease after the age of 20 

years (26). Several studies have explored their 
association with cognitive impairment, with 
FASIs localized in the thalamus and cerebellum 
found to be strongly correlated (27–29). How-
ever, the underlying cause of cognitive impair-
ment is complex, with disruption of the brain 
microstructure and with FASIs likely being a by-
product of this process (22,30). Histologically, 
they demonstrate abnormally increased white 
matter volume related to spongiform myelopa-
thy and myelin vacuolization (22).
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Figure 3.  Extensive cutaneous and plexiform neu-
rofibromas, plexiform small-bowel mesentery, and 
paraspinal neurofibroma in a 21-year-old man with 
NF1. (A) Coronal T2-weighted image of the bilateral 
lower extremities shows extensive hyperintense cu-
taneous and subcutaneous nodular masses (arrows), 
some of which demonstrate the target sign. (B) Axial 
T2-weighted image of the lower abdomen shows ex-
tensive hyperintense nodular masses (long arrow) in 
the abdomen, compatible with plexiform small-bowel 
mesentery. A mass extending along the right L5 neu-
roforamen (short arrow) represents a neurofibroma. 
(Case courtesy of Christine Cooky Menias, MD, Mayo 
Clinic, Phoenix, Ariz.)

Figure 4.  Lisch nodules in a 14-year-old boy with NF1. 
Slit-lamp photograph of the left eye shows numerous 
yellow-brown Lisch nodules.

At MRI, FASIs demonstrate focal or diffuse 
hyperintensity in the basal ganglia, cerebellum, 
or brainstem at T2-weighted imaging and fluid-
attenuated inversion-recovery (FLAIR) imaging, 
relative to the brain (Fig 6) (25). They generally 
exhibit isointensity or mild hyperintensity at T1-
weighted imaging, no enhancement, and no mass 
effect. At MR spectroscopy, they demonstrate pre-
served N-acetylaspartate level, unlike gliomas (22). 
FASIs may be bilateral and symmetric, especially 
when involving the basal ganglia (25).

Optic Pathway Gliomas.—Optic pathway glio-
mas are the most common CNS tumors in NF1, 
occurring in approximately 15%–20% of cases 
(31). These gliomas can involve any portion of 
the optic pathway. Although they demonstrate 
indolent behavior, up to 50% of these tumors can 
cause symptoms, such as poor visual acuity, optic 
atrophy, visual field defects, hypothalamic dys-
function, and papilledema (1,26,32). They tend 
to manifest in young children with a median age 
of approximately 4 years (33). Histologically, they 
are often distinguished as pilocytic astrocytomas; 
however, pathologic structure has little influence 
on their management (34).

At MRI, they demonstrate enlargement of the 
optic nerve sheath complex, which is hypointense 
on T1-weighted images and hyperintense on T2-
weighted images with variable enhancement (com-

pared with the brain) (Fig 7) (26). Although most 
of these tumors may regress without treatment, 
chemotherapeutic agents are used when there is 
progressive vision loss. Medications that block RAS 
and mammalian target of rapamycin (mTOR) 
pathways are also options (1). Surgery should be 
considered for severe symptoms and large tumors 
(≥5 cm) (3,23). Radiation therapy is generally 
spared for unresectable or metastatic tumors owing 
to the risk of developing secondary neoplasms (3).
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Non–Optic Pathway Intracranial Gliomas.—
Most non–optic pathway intracranial gliomas 
associated with NF1 are low-grade astrocytomas, 
most commonly pilocytic astrocytomas. They 

occur in approximately 1%–2% of NF1 patients 
(31). Unlike non–NF1-related gliomas, NF1-
related gliomas are often asymptomatic with an 
indolent course (35). However, symptoms may 

Figure 5.  Sphenoid wing dysplasia in a 36-year-old 
woman with NF1. Axial CT image of the head (bone 
window) shows an absent right sphenoid wing, a 
bone defect (arrow) in the posterior aspect of the or-
bit, and expansion of the right middle cranial fossa.

Figure 6.  FASIs in a 13-year-old boy with NF1. (A) Axial T2-weighted image of the brain shows bilateral hyperintense foci (ar-
rows) in the lentiform nuclei. (B) Axial T1-weighted image shows corresponding mildly hyperintense foci (arrows). (C) Axial 
contrast-enhanced T1-weighted image shows no enhancement of the foci, consistent with FASIs.

Figure 7.  Optic pathway glioma 
in an 18-month-old girl with NF1. 
(A) Axial T2-weighted image of the 
brain and orbits shows central hy-
perintensity (arrows) along the en-
larged optic nerves extending to the 
optic chiasm. (B) Axial contrast-en-
hanced T1-weighted image shows 
homogeneous enhancement of the 
tumor (arrows).
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include headaches, seizures, and ataxia (35,36). 
These gliomas are usually located in the brainstem 
or posterior fossa (26). With tectal involvement, 
obstructive hydrocephalus may occur. Rarely, 
intramedullary spinal gliomas can be seen (26).

At MRI, they demonstrate hypo- or isointen-
sity on T1-weighted images and hyperintensity on 
T2-weighted images with variable enhancement 
(Fig 8). Gliomas are distinguished from FASIs 
by the presence of mass effect, their T1 and T2 
characteristics, contrast enhancement, and evolu-
tion over time (20,35). MR spectroscopy can also 
help differentiate these from FASIs, as gliomas 
demonstrate decreased or absent N-acetylaspar-
tate, increased choline, and decreased creatine 
levels (22). Rarely, multiple intracranial gliomas 
may be present; thus, a search for additional 
optic pathway or non–optic pathway gliomas is 
prompted (37).

Most brainstem gliomas do not require treat-
ment apart from shunting for hydrocephalus. 
When gliomas are symptomatic or with disease 
progression, surgical resection, radiation ther-
apy, or chemotherapy may be warranted (20). 
Targeted therapies, such as those targeting the 
RAS/mitogen-activated protein kinase (MAPK) 
pathway, are under investigation (38).

Dural Ectasia and Meningocele.—Dural ectasia 
and meningocele occur along the same spec-
trum, occurring in 70%–80% of NF1 patients 
(Figs 9–11) (22,39,40). Dural ectasia represents 
focal dilatation of the dural sac, which may 
be related to underlying bony weakness (14). 
Meningocele occurs along the course of nerve 
roots, at the anterior or anterolateral aspect of 

the vertebral column, and in the thoracic spine 
as a result of pressure differences between the 
thorax and subarachnoid space (13).

Both are typically asymptomatic and small. 
They are well-circumscribed low-attenuation 
paravertebral masses at CT, with corresponding 
cerebrospinal fluid signal intensity at MRI (13,26). 
At CT myelography, intrathecally injected contrast 
material fills these spaces. They are often associ-
ated with vertebral defects and spine scoliosis.

Figure 8.  Non–optic pathway intracranial glioma in a 34-year-old man with NF1 undergoing radiation therapy. (A) Axial fluid-
attenuated inversion-recovery (FLAIR) image of the brain shows a hyperintense infiltrative expansile mass (arrow) involving the pons 
extending into the left cerebral peduncle. (B) On an axial T1-weighted image, the mass (arrow) is isointense to gray matter. (C) Axial 
contrast-enhanced T1-weighted image shows associated peripheral enhancement (arrow) of the mass.

Figure 9.  Severe scolio-
sis and extensive verte-
bral body scalloping in a 
44-year-old woman with 
NF1. Coronal CT image 
of the thoracolumbar 
spine (bone window) 
shows severe S-shaped 
scoliosis of the thoraco-
lumbar spine with bi-
lateral Harrington rods. 
The extensive vertebral 
body scalloping (ar-
rows) is likely associated 
with dural ectasia and 
meningocele.
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Malignant PNSTs.—Malignant PNSTs are highly 
malignant soft-tissue sarcomas that can arise from 
any neurofibroma. They can infiltrate surrounding 
soft tissue, cause peritumor edema, and are often 
located in the extremities and trunk (41). Patients 
may present with persistent pain, rapid growth or 
new hard texture, and new or unexplained neuro-
logic deficit associated with a neurofibroma (1). 
Malignant PNSTs are key contributors to mortal-
ity in patients with NF1 (24).

At MRI, malignant degeneration is suggested 
by heterogeneous signal intensity on T1-weighted 
images. Four imaging features can help differenti-
ate malignant PNST from benign neurofibroma 
at MRI: large dimension of the mass, peripheral 
enhancement pattern, perilesion edema-like zone, 
and intratumor cystic changes (Figs 14, E5) (42). 
The presence of two or more of these features has 
sensitivity of 61% and specificity of 90% for indi-
cating a malignant PNST (42). Additional features 
that favor malignant PNST include ill-defined 
margins, intratumor lobulation, and adjacent bone 
destruction (41). At fluorine 18 (18F) fluorodeoxy-
glucose (FDG) PET/CT, malignant PNST gener-
ally demonstrates a maximum standardized uptake 
value (SUVmax) greater than 3.5, while benign 
lesions demonstrate an SUVmax less than 2.5, with 
some overlap (43).

Surgical resection is the primary treatment. 
Unfortunately, recurrence is common even with 
negative surgical margins (44). Radiation therapy 

Nerve Sheath Tumors.—In addition to cutane-
ous involvement, neurofibromas and plexiform 
neurofibromas may involve the spinal cord and 
spinal nerve roots with the aforementioned 
imaging features (Figs 12, 13, E3, E4). Patients 
may be asymptomatic or have neurologic deficits 
due to spinal cord compression, which is typi-
cally mild and occurs at the levels of C2 and C3 
(1,20). Paraspinal neurofibromas can manifest as 
solitary or multiple dumbbell-shaped masses with 
paraspinal or intradural extramedullary compo-
nents, associated with enlarged neural foramina, 
scoliosis, vertebral dysplasia, and possible spinal 
cord compression (26). Surgical resection should 
be considered for patients with progressive neu-
rologic deficits (20).

Figure 10.  Multiple menin
goceles in a 36-year-old 
woman with NF1. Sagittal 
T2-weighted image of the 
cervical spine shows hyper-
intense focal outpouchings 
(arrows) through multiple left 
cervical neuroforamina.

Figure 11.  Large menin-
gocele and scoliosis in a 
42-year-old woman with 
NF1. Coronal CT myelo-
gram of the thoracic spine 
shows a large meningocele 
(arrow) extending from the 
left neural foramen at the 
T11 level into the upper left 
posterior abdominal cavity 
with erosions of the T11 ver-
tebral body and left-sided 
posterior elements. Levosco-
liotic curvature of the thora-
columbar spine is present.

Figure 12.  Multiple paraspinal neurofibromas in a 
13-year-old boy with NF1. Coronal T2-weighted im-
age of the chest shows multilevel hyperintense masses 
(arrows) with the target sign extending along the right 
thoracic neuroforamina. Note that the spinal dextro
curvature is centered at the level of the neurofibromas.
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and chemotherapy can be used for extensive or 
residual disease (1). Therapies such as epidermal 
growth factor receptor inhibitors and tyrosine 
kinase inhibitors are under investigation (45).

Pulmonary Manifestations
NF1-related pulmonary manifestations, including 
interstitial lung disease, cyst or bulla formation, 
and pulmonary hypertension, occur in 10%–20% 
of adults with NF1 (46,47). In severe cases, the 
cystic disease can cause respiratory failure, spon-
taneous pneumothorax, or pulmonary hyper-

tension. At pathologic analysis, NF1-associated 
interstitial lung disease is similar to diseases with 
interstitial fibrosis, ultimately resulting in de-
struction of the alveoli (47).

At CT, this manifests as linear and ground-
glass opacities that are bilateral, symmetric, and 
basal predominant. Apical-predominant cysts 
(Fig 15) and centrilobular nodules are also seen. 
The cysts become clustered in advanced stages, 
which can be mischaracterized as centrilobular 
emphysema (47). There are no specific treat-
ments for these manifestations.

Figure 13.  Extensive plexiform neurofibromas with tracheobronchial, cardiac, and posterior mediastinal 
involvement in a 16-year-old adolescent boy with NF1. Coronal T2-weighted images of the chest show 
numerous hyperintense nodular masses (arrows) with the target sign with tracheobronchial, cardiac, and 
posterior mediastinal involvement.

Figure 14.  Malignant PNST in a 61-year-old man with NF1. (A) Axial T2-weighted image of the brain 
shows a large exophytic mass centered in the right occipital scalp with internal cystic changes (long 
arrow), flow voids (short arrow), and heterogeneous signal intensity. (B) Axial contrast-enhanced T1-
weighted image shows avid peripheral enhancement (long arrow) of the mass and internal cystic changes 
(short arrow), suggestive of malignant PNST.
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Abdominopelvic Manifestations
The various NF1-associated intra-abdominal 
neoplasms can be categorized by their cellular 
origin: neurogenic neoplasms, interstitial cells of 
Cajal neoplasms, neuroendocrine neoplasms, and 
embryonal neoplasms. Approximately 5%–25% 
of individuals with NF1 develop intra-abdominal 
neoplasms (44).

Neurogenic Neoplasms.—Neurofibromas are 
the most common NF1-related abdominopelvic 
neoplasm. They often manifest in the retroperi-
toneum and pelvis along the distribution of the 
lumbosacral plexus. They may also involve any 
portion of the gastrointestinal tract or mesentery 
owing to the presence of a rich supply of nerve 
tissue. When a large conglomeration of neuro-

fibromas is seen, it is considered a plexiform 
neurofibroma. Nonspecific symptoms related to 
mass effect may include pain, palpable abdomi-
nal mass, bowel obstruction, and gastrointesti-
nal bleeding (44). Rapid growth, pain, and new 
neurologic deficit should alert one to possible 
malignant transformation into malignant PNST.

At CT, neurofibromas manifest as well-defined 
mildly enhancing masses, sometimes appearing 
cystic (12). When the bowel wall nerve plexus is 
involved, neurofibromas can manifest as circum-
ferential masslike wall thickening with or without 
obstruction. Plexiform neurofibromas appear as 
large infiltrating masses (Fig 16) (13). They can be 
hypervascular or hypovascular. Vascular narrowing 
may occur, which can cause bowel ischemia (13). 
Surgical resection is considered for symptomatic 

Figure 15.  Interstitial lung disease, pulmonary cysts, cutaneous neurofibroma, and paraspinal neurofibroma in a 
51-year-old woman with NF1. (A) Axial CT image (lung window) shows ground-glass opacities in the lung bases with 
subpleural sparing, compatible with a nonspecific interstitial pneumonia pattern of interstitial lung disease. Scattered 
pulmonary cysts (long arrow) and a cutaneous neurofibroma (short arrow) are noted. (B) Coronal minimum intensity 
projection CT image shows the upper lobe–predominant pulmonary cysts (long arrows). A paraspinal neurofibroma is 
present (short arrow).

Figure 16.  Plexiform small-bowel mes-
entery in an 11-year-old boy with NF1. 
(A) Coronal T2-weighted image of the 
abdomen shows numerous hyperintense 
nodular masses (arrows) with the target 
sign throughout the small-bowel mesen-
tery. (B) Coronal CT image of the abdo-
men with intravenous contrast material 3 
years later shows dilated loops of bowel, 
with the largest one (arrow) representing 
the stomach. The plexiform small-bowel 
mesentery served as a lead point, causing 
segmental volvulus.
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or rapidly enlarging plexiform neurofibromas and 
malignant PNSTs.

Interstitial Cells of Cajal Neoplasms.—Solitary 
and multifocal gastrointestinal stromal tumors 
(GISTs) can occur in up to 25% of individuals 
with NF1 (48), although the majority (53%) are 
asymptomatic (49). GISTs can manifest with 
abdominal pain, gastrointestinal bleeding, or 
bowel obstruction. They often manifest in the 
small bowel and occur in more than one gastroin-
testinal site.

At CT and MRI, GISTs are submucosal 
bowel wall masses with an endophytic, exo-
phytic, or mixed growth pattern (Fig 17). They 
typically enhance, although enhancement can be 
heterogeneous in larger tumors owing to necro-
sis (12). When symptomatic, they are surgically 
resected (44).

Neuroendocrine Neoplasms.—Pheochromocy-
tomas are catecholamine-secreting tumors that 
arise from chromaffin cells of the sympatho
adrenal system and occur in 1%–7% of individu-
als with NF1 (50). When functional, they can 
manifest with hypertension, headache, palpita-
tions, and diaphoresis (44). A subset of pheo-
chromocytomas occur extra-adrenally, which are 
called paragangliomas.

At CT, pheochromocytomas are typically well-
circumscribed masses in the adrenal gland. They 
can be homogeneously enhancing, although when 
large (>3 cm) they often exhibit heterogeneity due 
to internal hemorrhage, necrosis, or cystic changes 
(12). At MRI, they classically exhibit T2 hyper-
intensity similar to that of CSF (lightbulb sign), 
although this is seen in only 11%–65% of cases 
(Fig 18) (12). Occasionally, they may demonstrate 
intermediate T2 signal intensity due to hemor-
rhage, cystic changes, or myxoid degeneration. 
When cystic, they appear with rim enhancement.

Iodine 123–metaiodobenzylguanidine (MIBG) 
scintigraphy can help detect functional lesions. 
Surgical resection is the mainstay of therapy, with 
chemotherapy or radiation therapy used when 
lesions are unresectable or large (44).

Neuroendocrine neoplasms tend to arise in the 
periampullary duodenum but can rarely occur in 
the pancreas (51). Somatostatinoma is the most 
common subtype and classically manifests with 
diarrhea, diabetes, dyspepsia, or cholelithiasis 
(44). At CT and MRI, it demonstrates hyper
enhancement in the periampullary region with 
possible biliary obstruction and pancreatitis. 
When lesions are large (>2 cm) with poor dif-
ferentiation, pancreaticoduodenectomy is war-
ranted. When lesions are small (<2 cm), endo-
scopic resection can be considered (44).

Embryonal Neoplasms.—Rhabdomyosarcoma 
is an aggressive soft-tissue tumor that occurs in 
up to 1% of pediatric patients with NF1 (52). At 
CT and MRI, rhabdomyosarcoma demonstrates 
heterogeneous enhancement due to necrosis and 
hemorrhage with local invasion of organs and 
destruction of bone (Fig 19) (12). Prominent 
flow voids can be seen. Treatment with chemo-
therapy, surgery, or radiation therapy is used 
(44,53).

Other Neoplasms.—Uterine leiomyomas are be-
nign smooth muscle cell tumors that are uncom-
monly seen with NF1 (6). They may also involve 
the gastrointestinal and genitourinary tracts 
(6,54). They are mostly asymptomatic, although 
they may manifest with abnormal bleeding, 
complications with fertility, and pain (55).

At MRI, nondegenerated leiomyomas are 
well circumscribed and hypointense to myo-
metrium on T2-weighted images, while cellular 
leiomyomas manifest with hyperintensity on 
T2-weighted images (56). Degenerated leiomyo-
mas appear variably on T2-weighted images and 
contrast-enhanced images (56). Although both 
leiomyoma and leiomyosarcoma can demon-
strate restricted diffusion, leiomyosarcoma tends 
to exhibit lower apparent diffusion coefficient 
(ADC) values (57). When leiomyomas are symp-
tomatic, treatment options include hysterec-
tomy, myomectomy, ablation, hormonal therapy, 
uterine artery embolization, and high-intensity 
focused US (56,58).

Figure 17.  Multiple gastrointestinal stromal tumors 
(GISTs) in a 66-year-old woman with NF1. Coronal CT 
image of the abdomen with intravenous contrast ma-
terial shows multiple avidly enhancing masses (arrows) 
along the small-bowel wall.
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Leiomyosarcoma is an aggressive soft-tissue sar-
coma that is rarely seen with NF1 (59). It can occur 
in various locations, including the gastrointestinal 
tract, liver, and bladder (60). At MRI, leiomyosar-
coma exhibits iso- or hypointensity on T1-weighted 
images and hyperintensity on T2-weighted images 
relative to muscle with heterogeneous enhance-
ment. It may be associated with cystic changes. 
Surgical resection is the mainstay of treatment. 
Radiation therapy and chemotherapy can serve as 
neoadjuvant or adjuvant therapies (61).

Musculoskeletal Manifestations
Several skeletal abnormalities are commonly as-
sociated with NF1, including scoliosis, posterior 
vertebral scalloping, various bone dysplasias, and 
multiple nonossifying fibromas.

Scoliosis is the most common bone abnormal-
ity associated with NF1, occurring in 21% of 
patients (62). It often involves the lower cervi-
cal and upper thoracic spine (47). Nondystro-
phic scoliosis manifests similarly to childhood 
idiopathic scoliosis, while dystrophic scoliosis 

Figure 18.  Pheochromocytoma initially inci-
dentally detected at whole-body MRI screen-
ing in a 19-year-old woman with NF1. (A) Axial 
T2-weighted image of the abdomen shows a 
hyperintense left adrenal mass (arrow). (B) Axial 
T1-weighted image shows slight hyperintensity 
of the mass (arrow). (C) Axial contrast-enhanced 
T1-weighted image shows diffuse enhancement of 
the mass (arrow).

Figure 19.  Sinus rhabdomyosarcoma in a 26-year-old woman with NF1. (A) Axial T2-weighted image of the head shows a hetero-
geneously hyperintense infiltrative mass (arrow) centered in the right posterior ethmoid air cells and extending into the right posterior 
orbit and left ethmoid air cells. (B) Axial contrast-enhanced T1-weighted image shows heterogeneous enhancement of the mass 
(arrow) (4). (C) Coronal CT image of the face (bone window) shows associated osseous destruction (arrows).
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manifests earlier and rapidly with a worse prog-
nosis. Dystrophic scoliosis involves four to six 
vertebral bodies associated with vertebral scallop-
ing, neuroforaminal widening, transverse process 
spindling, and rib penciling (14), which can 
potentially result in respiratory compromise (1). 
Surgery with spinal fusion is often required for 
correction. Nondystrophic scoliosis can be man-
aged with bracing to prevent progression (15).

Vertebral body scalloping occurs as a result of 
dural ectasia, neurofibromas, or thoracic meningo-
celes and is possibly related to dural weakness (Fig 
9) (26). Posterior vertebral scalloping is typically 
seen, although anterior and lateral scalloping have 
been reported (63). At imaging, posterior vertebral 
body scalloping exhibits exaggerated posterior ver-
tebral concavity, with greater than 3-mm or 4-mm 
scalloping depth in the thoracic or lumbar spine, 
respectively (14,47).

There are various bone abnormalities related 
to mesodermal dysplasia and extrinsic pressure 
from neurofibromas. They manifest as thin-
ning of the pedicles, transverse processes, and 
laminae; neural foraminal enlargement; and 
calvarial defects (Figs 20, E6) (14,64). Bone 
remodeling from adjacent neurofibromas can 
cause rib deformities (14). Additionally, involve-
ment of the extremities can be seen, especially 
in the tibia and fibula, with anterolateral tibial 
bowing, fracture, and pseudarthrosis due to 
abnormal bone remodeling (Fig 21) (14). Brac-
ing is recommended to prevent fracture, while 
bone grafting and fixation may be necessary to 
stabilize fractured bone (15).

Multiple nonossifying fibromas, also known 
as fibroxanthomas, are associated with NF1. 
They are asymptomatic and manifest as slightly 
expansile lesions in the metaphysis of long bones 
with thin sclerotic borders and a narrow zone 
of transition (14). Additionally, short stature 
involving the axial and appendicular skeleton and 
decreased bone mineral density are associated 
with NF1 (15,20).

Vascular Manifestations
NF1-associated vasculopathy can affect any arte-
rial vessel, resulting in hypertension from renal 
artery stenosis, cerebrovascular events, or pe-
ripheral vascular insufficiency (15). The under-
lying pathogenesis is unclear, although arterial 
mesodermal dysplasia is thought to contribute to 
arterial lumen narrowing (20).

Renal artery stenosis is the most common 
vascular abnormality in individuals with NF1. 
The stenosis can be focal or multifocal and is 
often unilateral. At US, it demonstrates increased 
peak systolic velocity (>180 cm/sec) at the site of 
stenosis and increased renal-to-aortic ratio (>3.5) 

(Figs 22, E7). At CT and MRI, smooth narrow-
ing at the ostia can be seen along with narrowing 
of other vessels, including the mesenteric arteries 
and abdominal aorta (12). Management includes 
renal artery reimplantation, bypass, arterioplasty, 
and stenosis resection with reanastomosis.

Similarly, midaortic syndrome manifests with 
narrowing of the abdominal or distal descend-
ing thoracic aorta with stenoses of its branches, 
including the renal and mesenteric arteries (12) 
(Fig E8). This can be surgically managed with 
patch aortoplasty or bypass grafting.

Aside from renal artery stenosis, NF1-asso-
ciated vasculopathy can manifest as cerebro

Figure 20.  Lambdoid suture defect in a 1-year-
old boy with NF1. Three-dimensional recon-
structed image of the head shows a lambdoid 
suture defect (arrow).

Figure 21.  Tibial pseudarthrosis in a 12-month-old girl with 
NF1. Anteroposterior (A) and lateral (B) radiographs of the left 
tibia and fibula show progressive bowing with fracture (arrows) 
in the anterolateral tibia. The fibula also demonstrates antero-
lateral bowing.
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vascular disease with stenosis or occlusion of the 
internal carotid, middle cerebral, or anterior ce-
rebral artery. Moyamoya disease, aneurysm, and 
arteriovenous malformation can also occur. In 
moyamoya disease, the terminal internal carotid 
artery or proximal portions of the anterior or 
middle cerebral artery are often obstructed and 
associated with collateral vessels (26). Moya
moya disease is typically treated with revascular-
ization (15).

NF2 Manifestations
Unlike NF1, NF2 often manifests clinically in 
early adulthood with symptoms related to ves-
tibular schwannomas (4). Early age of symptom 
onset and presence of intracranial meningio-
mas at diagnosis are associated with increased 
mortality (65). Key NF2 manifestations include 
schwannomas, meningiomas, and ependymomas 
(Table 4).

Cutaneous Manifestations
Cutaneous manifestations in NF2 are subtler than 
in NF1. Approximately 70% of patients with NF2 
have cutaneous findings; however, only 10% have 
more than 10 cutaneous findings (66). Various 
NF2-related cutaneous manifestations include 
café-au-lait patches, cutaneous schwannoma 
plaque lesions, subcutaneous schwannomas, and 
rarely cutaneous neurofibromas.

Plaque lesions are the most common cutaneous 
feature, manifesting as slightly raised and pig-
mented lesions, often with excess hair (66). Indi-
viduals with NF2 generally have fewer café-au-lait 
patches (often one to three) than individuals with 
NF1 (1). As in NF1, troublesome neurofibromas 
can be removed surgically.

Ophthalmic Manifestations
Individuals with NF2 commonly have impaired 
vision. This may be secondary to presenile cataracts 

Figure 22.  Bilateral renal artery stenoses in a 17-year-old adolescent boy with NF1. (A) Transverse US image of the left proximal renal 
artery shows increased peak systolic velocity (PSV). This finding and that in Figure E7 are suggestive of bilateral renal artery stenoses. 
(B) Coronal abdominal CT image with intravenous contrast material shows narrowing (arrows) of the proximal bilateral renal arteries.

Table 4: Imaging Features of Common NF2-related Manifestations

Common  
Manifestation

Commonly Used  
Imaging Modality Imaging Features

Schwannomas MRI Intracranial: T1-isointense or -hypointense, T2-hyperintense, and heteroge-
neously enhancing masses along cranial nerves (commonly involving the 
eighth cranial nerve)

Spinal: intradural extramedullary masses (commonly at the level of C1)
Meningiomas MRI Intracranial: dural-based T1-isointense, T2-isointense, and homogeneously 

enhancing masses
Spinal: intradural extramedullary T1-isointense, T2-isointense, and homo-

geneously enhancing masses
Ependymomas MRI Intracranial or spinal: intramedullary T1-isointense or slightly hyperintense 

and T2-hyperintense masses in the upper cervical cord and brainstem; 
homogeneously enhancing masses resemble a string of pearls; hemosid-
erin cap in the superior and inferior aspects
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(60%–80%), epiretinal membranes, optic nerve 
meningiomas (Fig 23), disk gliomas, or retinal 
hamartomas (65,67). Oculomotor deficits, pap-
illedema, and optic atrophy may manifest with 
intracranial tumors (67). Treatment is tailored to 
the pathologic condition and clinical manifesta-
tion (65).

CNS Manifestations

Schwannomas.—Schwannomas are benign tumors 
that arise from peripheral nerve sheaths and are the 
most common tumors occurring in NF2. They fre-
quently involve the vestibular branch of the eighth 
cranial nerve, resulting in progressive sensorineural 
hearing loss, tinnitus, and impaired balance (1). 
Approximately 95% of adults with NF2 develop 
vestibular schwannomas at a mean age of 26 
years (26,68). The presence of bilateral vestibular 
schwannomas is highly suggestive of NF2.

Schwannomas may also involve other cranial 
nerves, spinal nerve roots, and peripheral nerves. 
At pathologic analysis, schwannomas are encap-
sulated masses of pure Schwann cells around the 
nerve that contain areas of intertwining fascicles 
(Antoni A pattern) and loose cellular arrange-
ments (Antoni B pattern) (69).

At CT, schwannomas manifest as hypo
attenuating to isoattenuating masses, relative to 
the spinal cord, and are often associated with calci-
fications (70). However, calcifications are not seen 
with vestibular schwannomas (71). Larger vestibu-
lar schwannomas may widen the internal auditory 
canal, portending poor postoperative hearing func-
tion due to involvement of the cochlear nerve (71). 
At MRI, schwannomas are iso- or hypointense on 
T1-weighted images and hyperintense on T2-
weighted images (relative to the brain), typically 
in a gyriform pattern that reflects their leptomen-

ingeal pattern of spread (70). They demonstrate 
heterogeneous enhancement due to necrosis, 
hemorrhage, or cystic changes (Fig 24).

Large vestibular schwannomas may mani-
fest with concerning findings, such as brainstem 
or cerebellar compression, tonsillar herniation, 
hydrocephalus, or peritumor edema (71). In the 
spine, they are intradural extramedullary masses 
(Fig 25), commonly found at the level of C1 (4).

Progressive tumor growth leading to brainstem 
compression and hearing loss warrants surgical re-
moval and possible auditory brainstem or cochlear 
implant. Stereotactic radiosurgery can be consid-
ered for smaller tumors, poor surgical candidates, 
and large tumors after subtotal resection (Fig 26) 
(1,71). Surgical resection is also performed for spi-
nal schwannomas causing compressive symptoms 
(1,71). Targeted therapies, such as bevacizumab 
(monoclonal antibody) and brigatinib (kinase 
inhibitor), are being explored (3).

Meningiomas.—Intracranial and spinal menin-
giomas are the second most common tumors 
in NF2 (69). They are dural-based tumors with 
evidence of meningothelial cell differentiation 
and have a wide range of histologic appearances; 
the fibrous histologic subtype is most common in 
NF2 (70). The presence of multiple meningiomas 
is a key feature in NF2, which manifests in 50% 
of cases (70).

They are often located supratentorially 
along the falx cerebri and around the frontal, 
temporal, and parietal regions but may occur 
anywhere in the CNS. Patients are often asymp-
tomatic, although headaches can occur when 
meningiomas become large (4). If meningiomas 
are located in the optic nerve sheath, skull base, 
or spinal canal, other compressive symptoms 
may manifest (65).

Figure 23.  Optic nerve meningioma in a 6-year-old girl with NF2. (A) Coronal T2-weighted image of the orbits shows a right pos-
terior intraorbital optic nerve sheath mass (arrow) that is hypointense to the optic nerve. The right optic nerve appears smaller than 
the left optic nerve. (B) Coronal T1-weighted image shows that the mass (arrow) is isointense to the optic nerve. (C) Axial contrast-
enhanced T1-weighted image shows homogeneous enhancement of the optic nerve meningioma (arrow).
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At CT, meningiomas are dural-based hyperat-
tenuating masses with avid enhancement. At MRI, 
they are isointense to gray matter on both T1- and 

T2-weighted images and have homogeneous en-
hancement with a dural tail (Fig 27) (26,65). Me-
ningiomas are associated with hyperostosis of the 
adjacent calvaria. In the spine, they are intradural 
extramedullary masses.

Complete resection is performed safely for 
most symptomatic meningiomas, although it 
may be limited for meningiomas arising from the 
optic nerve sheath or skull base (4,65). Adjuvant 
stereotactic radiosurgery may be considered in 
these cases.

Ependymomas.—Ependymomas are low-grade 
intramedullary tumors, occurring in up to 53% 
of individuals with NF2 (70). They often occur in 
the cervical spinal cord or at the cervicomedullary 
junction (86%), although they can rarely occur in-
tracranially (72). Multiple spinal cord ependymo-
mas are characteristically seen in NF2. Patients are 
often asymptomatic owing to the indolent nature 
of these tumors but can develop back pain and 
neurologic changes with tumor growth (1,65). At 
histopathologic analysis, ependymomas generally 
demonstrate well-delineated moderate cellularity 
with round-oval nuclei and occasional perivascular 
pseudorosettes and ependymal rosettes, although 
other histologic subtypes can be seen (65,70).

At MRI, the intramedullary masses are isoin-
tense or slightly hyperintense on T1-weighted 
images and hyperintense on T2-weighted images 
(relative to the cord), with homogeneous en-
hancement. When there are multiple lesions, they 
resemble a string of pearls on contrast-enhanced 
images (Fig 28). A hemosiderin cap may be seen 

Figure 24.  Multiple intracranial schwannomas in a 26-year-old man with NF2.  
(A) Axial T2-weighted image of the head shows numerous hyperintense masses (ar-
rows) with areas of central hypointensity involving the bilateral trigeminal nerves and 
bilateral vestibulocochlear nerves. (B) Axial T1-weighted image shows correspond-
ing hypointensity of the masses (arrows). (C) Axial contrast-enhanced T1-weighted 
image shows heterogeneous intense enhancement of the masses (long arrows) with 
cystic changes. A right orbital schwannoma is also present (short arrow). (D) Axial 
T2*-weighted image shows areas of signal loss (arrows) in the masses, likely reflect-
ing hemosiderin.

Figure 25.  Multiple spinal schwannomas with spinal 
cord compression in a 25-year-old man with NF2. Axial 
contrast-enhanced T1-weighted image at the level of T6 
shows a heterogeneously enhancing ventral intradural 
extramedullary mass (short arrow) that compresses the 
spinal cord. An additional enhancing mass (long arrow) 
along the left neural foramen extends into the spinal 
canal and contributes to the spinal cord compression.
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Figure 26.  Multiple spinal schwan-
nomas in a 15-year-old girl with NF2 
and recurrent schwannomas involving 
the C5–T1 levels. Fluoroscopy-guided 
myelogram of the lower lumbar spine 
shows multiple round well-defined 
masses (arrows) along the spinal nerve 
roots before she was placed in the 
Trendelenburg position in an attempt 
to evaluate the lower cervical spine. 
Hardware at the level of the lower cer-
vical spine limited evaluation with MRI. 
The study was performed for radiation 
treatment planning.

Figure 27.  Multiple meningiomas in a 
37-year-old woman with NF2. Axial contrast-
enhanced T1-weighted image of the brain 
shows multiple homogeneously enhancing 
dural-based masses (arrows), many of which 
are along the falx cerebri.

Figure 28.  Spinal cord ependymomas and retroclival meningioma in a 32-year-old man with NF2. (A) Sagittal T2-weighted image 
of the cervical spine shows numerous intramedullary hyperintense lesions (long arrows) throughout the cervicomedullary junction and 
cervical spinal cord. A lesion in the medulla is also seen. There is an isointense retroclival mass (short arrow), which compresses the 
cervicomedullary junction. (B) Sagittal T1-weighted image shows corresponding isointensity or slight hyperintensity of the masses.  
(C) Sagittal contrast-enhanced subtraction T1-weighted image shows homogeneous enhancement of the intramedullary masses (long 
arrows), which resemble a string of pearls, consistent with ependymomas. The retroclival mass (short arrow) also enhances and repre-
sents a meningioma.
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Table 5: Management Recommendations for Common NF1-related Manifestations

Manifestation Management

Dermal and subcutaneous neurofibromas Surgical removal, laser ablation, electrodesiccation
Plexiform neurofibromas Surgical removal, mTOR and MEK inhibitors
Malignant PNSTs Surgical removal; radiation therapy or chemotherapy for extensive or 

residual disease
Optic pathway glioma Chemotherapy if symptomatic; RAS and mTOR blockers; surgery 

for severe symptoms
Radiation therapy generally not appropriate owing to risk for devel-

opment of secondary malignancy
Non–optic pathway glioma Shunt for hydrocephalus; surgical resection, radiation therapy, or 

chemotherapy if symptomatic or progressive
Gastrointestinal stromal tumor (GIST) Surgical removal
Pheochromocytoma or paraganglioma Surgical resection; chemotherapy if growing or unresectable; adju-

vant radiation therapy if large
Neuroendocrine neoplasms, peri-ampul-

lary duodenum or near the ampulla of 
Vater

Pancreaticoduodenectomy if large (>2 cm); endoscopic resection if 
small (<2 cm)

Scoliosis Spinal fusion if dystrophic; bracing if nondystrophic
Bone dysplasia with fractures Bracing for fracture prevention; bone grafting, intramedullary rod 

placement, or external fixation for fractures
Low bone mineral density Vitamin D supplementation
Renal artery stenosis Renal artery reimplantation, bypass, renal arterioplasty, resection of 

stenosis with reanastomosis
Moyamoya disease Revascularization

Sources.—References 1, 3, 15, 20, and 44.
Note.—MEK = mitogen-activated protein kinase kinase, mTOR = mammalian target of rapamycin.

at the superior and inferior poles of the tumor 
(65). Since ependymomas are often asymptom-
atic, they usually undergo surveillance (4). In 
symptomatic cases, surgical resection is usually 
curative (65).

Management and Surveillance
Although many patients with NF1 survive into 
adulthood, average life expectancy is decreased to 
54 years, largely due to malignancy (5). The average 
survival in NF2 is slightly higher at 62 years (4). 
Thus, a multidisciplinary approach is essential for 
lifelong management and surveillance of NF1 and 
NF2. Management recommendations for common 
manifestations are summarized in Tables 5 and 6.

Table 6: Management Recommendations for Common NF2-related Manifestations

Manifestation Management

Schwannomas Surgical resection with or without auditory brainstem implant if symptomatic with brainstem 
compression; stereotactic radiosurgery for smaller tumors, after subtotal resection, or for 
poor surgical candidates; bevacizumab for size reduction

Meningiomas Surgical resection if symptomatic; adjuvant stereotactic radiosurgery for residual or surgically 
inaccessible disease

Ependymomas Surgical resection if symptomatic

Sources.—References 1, 3, and 65.

NF1 surveillance includes annual evaluation 
for cutaneous, ophthalmic, and neurologic mani-
festations and blood pressure measurement (17). 
Surveillance for asymptomatic patients includes 
screening mammography starting at the age of 
30 years and dual-energy x-ray absorptiometry 
(DEXA) for osteoporosis (11,17). Suggestive 
symptoms should prompt targeted imaging, such 
as that for evaluating CNS gliomas, plexiform 
neurofibromas, and malignant PNSTs (17).

Recently, whole-body MRI has emerged as a 
potential option for NF1 surveillance, owing to its 
lack of radiation and new more efficient imaging 
protocols. Although whole-body MRI can allow 
early detection of many NF1 manifestations, it 
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may be particularly useful in detecting and quan-
tifying PNSTs (17) (Fig E9). This is important, 
as both an increased number and whole-body 
volume of PNSTs have been associated with an 
increased risk of malignant PNST development 
(73). Additionally, PNSTs are often asymptomatic 
and can cross anatomic boundaries, supporting 
use of whole-body MRI over localized imaging. 
However, owing to limited data, a consensus has 
not yet been reached on routine use of whole-body 
MRI in asymptomatic patients with NFI (17).

PET/MRI is also a recently explored modality, 
adding the functional information of 18F–fluoro
deoxyglucose (FDG) PET to the benefits of 
whole-body MRI. As with PET/CT, it may be 
useful in identifying malignant PNSTs, with a re-
cent study of 18F-FDG PET/MRI finding higher 
uptake in malignant PNSTs than in benign plexi-
form neurofibromas (74) (Fig E10). PET/MRI 
has been shown to reduce radiation exposure by 
almost 50% over PET/CT and may be more use-
ful in closely approximated lesions (75).

Table 8: NF2 Surveillance Recommendations

Organ System Surveillance Recommendations

Cutaneous Dermatologic examination at baseline and at 18–20 years
Ophthalmic Ophthalmic examination at baseline and at 18–20 years
CNS Audiologic examination at baseline and at 18–20 years

Annual MRI of the brain with and without contrast material including internal 
auditory canals; every 3–6 months if at high risk for brainstem compression or 
compromise of facial or vestibular nerves

MRI of the spine with and without contrast material every 3 years if there are 
spinal tumors

MRI of the spine with and without contrast material every 5 years if there are no 
spinal tumors

Sources.—References 4 and 17.

Table 7: NF1 Surveillance Recommendations

Organ System Surveillance Recommendations

Cutaneous Annual dermatologic examination
Breast Annual screening mammography starting at age 30 years
Ophthalmic Ophthalmic examination every month from birth to 8 years, then annually until 16 years, 

then every 2 years afterward
CNS Annual review of growth and sexual development for hypothalamic dysfunction

Annual neurologic examination
Annual examination for learning disabilities, attention deficit hyperactivity disorder, and 

social perception problems
MRI of the brain and spine with and without contrast material for patients with unexplained 

or progressive symptoms
Musculoskeletal Annual examination for scoliosis and pseudarthrosis
Vascular Annual blood pressure measurements

Sources.—References 15 and 17.

NF2 surveillance includes cutaneous, oph-
thalmic, audiologic, and neurologic evaluations 
with baseline brain MRI, including thin sections 
through the internal auditory canal. Regardless 
of symptoms, surveillance MRI is performed for 
intracranial and spinal tumors. Whole-body MRI 
may also have a role in NF2, although its use is 
less clear, since NF2-related PNSTs tend to be 
benign. However, early detection of PNSTs may 
be helpful to guide management (17). Surveil-
lance recommendations are summarized in Tables 
7 and 8.

Conclusion
Although NF1 and NF2 share a common name, 
they are clinically distinct autosomal dominant 
inherited neurocutaneous conditions caused by 
mutations in the NF1 and NF2 genes, respec-
tively, resulting in development of various benign 
and malignant tumors that are associated with 
substantial morbidity and mortality. Key mani-
festations of NF1 include café-au-lait macules, 
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freckling, neurofibromas, optic pathway gliomas, 
Lisch nodules, and various osseous lesions. NF2 
classically manifests with vestibular schwan-
nomas, multiple meningiomas, and spinal cord 
ependymomas. Radiologists play a vital role in 
diagnosis and lifelong surveillance of patients 
with these conditions.
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