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 CURRENT
OPINION Neurofibromatosis type 2 and related disorders

Dorothy Hallidaya,b, Allyson Parryb,c, and D. Gareth Evansd

Purpose of review

Neurofibromatosis type 2 (NF2) is a schwannoma predisposition syndrome, alongside schwannomatosis
related to germline LZTR1 and SMARCB1 pathogenic variants. This review highlights their overlapping
phenotypes, new insight into NF2 phenotype and treatment outcomes.

Recent findings

Mosaic NF2 is more prevalent than previously thought. Use of next-generation sequencing and tumour
testing is needed to differentiate mosaic NF2 and schwannomatosis. Developing NF2 phenotypic insights
include vasculopathy with brainstem infarction and vessel stenosis; focal cortical dysplasia in severe
phenotypes; swallowing/speech difficulties and continued debate into malignancy in NF2. Proposed are:
use of visual evoked potentials to monitor optic nerve sheath meningioma; potential routine magnetic
resonance angiogram in adolescence and a genetic score to cohort patients with similar
pathogenic_variants, for natural history/treatment outcome studies. Cohort studies found survival analysis to
hearing loss and unilateral visual loss in severe mutation groups was 32 and 38 years; active management
gave better outcomes than surveillance in spinal ependymoma; gamma knife, bevacizumab and hearing
preservation surgery maintained or improved short-term hearing in selected patients, and gamma knife had
a good long-term tumour control in mild patients with small tumours.

Summary

Further long-term outcome studies are needed comparing similar severity patients to allow informed
decision making.
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INTRODUCTION

Neurofibromatosis type 2 (NF2), a disorder caused
by pathogenic variants in the Merlin encoding,
tumour suppressor gene NF2, is no longer associated
with NF1, but with the schwannoma predisposition
syndromes including LZTR1 and SMARCB1-related
schwannomatosis. A further related phenotype is
meningiomatosis, sometimes caused by pathogenic
variant in SMARCE1. Next-generation sequencing
and routine tumour testing has revealed phenotypic
overlap in these conditions. Schwannomatosis birth
incidence is approximately one in 69 000, compared
with one in 28 000 for NF2, with mean life expec-
tancy of 76.9 years compared with 66.2 in NF2 [1

&

].
This review focusses on phenotypic overlap in these
related conditions, on emerging NF2 phenotypic
features and management outcomes.

DIAGNOSIS OF NEUROFIBROMATOSIS
TYPE 2 AND SCHWANNOMATOSIS

The Manchester diagnostic criteria for NF2 were
published in 1992 [2]. Recent molecular analysis

of 2777 individuals [3
&

] revealed their failure
to distinguish between schwannomatosis and
mosaic-NF2. Schwannomas often involve a three
to four molecular hit involving biallelic NF2 loss
of function, with loss of function or haplo-insuffi-
ciency of LZTR1/SMARCB1. Analysis of 23 tumours
from 19 NF2 patients found biallelic NF2 hits in all
tumours, with one additional hit (e.g. SMARCB1
loss) in 2/17, and two additional hits (LZTR1 and
SMARCB1 loss) in 15/17 tumours analysed [4].

Two studies estimated the NF2 mosaicism rate
higher than previously thought. A study of 142
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patients meeting Manchester criteria, found 58%
had confirmed or presumed mosaic-NF2 [5

&

] as
did 59% of 1055 NF2 patients [6]. Vestibular
schwannoma is now recognized in LZTR1-schwan-
nomatosis. Of 50 NF2 patients with unilateral
vestibular schwannoma and at least two other non-
intradermal schwannoma five had likely/highly
likely germline NF2 pathogenic variants but addi-
tionally, five had LZTR1 pathogenic variants [7

&

].
In 15 schwannomatosis patients with multiple

schwannomas but no vestibular schwannoma or
dermal schwannomas, 7/15 had LZTR1 pathogenic
variants but in three of the remaining eight cases
(37.5%), analysis of two independently arising
tumours confirmed mosaic NF2 with identical
NF2 pathogenic variants [8

&

] however this also
occurred in the presence of a constitutional LZTR1
pathogenic variant. Of 39 patients with meningio-
matosis SMARCE1 pathogenic variant were found in
three (8%) patients [4].

A clinical way to differentiate NF2 and schwan-
nomatosis reported was volumetric analysis of the
dorsal root ganglia. In 16 schwannomatosis patients
there was no difference to 26 controls, contrasted to
hypertrophy seen in 14 NF2 cases [9]. Other clinical
differences were the more peripheral/spinal schwan-
noma distribution in schwannomatosis [1

&

] with
higher pain levels. Pain was associated with
LZTR1-schwannomatosis more than SMARCB1-
schwannomatosis [10

&

].
An isolated meningioma/schwannoma may rep-

resent the initial manifestation of a tumour predis-
position syndrome. A 14 year old with an isolated

vestibular schwannoma had a constitutional LZTR1
pathogenic variant identified [11]. In 16/42 (38.1%)
individuals presenting with an isolated meningioma
under age 25 a pathogenic variant was identified:
NF2 in 7/42 and SMARCE1 in 9/42 cases [12

&

].
44/153 (29%) with an isolated schwannoma under
25 had a pathogenic variant but 55% of those with a
spinal compared with 18% with a cranial schwan-
noma. 4/106 (3.8%) with a cranial schwannoma
(vestibular schwannoma in three of the four cases)
had an LZTR1 pathogenic variant, and 9/106 (8.5%)
an NF2 pathogenic variant identified. By contrast,
in familial isolated vestibular schwannoma 0/28
families had a constitutional pathogenic variant
in NF2/LZTR1 and in nine cases with available
tumour the two tumour NF2 hits were absent from
the germline, suggesting chance occurrence [13].

Widening of the LZTR1 and SMARCB1 pheno-
type has been reported. SMARCB1 is associated with
two distinct phenotypes. 53/422 (12.5%) of schwan-
nomatosis cases have SMARCB1 pathogenic variants
[1

&

] as do at least 30% of rhabdoid tumour predis-
position syndrome atypical teratoid/rhabdoid tum.
Families have been reported previously with both
phenotypes; recently co-occurrence in the same
individual was reported. A proband previously
treated for atypical teratoid/rhabdoid tumour age
2, with an inherited SMARCB1 exon 8–9 deletion,
presented age 22 with multiple spinal schwannomas
[14]. Mouse models indicate that the timing of
smarcb1 loss is critical, with early loss in the neural
crest cells being required for tumorigenesis with
rhabdoid histology; whereas later loss in schwann
cells, combined with NF2 loss, generated schwan-
nomas [15]. Similarly, LZTR1 pathogenic variants,
found in 78/422 (18.5%) of schwannomatosis cases
have recently been reported in both autosomal
dominant and recessive Noonan syndrome [16,17].

NEUROFIBROMATOSIS TYPE 2 NATURAL
HISTORY

Contrasted to adult disease, paediatric NF2 is over-
whelmingly from constitutional NF2 pathogenic
variants. A total of 32 children presenting with
de-novo NF2, had a 3.1 year mean delay from symp-
tom onset to diagnosis [18

&

]. Presenting features
were multisystemic in 84%, with ophthalmological,
dermatological and neurological features in 89, 74
and 54%. All 81 children with NF2 under the English
NF2 service had a detectable pathogenic variant
in blood: 91% constitutional and 9% mosaic.
Correspondingly, phenotype of NF2 in children is
typically severe, with multiple tumours (usually
schwannoma, ependymoma and meningioma)
occurring at young ages [19]. In those with severe

KEY POINTS

� The phenotype of mosaic-NF2 and schwannomatosis
overlaps; paired molecular testing of NF2/LZTR1/
SMARCB1 from tumour and blood can help
with diagnosis.

� Rare vascular features in NF2 include rupture of
intracranial aneurysm, mid-brain/brainstem infarction
and vascular stenosis; consideration of magnetic
resonance angiogram in adolescence may
be warranted.

� Malignancy in two NF2 cases with no prior radiation
suggests it may be a rare feature in NF2.

� Survival analysis to loss of useful hearing and vision in
one eye (logmar >1.0) was age 32 and 38,
respectively, in those with truncating NF2 pathogenic
variant, but unimpaired in the genetically mild group.

� Further long-term studies are needed to compare
hearing outcomes with different interventions.

Neurofibromatosis type 2 and related disorders Halliday et al.
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NF2 (caused by truncating NF2 pathogenic variants
between exons 2 and 13) mean age of first manifes-
tation was 4.3 years and almost half (48%) had
undergone cranial/spinal tumour resection or bev-
acizumab treatment by the last review (mean age
12.9 years).

NF2 has strong genotype-phenotype correla-
tions. Validation of a score to account for both the
NF2 pathogenic variant type and proportion of
affected cells now allows comparison of phenotypic
trends according to genotype [5

&

]. Use of this score
showed that the severe group had greater frequency
of optic atrophy, epiretinal membrane, combined
hamartoma and cataract. Survival analysis to loss
of vision in one eye (logmar >1.0) was age 38 in
the severe group, but unimpaired in the mild group
with no NF2 pathogenic variant in blood [20

&

]. Of
those under age 18, 12/31 (43%) in the severe group
had Logmar more than 1.0 in their worst eye [19].
Similarly, survival analysis to loss of hearing in 147
NF2 patients followed for 10 years was 32 years in the
severe group, but age 80 in the mild group [21

&

].

Optic nerve sheath meningioma

Natural history of optic nerve sheath meningioma
(ONSM) is poorly defined. Three cases were pre-
sented where associated visual loss was swift and
irreversible and where MRI did not show objective
evidence of progression. In the three cases change in
multifocal visual evoked potential was an objective
measurement of optic nerve functional loss which
correlated with visual decline. This was proposed as
an adjunct to MRI to monitor ONSM, giving an
objective measure of progression earlier than
changes seen on MRI [22

&

].

Voice and swallowing dysfunction

A total of 42 NF2 patients treated at Johns Hopkins
were assessed with self-reported questionnaires and
formal assessment with laryngoscopy/swallowing
assessment in 31. 71% had vocal cord paralysis/
paresis (55% unilateral and 16% bilateral) and flexi-
ble endoscopic assessment of palate function
showed 45% had velopharyngeal insufficiency.
When graded by blinded assessors, 71% had an
abnormal voice. Vocal fold movement impairment
was strongly associated with ipsilateral cerebellar
pontine angle surgery, and with impaired voice/
swallow-related quality of life [23

&

].

Malignancy in neurofibromatosis type 2

There continues debate on the risk of malignancy in
NF2. From 1253 NF2 cases in the English NF2

register malignant transformation of vestibular
schwannoma occurred twice and one malignant gli-
oma developed, all after radiation treatment
[24

&

,25
&

]. Malignancy in confirmed NF2 cases has
recently been reported twice, neither time after radi-
ation. One 8 year old with a germline exon 11 NF2
truncating pathogenic variant, developed a malig-
nant peripheral nerve sheath tumour (MPNST) in the
cervical nerve roots/brachial plexus [26]. Second, a
22 year old, with a germline NF2 exon 8 splice site
pathogenic variant, developed an epithelioid MPNST
with additional SMARCB1 loss in the tumour [27].

Emerging neurofibromatosis type 2 vascular
phenotype

MRI review of 289 NF2 patients in Germany found
symptomatic ischaemic brainstem stroke in three
NF2 patients (age 7–22), as the presenting feature
[28

&

]. Lascelles reported three cases: a 13 year old
with a symptomatic pontine infarct; a child with a
small, tortuous internal carotid artery; and narrow-
ing of the left internal carotid artery in a 4 year old
with additional gliosis of the right middle cerebellar
peduncle suggesting previous infarction [29]. Of the
6/7 cases of ischaemic stroke now reported, this
occurred in the midbrain/brainstem with no obvi-
ous reason established for the stroke. In a retrospec-
tive review of NF2 paediatric MRI reports (by NF2
specialist radiologists), brainstem/cerebellar lacunar
infarcts were noted in 3/81 (4%) cases [19].

Moyamoya from stenosis of the left middle cere-
bral artery in a child with an intragenic NF2 exon 2–
6 duplication was reported [30]. In the English pae-
diatric NF2 series 3/81 had vascular stenosis includ-
ing renal artery and aortic coarctation (both with
truncating NF2 pathogenic variants); and vertebral
artery (with 22q deletion encompassing NF2) [19].

In the German NF2 series, a 17 year old pre-
sented with a ruptured subarachnoid haemmor-
rhage, taking the reported total to four in those
under age 25. In addition, a 16 year old had two
unruptured aneurysms of the middle cerebral artery
[28

&

]. While the larger German series did not find an
increased incidence of aneurysm in NF2, in contrast
to the earlier report from Afridi et al. [31]; the
number of young NF2 patients with ruptured aneu-
rysm potentially suggests this is a greater risk in NF2.
Routine magnetic resonance angiogram in adoles-
cence with treatment of lesions identified was pro-
posed given this finding.

Cortical dysplasia

In the English paediatric NF2 series, atypical MRI
features occurred in 30/79 cases (38%), notable was

Brain and nervous system
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cerebellar hypoplasia in 3/32 (9%) along with focal
cortical and cerebellar dysplasia, seen in 26 and
22%, respectively, of patients with truncating path-
ogenic variants, and in 15% and 11% of the whole
cohort [19].

VESTIBULAR SCHWANNOMA TREATMENT
FOR HEARING PRESERVATION:
BEVACIZUMAB, GAMMA KNIFE AND
SURGERY

Retaining serviceable hearing and effective hearing
rehabilitation is an NF2 management goal [32] uti-
lizing surveillance, surgery, gamma knife and bev-
acizumab. Data on hearing preservation rates have
been reported after bevacizumab [33

&

,33
&

], decom-
pression of the internal auditory meatus [35

&

], and
gamma knife [36

&

,37].
Of 17 patients treated with bevacizumab

(median of 14 months, range 3–60 months) nine
had impaired hearing at baseline. Five had gains in
word recognition scores lasting longer than 1 year,
in two cases over 40% improvement, two showed
hearing stability and two had hearing decline on
treatment. 40% reported improvement in tinnitus,
vestibular symptoms, headache and ability to use a
telephone [33

&

]. Of 14 patients (median age 30),
treated for 48 weeks and followed for a further 24
weeks, patient reported measures found speech
understanding/auditory quality improved on treat-
ment and 50% had improved word recognition
[34

&

].
Short-term hearing response in 12 NF2 patients

(mean age 28 years) who underwent decompres-
sion of the internal auditory canal (IAC) to preserve
hearing/prevent further deterioration was
reported. Assessing all 12, hearing improved from
85% mean preoperative speech discrimination
score (SDS) to 92.5% postoperation. In the four
patients with progressive hearing loss preinterven-
tion, three had improved hearing after with mean
SDS increasing from 55 to 77.5%. The authors
conclude that IAC decompression can be beneficial
in selected patients but emphasise that further
studies are needed to assess longer term hearing
response [35

&

].
Large series assessing gamma-knife outcomes in

sporadic vestibular schwannoma are available, but
it is unknown if this data can be extrapolated to
NF2. In 576 vestibular schwannoma (of which 87%
of tumours received 18 G over three doses), includ-
ing 18 NF2 patients with 21 vestibular schwan-
noma, 50% of treated vestibular schwannoma
had the same level of hearing after 3 years, however
at 5 and 10 years posttreatment less than 40% and

less than 20% maintained pretreatment hearing.
Large tumour volumes pretreatment had poorer
hearing outcomes [37]. Outcome of gamma knife
in 34 NF2 patients with 47 growing vestibular
schwannoma (median marginal dose 11 G)
matched 1 : 1 to sporadic vestibular schwannoma
were reported. While tumour control rates at 1/3/5/
8 years were 98, 89, 87 and 87%, rates of serviceable
hearing preservation at 1/3/5/7 years were 95, 82, 59
and 33%. Of 22 ears with serviceable hearing pre-
treatment, 10 (46%) had serviceable hearing after,
in four (18%) hearing worsened but remained ser-
viceable but eight cases (36%) lost hearing, in half
within 7 months posttreatment. A good outcome
was achieved with milder Gardner phenotype and
smaller tumour volume (<6 cm3) while larger
tumours in the Wishart phenotype responded
poorly. There was no difference between NF2 and
control vestibular schwannoma for tumour control,
hearing or complications [36

&

]. Further outcome
studies are still needed using comparable assess-
ment tools, longer follow-up periods, and compar-
ing similar phenotypes.

Meningioma and ependymoma

Outcome of gamma knife to 99 meningioma
(medial marginal dose 13 G) in 35 NF2 patients
was reported. 90.6% local control rate was achieved:
four patients with treatment failure needed surgery
to the treated lesion (median time 52 months). 6/35
patients (17%) developed radiation necrosis and
oedema treated with medication (at median
7 months after treatment). No posttreatment malig-
nancy was reported in relatively short-term follow-
up [38

&

].
Differing management between two European

centres allowed comparison of outcomes of spinal
ependymoma managed conservatively or surgi-
cally [39

&

]. 27% of the conservatively treated
group deteriorated during follow-up, compared
with 11% actively managed in a specialist NF2
centre. Although bevacizumab may be the pre-
ferred option in those with a significant disease
burden, surgery should be considered for growing
or symptomatic ependymoma.

SUMMARY/CONCLUSION

Revised criteria are needed to differentiate between
NF2 and schwannomatosis. With larger cohorts,
further aspects of NF2 phenotype are emerging.
Due to the wide phenotype of NF2, similar outcome
measures must be used in groups of similar patients
to provide valid comparisons.
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