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Abstract
​Background  The clinical severity of disease in 
neurofibromatosis type 2 (NF2) is variable. Patients 
affected with a constitutional truncating NF2 mutation 
have severe disease, while missense mutations or mosaic 
mutations present with a milder attenuated phenotype. 
Genotype-derived natural history data are important to 
inform discussions on prognosis and management.
Methods  We have assessed NF2 clinical phenotype in 
142 patients in relation to the UK NF2 Genetic Severity 
Score to validate its use as a clinical and research tool.
Results  The Genetic Severity Score showed significant 
correlations across 10 measures, including mean age at 
diagnosis, proportion of patients with bilateral vestibular 
schwannomas, presence of intracranial meningioma, 
spinal meningioma and spinal schwannoma, NF2 eye 
features, hearing grade, age at first radiotherapy, age at 
first surgery and age starting bevacizumab. In addition 
there was moderate but significant correlation with 
age at loss of useful hearing, and weak but significant 
correlations for mean age at death, quality of life, last 
optimum Speech Discrimination Score and total number 
of major interventions. Patients with severe disease 
presented at a younger age had a higher disease burden 
and greater requirement of intervention than patients 
with mild and moderate disease.
Conclusions  This study validates the UK NF2 Genetic 
Severity Score to stratify patients with NF2 for both 
clinical use and natural history studies.

Introduction
Neurofibromatosis type 2 (NF2) is a severe debil-
itating disease affecting morbidity and increasing 
mortality. Birth incidence is around 1 in 33 000.1 
It is caused by inherited or de novo mutations in 
the NF2 gene on chromosome 22.2 There is a high 
rate of new mutation, and approximately 30% of 
patients with a new mutation present with mosaic 
disease.3–5 The disease is characterised by vestibular 
schwannoma (VS) occurring either unilaterally or 
bilaterally, along with other benign intracranial and 
spinal tumours such as meningiomas, schwannomas 
or ependymomas.6 7 Affected patients face acquired 
hearing loss, repeated major surgery to resect cranial 
and spinal tumours, significant loss of function and 
reduced life expectancy.7 8 Faced with multiple 
tumours, management decisions are complex and 
outcome has been shown to be improved with care 
in specialised treatment centres.9

Genotype–phenotype correlations in NF2 
are well established. Truncating mutations are 

associated with the most severe clinical picture.8 10–14 
The  average age of symptom onset and diagnosis 
in constitutional truncating mutations is 16 and 20 
years, respectively,15 with an average life expec-
tancy of 45.9 years.8 In contrast, patients with a 
splice site and missense mutation have an average 
life expectancy of 74.2 and 79.1 years, respectively. 
In addition, truncating mutations cause a younger 
age of hearing loss.16 The age of onset of symptoms 
and age at diagnosis are important predictors of 
disease severity,9 17 correlating with the growth rate 
of VS12 18 and directly with mortality.19 Also asso-
ciated with early mortality is the presence of intra-
cranial meningiomas.8 9 Presence of meningioma 
and young age of diagnosis are useful in counselling 
patients regarding a poorer outcome.8 12

Data show that individuals with splice site 
mutations, large deletions, missense mutations 
and somatic mosaicism are older at presentation 
and diagnosis than individuals with truncating 
mutations.11 In addition these groups have fewer 
peripheral nerve tumours, spinal tumours and 
meningiomas, and consequently a milder disease 
burden.15 20 In more detail, 3’ truncating muta-
tions (exons 14 and 15) give a less severe pheno-
type than exons 2–13 mutations,21 22 while exon 1 
mutations give a mild phenotype.8 Mosaicism for 
the identical mutation gives a milder phenotype 
than when non-mosaic,23 and somatic mosaicism 
generally gives a milder phenotype than non-mo-
saic disease.4 20 Splicing mutations in the 5’ end of 
the gene give a more severe phenotype than those 
between exons 8 and 15.8 20 21 24 25 Large deletions 
including the promoter or exon 1 give a milder 
phenotype than when this section of the gene is 
retained.15

For newly diagnosed patients, prognostic infor-
mation based on patients with a similar genotype 
is helpful. Patients facing a high likelihood of 
early deafness may elect different management 
approaches from patients with a lower probability 
of bilateral deafness, while patients with a milder 
genotype can derive reassurance regarding likely 
outcomes.

Since 2010, patients with NF2 in England have 
been followed up in four centres of expertise.26 
A Genetic Severity Score was previously devised 
based on background theory, empirical data and 
existing literature. The hypothesis was generated 
that this score can describe trends in the phenotype 
of patients with NF2 to allow categorisation into 
severity groups on the basis of the type and extent 
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of NF2 mutation.27 To improve clinical utility a revised score 
is presented here. To validate the score we present the clinical 
phenotype of a separate cohort of patients and confirmatory 
statistical analyses that the Genetic Severity Score can adequately 
describe trends in the phenotype of patients with NF2. Validated 
in this way, the score allows stratification both for clinical use 
and natural history studies to facilitate generation of prognostic 
information.

Methods
NF2 care in England is nationally commissioned and coordi-
nated through four centres. An NF2 Genetic Severity Score was 
determined based on the phenotype of patients assessed through 
the Manchester NF2 service. For validation, all patients known 
to the Oxford NF2 centre who met the Manchester NF2 diag-
nostic criteria and consented to genetic testing were analysed. 
Seven patients previously used for delineation of the score were 
excluded. One hundred and forty-two patients met the inclusion 
criteria. The data assessed were from last clinical assessment, but 
the length of follow-up differed. A score from 1A to 3, according 
to mutation type and presence of mosaicism, was assigned. The 
score used in this validation analysis differed from that previ-
ously published by analysing tissue mosaicism as a separate cate-
gory, due to the more attenuated phenotype.

For clinical use, the Genetic Severity Score (table 1) consists of 
a 3-point classification into tissue mosaicism, classic and severe 
disease. The tissue mosaic group constitutes those where NF2 is 
confirmed on clinical criteria, but no NF2 mutation is detected 
on blood analysis, or where mosaic NF2 is confirmed molecu-
larly as confined to tissue. In the classic group an NF2 mutation 
is identified in the blood or the patient has inherited NF2, but 
no NF2 mutation is identified (thus excluding mosaicism and 
inferring an undetectable NF2 mutation), excepting non-mosaic 
truncating mutations in exons 2–13, which determine the severe 
category. For natural history studies, group 1 is subdivided into 
presumed and confirmed mosaic NF2, and group 2 according to 
the type of mutation into mild and moderate disease (tables 1 
and 2).

Records from routine clinical care were reviewed according 
to six domains—patient demographics, tumour load, ocular 
features, hearing, major interventions and quality of life—to see 
if the Genetic Severity Score could differentiate patients across 
these domains.

Mutation testing was performed via the Manchester National 
Health Service (NHS) diagnostic laboratory on blood and 
where available on one or more tissue samples. To confirm 

NF2 mosaicism in tissue, two separate, independently arising 
schwannoma samples were analysed for the  presence of the 
same NF2 mutation that was absent from the blood. Where only 
one schwannoma tissue sample was available and a mutation 
was identified (with loss of the presumed normal allele) which 
was not present in the  blood, tissue mosaicism was assumed 
and the patient was  assigned to group 1A. Where no tissue 
sample was available for analysis but the Manchester criteria for 
a diagnosis of NF2 were fulfilled, the patient was assigned to 
group 1A. Mosaicism in the blood was determined either by the 
presence of a mutation present at <50% level on next-genera-
tion sequencing, or after identification of an NF2 mutation in 
a tumour, which was subsequently found at low levels in blood.

Tumour load was assessed by review of gadolinium-enhanced 
brain and spine MRI scans performed according to a nation-
ally agreed protocol, and reported by a single NF2 specialist 
neuroradiologist. Presence of VS, intracranial meningioma and 

Table 1  UK neurofibromatosis type 2 (NF2) Genetic Severity Score

Genetic severity Subcategory Clinical characteristics Definition

1 Tissue mosaic 1A Presumed tissue mosaicism Meets clinical criteria for sporadic NF2 but not confirmed molecularly with identical 
NF2 mutations detected in two separate tissue samples

1B Confirmed tissue mosaicism Mosaic NF2 confirmed molecularly with identical NF2 mutations detected in two or 
more separate tissue samples

2 Classic 2A Mild NF2 Full or mosaic NF2 mutation identified in blood excluding those found in group 2B or 
3: missense mutations; in-frame deletions and duplications; deletions involving the 
promoter region or exon 1; splice site mutations in exons 8–15; truncating mutations 
of exon 1; mosaicism in blood for mutations other than truncating mutations in exons 
2–13
Inherited NF2 but no NF2, SMARCB1 or LZTR1 mutation identified in blood

2B Moderate NF2 Full or mosaic NF2 mutation identified in blood including: splicing mutation involving 
exons 1–7; large deletion not including the promoter or exon 1; truncating mutations 
in exons 14–15; mosaic in blood for a truncating mutation in exons 2–13

3 Severe 3 Severe NF2 Full NF2 truncating mutation exons 2–13

Table 2  Categorisation of NF2 mutations into severity groups

NF2 mutation detected in 
blood (mosaic in blood determined 
on NGS as any level under 50%) 2A Mild 2B Moderate 3 Severe

Truncating mutation

 �  Exons 2–13 11 14 15 20 21 3

 �  Exons 2–13 mosaic23 2B

 �  Exons 14–15 21 2B

 �  Exons 14–15 mosaic 2A

 �  Exon 1 /exon 1 mosaic8 2A

Splice site mutation

 �  Exons 1–78 21 24 25 2B

 �  Exons 1–7 mosaic 2A

 �  Exons 8–158 20 21 24 25 28  2A

 �  Exons 8–15 mosaic 2A

Large deletion excluding promoter or 
exon 115 20

2B

Large deletion excluding promoter or 
exon 1 mosaic

2A

Large deletion including promoter or 
exon 1 non-mosaic or mosaic15

2A

Small in-frame deletion or duplication 
non-mosaic or mosaic

2A

Missense mutation non-mosaic or 
mosaic8 9 14 20 21

2A

NF2, neurofibromatosis type 2; NGS, next-generation sequencing. 
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spinal tumours was assessed. Any size of lesion was included 
and categorised by the most likely lesion radiologically, although 
where available histological diagnosis was used. No account was 
taken of size, number or growth rate of tumours.

All patients had a detailed eye review at diagnosis for NF2-re-
lated features. Records were reviewed looking for the presence 
of cataract under age 40, combined retinal hamartoma and 
epiretinal membrane, or radiological evidence of an optic nerve 
meningioma.

Hearing grade was assigned based on a score of 1–6,30 as 
used within the English NF2 service to indicate suitability for 
a hearing implant, with  grades 1, 2 and 3/4 hearing equating 
to optimum Speech Discrimination Score (SDS) in the better 
hearing ear  >70%, 50%–70% and below 50%, respectively, 
grade 5 representing patients with a hearing implant and grade 6 
those with bilaterally dead ears.

Major interventions counted were VS surgery, non-VS intra-
cranial surgery, radiotherapy, spinal surgery, shunt surgery and 
treatment with bevacizumab. Where surgery or radiotherapy 
was given to a complex cerebellopontine mass, with potentially 
more than one tumour type, this was taken as one major inter-
vention, but if confirmed as different tumour types removal of 
both tumour types was counted separately. Sixteen individuals 
had more than one surgery to the same VS, and these procedures 
were counted separately. If radiotherapy was performed to more 
than one discrete lesion, the number of lesions treated was used 
to represent the number of procedures. Treatment with bevaci-
zumab was counted as one intervention, even if treatment breaks 
occurred.

Quality of life was assessed using the 8-item NF2 disease-spe-
cific quality of life score (0–24),27 with good internal reliability 
(Cronbach’s α=0.87). Each item consists of four statements 
rated from 0 to 3, with 0 indicating no problems along different 
dimensions (eg, mobility, hearing, sight and so on). Last recorded 
measurements were collected.

Statistical analyses were undertaken using SPSS V.23. Genetic 
severity and hearing grades were treated as ordinal variables. We 
report standard summary statistics throughout with statistical 
significance of inferences set to p<0.05. We used χ2 statistics to 
compare distributions of gender, mutation data, tumour load, as 
well as ocular and hearing outcomes. When comparing multiple 
distributions, we used z-tests with Bonferroni corrections. Trends 
with genetic severity were investigated using Mantel-Haenszel 
linear-by-linear χ2 tests of association. Spearman’s rank-order 
correlations were run to assess the relationship between age of 

patients, quality of life, optimum SDS scores, number of inter-
ventions, number of symptoms, ratio of interventions to age 
and genetic severity. Preliminary analysis showed that all rela-
tionships were monotonic, as assessed by visual inspection of 
scatterplots.

Two further independent cohorts of patients previously 
described10 14 with NF2 mutations and phenotypic data were 
assessed to determine if the score could separate these cohorts 
phenotypically. The score was assigned and correlation exam-
ined with age at diagnosis for both cohorts and linear associ-
ations with presence of meningiomas,14 cranial tumours and 
spinal tumours.10 To uniformly analyse the data of other cohorts 
in a comparable way, we converted the data into binary values 
(yes/no) for the presence or absence of tumours.

The study received approval from the Oxford University 
Hospitals NHS Foundation Trust. This service evaluation (regis-
tration ID: 4406) did not require additional ethical approval in 
accordance with the guidance from the National Research Ethics 
Service (2016).32

Results
Records of 142 patients with a clinical or molecular diagnosis 
of NF2 under the Oxford NF2 team were reviewed. Sixty-three 
cases (44%) were assigned to group 1. Tissue mosaicism was 
presumed in the majority as either no tumour tissue was avail-
able (45) or just one tumour sample was available with an NF2 
mutation identified (12). In six cases mosaicism was confirmed 
by the presence of an identical NF2 mutation in two independent 
samples. Given the small number in 1B, group 1 was analysed as a 
single cohort. Twenty-five patients (18%) were assigned to group 
2A, including three cases with familial NF2 but no NF2 muta-
tion identified; 35 patients (25%) to group 2B; and 19 patients 
(13%) to group 3. The three familial patients with no muta-
tion identified were from two families showing linkage to NF2, 
and with a combination of vestibular and other schwannoma, 
meningioma and ependymoma suggested an unidentified NF2 
mutation, rather than an alternative diagnosis. Demographics 
according to genetic severity, sex, mean age at diagnosis, mean 
current age, years since diagnosis, age at NF2-related death, 
inheritance and quality of life are detailed (table  3). Twice as 
many women (57.1% of women) compared with men (29.2%) 
were group 1 (p<0.05), and there was also a greater propor-
tion of women that were in group 1 compared with group 3 
(χ2=7.8, p=0.005). The male-to-female ratio for non-mosaics in 

Table 3  Demographic data according to genetic severity grade

Genetic severity
1
Tissue mosaic

2A
Mild

2B
Moderate

3
Severe Correlation

N (% total) Number of patients 63 (44%) 25 (18%) 35 (25%) 19 (13%)

N (% gender) Gender Male 19 (29.2%) 15 (23.1%) 20 (30.8%) 11 (16.9%)

Female 44 (57.1%) 10 (13.0%) 15 (19.5%) 8 (10.4%)

Mean (SD) Age at diagnosis* 47 (15.34) 25.56 (13.05) 23.54 (15.59) 15.89 (9.71) rs(140)=−0.68, p<0.001

Current age* 58.3 (14.58) 44.5 (2.12) 35.63 (15.81) 26.6 (12.16) rs(140)=−0.67, p<0.001

Years since diagnosis 10.52 (9.32) 14.48 (11.19) 11.34 (7.58) 10.05 (6.56) rs(140)=0.07, p=0.44

Latest quality of life score* 5.67 (3.89) 8 (4.69) 8.5 (5.69) 8 (4.84) rs(118)=0.23, p=0.01

Age at NF2-related death 57.5 (16.26) 44.5 (2.12) 47 32.5 (0.71) rs(5)=−0.70, p=0.08

N (% score category) NF2-related deaths 2 (6%) 2 (8%) 1 (3%) 2 (11%)

Familial NF2 0 (0%) 10 (40%) 11 (31%) 3 (16%)

Sporadic NF2 63 (100%) 15 (60%) 24 (69%) 16 (84%)

Asterisk indicates statistical significance (p<0.05) in correlations (rs) of measures with genetic severity.
NF2, neurofibromatosis type 2.
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groups 2 and 3 combined was 58%:42%, compared with a ratio 
of 30%:70% in  group 1; however, this was not a statistically 
significant difference (χ2(2)=0.5, p=0.98).

A strong negative correlation (rs(140)=.68, p<0.001) was 
noted between genetic severity and both age at diagnosis and 
current age (rs(140)=.67, p<0.001). The mean years from diag-
nosis ranged from 10.05 to 14.48 years, and there was no signif-
icant difference between the  groups (rs(140)=.07, p=0.44), 
suggesting that any difference in outcomes noted is unlikely to 
be accounted for by differing lengths of follow-up. Although age 
at time of death does not appear to have a significant correla-
tion with the Genetic Severity Score (rs(5)=−.70, p=0.08), this 
reached significance when groups 2A and 2B were combined 
(rs(5)=−0.81, p=0.03), suggesting there is a trend, but analysis 
was limited by the small sample size. There was a weak posi-
tive correlation (rs(118)=.23, p=0.01) demonstrating a deterio-
rating quality of life with increased genetic severity.

Table 4 details the type of mutation and proportions of consti-
tutional and mosaic disease according to genetic severity. All 19 
patients in group 3 had a constitutional truncating mutation as 
a function of the classification system. In group 2B twelve cases 
(34.3%) and 2A eight cases (32%) were mosaic in blood with the 
remainder constitutional NF2 mutations.

The distribution differed according to whether NF2 had 
occurred sporadically or been inherited (χ2(3)=27.6, p<0.001). 
Forty-four per cent had sporadic NF2 with no mutation in 
the  blood, and in total 83% had sporadic disease and 17% 
familial disease. The ratio of familial:sporadic cases in group 2 
was 35%:65% compared with 16%:84% in group 3, reflecting 
the reduced genetic fitness in the more severely affected cohort. 
This was also demonstrated in that of the 55 sporadic cases in 
groups 2 and 3, 71% were in group 2, compared with 88% of 
the familial patients.

Reviewing tumour load (table 5), statistically significant linear 
trends were demonstrated for decreasing presence of unilat-
eral VS (p<0.001), and increasing presence of bilateral VS 
(p<0.001), intracranial meningioma (p=0.001), spinal schwan-
noma (p<0.001) and spinal meningioma (p=0.01) according to 
genetic severity. Bilateral VS and intracranial meningioma were 
found in 54% and 59%, respectively, of group 1, compared with 
100% and 94.7% of group 3. More group 3 patients devel-
oped spinal meningioma and schwannoma (36.8% and 94.7%) 
compared with group 1 (15.3% and 48.3%, respectively). The 
presence of spinal ependymoma was marginally discriminating 
between the groups (p=0.05), with a higher proportion of group 
2 having ependymoma (44% in group 2A, 33% in group 2B) 
compared with group 3 (26.3%) and group 1 (11.9%).

Significant linear trends indicated an increasing disease load 
with genetic severity with respect to ocular features of NF2, with 
the exception of optic nerve meningioma which was limited by 
small numbers (table 5).

A linear association was demonstrated between genetic severity 
and hearing grade (p<0.001), with increased genetic severity 
associated with advanced hearing grades and a higher propor-
tion of tissue mosaic patients having useful hearing compared 
with severe ones (table  5). In group 3, 55.6% had optimum 
SDS >70% compared with 90.3% in group 1. A moderate nega-
tive correlation with age of loss of useful hearing, defined as 
hearing grade 3 or worse (p=0.006), was found, with a mean 
age of loss of useful hearing being 58.2 in group 1 compared 
with 23.1 in group 3.

Reviewing major interventions according to genetic severity 
showed a strong negative correlation between age at first radio-
therapy (p<0.001), age starting bevacizumab (p=0.007), age Ta
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Table 6  Major interventions in relation to Genetic Severity Score

Genetic severity
1
Tissue Mosaic

2A
Mild

2B
Moderate

3
Severe Statistics

N (%) Proportion of 
patients within each 
genetic severity 
category who had 
interventions

VS surgery 21 (33.3%) 11 (44.0%) 16 (45.7%) 9 (47.4%) χ2(1)=1.9, p=0.17

Non-VS intracranial 
surgery

15 (23.8%) 5 (20.0%) 13 (37.1%) 7 (36.8%) χ2(1)=2.4, p=0.12

Spinal surgery* 6 (9.5%) 7 (28.0%) 10 (28.6%) 9 (47.4%) χ2(1)=12.8, p<0.001

Shunt surgery 3 (4.8%) 3 (12.0%) 4 (3.2%) 3 (15.8%) χ2(1)=2.6, p<0.001

Radiotherapy 28 (44.4%) 10 (40.0%) 11 (31.4%) 8 (42.1%) χ2(1)=0.6, p=0.44

Bevacizumab* 0 (0.0%) 5 (20.0%) 9 (25.7%) 5 (26.3%) χ2(1)=15.4, p<0.001

Total number of 
major interventions 
per person, grouped

0 15 (23.8%) 6 (24.0%) 7 (20.0%) 5 (26.3%) χ2(1)=7.1, p=0.008

1 23 (36.5%) 4 (16.0%) 8 (22.9%) 2 (10.5%)

2 13 (20.6%) 3 (12.0%) 7 (20.0%) 2 (10.5%)

3 8 (12.7%) 2 (8.0%) 3 (8.6%) 2 (10.5%)

4 or more 4 (6.3%) 10 (40.0%) 10 (28.6%) 8 (42.1%)

Mean (SD) Total number of major interventions* 1.41 (1.17) 2.84 (2.76) 2.43 (2.21) 3.37 (3.44) rs(140)=0.23, 
p=0.007

Number of total surgeries* 0.87 (0.98) 2.12 (2.46) 1.74 (1.82) 2.53 (2.95) rs(140)=0.24, 
p=0.005

Age at first radiotherapy session* 51.54 (14.82) 34.2 (14.06) 29.64 (12.17) 24.13 (10.56) rs(55)=−0.66, 
p<0.001

Age started bevacizumab* 34.8 (7.4) 30.56 (11.59) 19.8 (4.97) rs(17)=−0.60, 
p=0.007

Age at first surgery* 44.33 (12.71) 27 (10.15) 27.28 (9.54) 18.67 (11.82) rs(87)=−0.63, 
p<0.001

Age at first major intervention* 45.4 (12.41) 26.58 (9.37) 27.71 (11.06) 17.79 (9.74) rs(107)=−0.67, 
p<0.001

Ratio of total number of major 
interventions to current age*

0.03 (0.02) 0.07 (0.07) 0.07 (0.07) 0.13 (0.14) rs(140)=−0.38, 
p<0.001

Asterisk indicates statistical significance (p<0.05) in trends (χ2) and correlations (rs) of measures with genetic severity.
VS, vestibular schwannoma.

Table 5  Tumour burden, presence of ocular features and hearing outcome according to genetic severity grade

Genetic severity
1
Tissue Mosaic

2A
Mild

2B
Moderate

3
Severe Statistics

Tumour load N (%) Bilateral VS* 34 (54.0%) 24 (96.0%) 31 (88.6%) 19 (100.0%) χ2(1)=23.6, p<0.001

Unilateral VS* 22 (34.9%) 1 (4%) 3 (8.6%) 0 (0.0%) χ2(1)=16.6,p<0.001

Intracranial meningioma* 36 (59.0%) 16 (64.0%) 28 (82.4%) 18 (94.7%) χ2(1)=11.5, p=0.001

Spinal meningioma* 9 (15.3%) 7 (29.2%) 13 (38.2%) 7 (36.8%) χ2(1)=6.4, p=0.01

Spinal schwannoma* 29 (48.3%) 19 (76.0%) 31 (94.7%) 18 (94.7%) χ2(1)=24.6, p<0.001

Spinal ependymoma * 7 (11.9%) 11 (44.0%) 11 (33.3%) 5 (26.3%) χ2(1)=3.8, p=0.05

Ocular features N (%) Epiretinal membranes* 0 (0.0%) 2 (8.7%) 3 (8.8%) 5 (31.3%) χ2(1)=14.4, p<0.001

Cataract* 4 (6.6%) 9 (39.1%) 14 (41.2%) 11 (68.8%) χ2(1)=28.8, p<0.001

Combined hamartoma* 1 (1.6%) 5 (21.7%) 2 (5.9%) 6 (37.5%) χ2(1)=10.4, p=0.001

Optic nerve meningioma 1 (1.6%) 2 (9.0%) 0 (0.0%) 2 (10.5%) χ2(1)=1.2, p=0.23

Mean (SD) Total eye features* 0.1 (0.35) 0.74 (0.81) 0.56 (0.61) 1.5 (1.16) rs(132)=0.53, p<0.001

Hearing outcomes N (%) Hearing grade* 1 53 (85.5%) 14 (56.0%) 19 (57.6%) 9 (50.0%) χ2(1)=13.4, p<0.001

2 3 (4.8%) 2 (8.0%) 3 (9.1%) 1 (5.6%)

3 or 4 3 (4.8%) 3 (12.0%) 3 (9.1%) 2 (11.1%)

5 1 (1.6%) 2 (8.0%) 3 (9.1%) 2 (11.1%)

6 2 (3.2%) 4 (16.0%) 5 (15.2%) 4 (22.2%)

Mean (SD) Latest SDS* 86.78 (27.05) 58.95 (46.14) 64.56 (41.86) 53.19 (46.16) rs(127)=−0.25, p=0.004

Age of loss of useful hearing* 58.2 (16.83) 28.38 (8.6) 29.2 (10.42) 23.14 (9.39) rs(28)=−0.49, p=0.006

Asterisk indicates statistical significance (p<0.05) in trends (χ2) and correlations (rs) of measures with genetic severity.
SDS, Speech Discrimination Score; VS, vestibular schwannoma.
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at first surgery (p<0.001) and age at first major intervention 
(p<0.001) (table 6). In addition, there was a positive correlation 
(p=0.007) between the number of major interventions related 
to severity, with a mean of 1.4 in group 1 compared with 3.4 in 
group 3. Significant differences were seen in types of interven-
tions, with 47.4% and 26.3% of patients requiring spinal surgery 
and bevacizumab, respectively, in group 3 compared with 9.5% 
and 0% in group 1. There was a linear association between the 
total number of major interventions and genetic severity; 60%of 
group 1 had one or fewer and 19% more than three major inter-
ventions, compared with group 3 where 37% had one or fewer 
and 53% had three or more major interventions. Furthermore, 
there was a significant difference between the mean number of 
procedures within each severity group when expressed as a ratio 
to current age, with a ratio of 0.03 for group 1, 0.07 for group 
2 and 0.13 for group 3.

For further validation, details of 80 patients with NF2 from 
two previously published cohorts10 14 were assessed using the 
Genetic Severity Score (see  online  supplementary table 1). 
Significant correlations were observed with age at diagnosis 
in both cohorts. Significant trends were also observed, with 
increasing genetic severity associated with greater proportion of 
patients with meningiomas at diagnosis in the cohort of patients 
described by Ruttledge et al,14 and more patients with intracra-
nial and spinal tumours in the cohort described by Kluwe et al.10

Discussion
NF2 is a complex disease with challenging management deci-
sions. Although much is understood regarding genotype–pheno-
type correlation, it can be difficult to use this information 
routinely. Much NF2 research does not stratify by genotype, 
making comparison between cohorts difficult. Likely severity 
based on genotype could help inform prognostic discussions. 
For example, compared with a severe patient, a mild-2A patient 
could be reassured regarding a reduced likely need for spinal and 
meningioma surgery, with a probable later age for intervention, 
while a sporadic patient with no mutation in blood can derive 
reassurance regarding a likely lower morbidity. Likely prognosis 
can aid management; for example, facing a high chance of early 
adult deafness, a patient may elect earlier VS surgery to maximise 
benefit from hearing implantation. Alternatively a family may 
prioritise learning sign language and lip reading at an early stage 
on detection of a severe mutation in a young child. The utility of 
this score is that it groups diverse genotypes into a simple classi-
fication to guide discussion with patients. Used prospectively, it 
will facilitate gathering comparable natural history and outcome 
data. Use of a score based on the underlying cause of severity, 
rather than an outcome such as age of onset, has benefit, partic-
ularly given the increased use of genome-based testing, with its 
potential for identifying mutations presymptomatically. The 
score would therefore have high utility in counselling patients.

The UK NF2 Genetic Severity Score was based on published 
genotype–phenotype data. For the present study, clinical features 
of patients from a separate UK cohort were assessed to validate 
the score for clinical and research use. The score showed signif-
icant correlations for 142 patients with NF2 across 10 outcome 
measures, including mean age at diagnosis, proportion with 
bilateral VS, presence of intracranial meningioma, spinal menin-
gioma and schwannoma, hearing grade, age at first radiotherapy, 
first surgery and age starting bevacizumab, and moderate/weak 
but significant correlation for a further five areas. The similar 
follow-up intervals assured minimal bias related to length of 
time from diagnosis affecting disease severity.

The significantly different mean age at diagnosis is a factor 
previously found to correlate significantly with severity9 17 and 
so is important in validating the score. We therefore assessed 
the score against two published cohorts of patients with NF2, 
further demonstrating a significant correlation with age at diag-
nosis. In our cohort trend lines were demonstrated for the pres-
ence of different types of tumours by genetic severity, but size, 
number and growth rate were not determined. A proxy therefore 
of severity of tumour load was to focus on functionally signifi-
cant lesions by analysing the number of major interventions. The 
score demonstrated a significant increase in major intervention 
with increasing severity, shown by the linear increase in those 
needing four or more procedures across the severity groups. 
Group 3 patients were aged, on average, 26.6 years compared 
with 58.3 years in group 1, yet had undergone more interven-
tions demonstrated by the ratio of the number of procedures to 
current age, with a statistically significant increase from 0.03 in 
group 1 to 0.13 in group 3. The data presented thus validate the 
score for clinical and research use.

Within the severity groups there were different proportions 
of inherited and sporadic NF2. Sporadic NF2 was more likely 
to have no mutation and progressively less likely to have a 
moderate or severe mutation, consistent with the high rate of 
new mutation in the NF2 gene presenting as mosaic disease. 
As previously described, within the familial group the majority 
(88%) of second-generation individuals had a mutation.4 33 In 
contrast, compared with figures suggesting over 50% of patients 
have no family history of NF2,33 in our cohort 83% presented 
sporadically, of whom 83/118 (70%) had either proven low-level 
mosaicism in blood (17%), an NF2 mutation confined to tumour 
tissue (5%) or presumed NF2 tissue mosaicism (48%). This 
would suggest that 58% of our patients had mosaic disease, 
which is higher than previous estimates. This may represent 
increased referral of mild patients after the NF2 service was 
established in 2010; however, the similar follow-up rates across 
the severity groups would not support this explanation.

In the original classification the mild group included mild 
constitutional mutations, more significant mutations mosaic in 
blood and all mutations mosaic in tissue but absent from blood. 
In the current study, as the mean age of diagnosis was later for 
the sporadic patients with  no  NF2 mutation found in blood, 
(suggesting a more attenuated phenotype), they were analysed 
separately. Being unconfirmed molecularly, some 1A patients 
may have features occurring by chance or have a related condi-
tion such as schwannomatosis. Eight of our cohort had solely 
bilateral VS, of whom four were diagnosed over age 50 and 2 
over age 70. For these cases tissue was unavailable to confirm or 
exclude NF2, and so bilateral VS in one or more of this group 
may have arisen by chance, as in a recent case report34 Other 
cases may have a mutation in SMARCB1 or LZTR1. Seven per 
cent of a cohort of 70 patients with unilateral VS and at least 
two schwannomas had an LZTR1 mutation.35 In group 1A, four 
patients had these features, but as no mutation was detected 
on sequencing LZTR1/SMARCB1, this diagnosis is unlikely. At 
most therefore, even if two of the bilateral VS cases >age 70 
occurred by chance, and so 2/57 (3.5%) of 1A do not have NF2, 
the proportion of mosaic disease reported here is larger than 
previous estimates. Although diagnosed on clinical criteria, it is 
appropriate to include group 1 in this analysis of NF2, and the 
subclassification of group 1 will give greater confidence in future 
genotype/phenotype analysis of mosaic disease.

An observation of these data was the different sex distribution 
of NF2, with classic/severe NF2 showing a non-significant male 
preponderance, while tissue-mosaic disease was more common 
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in women. In a small sample this bias may have arisen by chance. 
Given the 2:1 increased prevalence of meningioma in women36 
along with the estimated 2.8% detection rate of subclinical 
meningioma (from autopsy studies and studies of incidental 
findings on MRI),37 38 it is more likely that a chance association 
of two meningiomas in an individual with a sporadic VS would 
occur in women, potentially explaining this bias. Clinical features 
leading to diagnosis in the tissue mosaic cohort were therefore 
reviewed. Only four cases (three women) had a diagnosis of NF2 
on the basis of one unilateral VS and two meningiomas, meaning 
that while sporadic subclinical meningiomas may contribute 
to the female bias in mosaic NF2, it is unlikely to be the full 
explanation. More likely is an increased penetrance of mild NF2 
in women due to the increased meningioma rate, which is not 
apparent in more severe disease where penetrance will be more 
determined by schwannomas. Although small numbers, mosaic 
disease in blood did not demonstrate a female bias, in keeping 
with the more severe phenotype of this group.

The Genetic Severity Score was first devised to cohort patients 
by genotype to analyse quality of life data in NF2.27 Including 
Oxford data no correlation was identified with the original 
score. This revised score, separating the milder tissue-mosaic 
cohort, shows weak correlation, with impaired quality of life 
associated with classic and severe NF2.

There is a need for good prognostic data for mildly affected 
patients who can derive significant reassurance regarding the 
risk of premature mortality, the chance of developing bilat-
eral hearing loss and the need for major intervention. On the 
contrary, patients with more severe NF2 have a significant debil-
itating disease and need prognostic figures derived from similarly 
affected patients. This score provides a classification to inform 
likely disease severity on the basis of genotype. In addition if 
adopted more widely, it would allow the generation of compa-
rable prognostic and treatment outcome data. The biggest single 
factor that will determine NF2 severity is the type of mutation, 
its position within the gene and the proportion of cells carrying 
it. This classification draws these factors together to enable geno-
typic data to be routinely factored into clinical and research use.

Conclusion
The data presented here validate the NF2 Genetic Severity Score. 
Used prospectively it will facilitate the development of NF2 patient 
cohorts stratified by genotype for natural history studies.

Acknowledgements  The authors would like to thank the Oxford NF2 research 
group: Claire Blesing, Katherine Browne, Bruce Castle, Lucy Cogswell, Saleel 
Chandratre, Rose Crabtree, Louise Dalton, Caroline Dodridge, John Elston, Henk 
Giele, C Oliver Hanemann, Wendy Howard, Sandjeeva Jeyaretna, David Johnson, 
Richard Kerr, James Lee, Elle Mace, Anne May, Anita Matadeen, May Quarmby, James 
Ramsden, Carolyn Redman, Andrea Rochell, Shrilaksmi Sharma, Ros Taylor, Nicola 
Warner, Martin Wasik and Shaun Wilson.

Contributors  DH: Study design, acquisition, analysis and interpretation of data and 
drafting the manuscript. BE: Acquisition, analysis and interpretation of data, revising 
manuscript critically for intellectual content. PP, SM, SP: Acquisition of data and 
revising manuscript critically for intellectual content. HT: Acquisition, analysis and 
interpretation of data. DGE: Interpretation of data and revising manuscript critically 
for intellectual content. AP: Study design, analysis and interpretation of data, and 
revising manuscript critically for intellectual content.

Competing interests  DGE reports personal fees from Astrazeneca, outside the 
submitted work.

Patient consent  Detail has been removed from this case description/these case 
descriptions to ensure anonymity. The editors and reviewers have seen the detailed 
information available and are satisfied that the information backs up the case the 
authors are making.

Ethics approval  Study registered as a service evaluation with Oxford University 
Hospitals Foundation Trust. Registration number: 4406.

Provenance and peer review  Not commissioned; externally peer reviewed.

Open Access  This is an Open Access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which permits 
others to distribute, remix, adapt, build upon this work non-commercially, and license 
their derivative works on different terms, provided the original work is properly cited 
and the use is non-commercial. See: http://​creativecommons.​org/​licenses/​by-​nc/​4.​0/

© Article author(s) (or their employer(s) unless otherwise stated in the text of the 
article) 2017. All rights reserved. No commercial use is permitted unless otherwise 
expressly granted.

References
	 1	E vans DG, Howard E, Giblin C, Clancy T, Spencer H, Huson SM, Lalloo F. Birth incidence 

and prevalence of tumor-prone syndromes: estimates from a UK family genetic 
register service. Am J Med Genet A 2010;152A:327–32.

	 2	R ouleau GA, Merel P, Lutchman M, Sanson M, Zucman J, Marineau C, Hoang-Xuan 
K, Demczuk S, Desmaze C, Plougastel B. Alteration in a new gene encoding a 
putative membrane-organizing protein causes neuro-fibromatosis type 2. Nature 
1993;363:515–21.

	 3	 Bijlsma EK, Wallace AJ, Evans DG. Misleading linkage results in an NF2 
presymptomatic test owing to mosaicism. J Med Genet 1997;34:934–6.

	 4	 Kluwe L, Mautner VF. Mosaicism in sporadic neurofibromatosis 2 patients. Hum Mol 
Genet 1998;7:2051–5.

	 5	E vans DG, Wallace AJ, Wu CL, Trueman L, Ramsden RT, Strachan T. Somatic mosaicism: 
a common cause of classic disease in tumor-prone syndromes? Lessons from type 2 
neurofibromatosis. Am J Hum Genet 1998;63:727–36.

	 6	E vans DG, Huson SM, Donnai D, Neary W, Blair V, Teare D, Newton V, Strachan T, 
Ramsden R, Harris R. A genetic study of type 2 neurofibromatosis in the United 
Kingdom. I. Prevalence, mutation rate, fitness, and confirmation of maternal 
transmission effect on severity. J Med Genet 1992;29:841–6.

	 7	E vans DG, Huson SM, Donnai D, Neary W, Blair V, Newton V, Harris R. A clinical study 
of type 2 neurofibromatosis. Q J Med 1992;84:603.

	 8	 Hexter A, Jones A, Joe H, Heap L, Smith MJ, Wallace AJ, Halliday D, Parry A, Taylor A, 
Raymond L, Shaw A, Afridi S, Obholzer R, Axon P, King AT, Friedman JM, Evans DG. 
English Specialist NF2 Research Group. Clinical and molecular predictors of mortality 
in neurofibromatosis 2: a UK national analysis of 1192 patients. J Med Genet 
2015;52:699–705.

	 9	 Baser ME, Friedman JM, Aeschliman D, Joe H, Wallace AJ, Ramsden RT, Evans 
DG. Predictors of the risk of mortality in neurofibromatosis 2. Am J Hum Genet 
2002;71:715–23.

	10	 Kluwe L, Bayer S, Baser ME, Hazim W, Haase W, Fünsterer C, Mautner VF. Identification 
of NF2 germ-line mutations and comparison with neurofibromatosis 2 phenotypes. 
Hum Genet 1996;98:534–8.

	11	E vans DG, Trueman L, Wallace A, Collins S, Strachan T. Genotype/phenotype 
correlations in type 2 neurofibromatosis (NF2): evidence for more severe disease 
associated with truncating mutations. J Med Genet 1998;35:450–5.

	12	 Baser ME, Makariou EV, Parry DM. Predictors of vestibular schwannoma growth in 
patients with neurofibromatosis type 2. J Neurosurg 2002;96:217–22.

	13	 Parry DM, MacCollin MM, Kaiser-Kupfer MI, Pulaski K, Nicholson HS, Bolesta 
M, Eldridge R, Gusella JF. Germ-line mutations in the neurofibromatosis 2 gene: 
correlations with disease severity and retinal abnormalities. Am J Hum Genet 
1996;59:529–39.

	14	R uttledge MH, Andermann AA, Phelan CM, Claudio JO, Han FY, Chretien N, 
Rangaratnam S, MacCollin M, Short P, Parry D, Michels V, Riccardi VM, Weksberg R, 
Kitamura K, Bradburn JM, Hall BD, Propping P, Rouleau GA. Type of mutation in the 
neurofibromatosis type 2 gene (NF2) frequently determines severity of disease. Am J 
Hum Genet 1996;59:331–42.

	15	 Selvanathan SK, Shenton A, Ferner R, Wallace AJ, Huson SM, Ramsden RT, Evans 
DG. Further genotype--phenotype correlations in neurofibromatosis 2. Clin Genet 
2010;77:163–70.

	16	 Zhao Y, Kumar RA, Baser ME, Evans DG, Wallace A, Kluwe L, Mautner VF, Parry DM, 
Rouleau GA, Joe H, Friedman JM. Intrafamilial correlation of clinical manifestations in 
neurofibromatosis 2 (NF2). Genet Epidemiol 2002;23:245–59.

	17	 MacCollin M, Mautner VF. The diagnosis and management of neurofibromatosis 2 in 
childhood. Semin Pediatr Neurol 1998;5:243–52.

	18	 Mautner VF, Baser ME, Thakkar SD, Feigen UM, Friedman JM, Kluwe L. Vestibular 
schwannoma growth in patients with neurofibromatosis Type 2: a longitudinal study.  
J Neurosurg 2002;96:223–8.

	19	 Otsuka G, Saito K, Nagatani T, Yoshida J. Age at symptom onset and long-term 
survival in patients with neurofibromatosis type 2. J Neurosurg 2003;99:480–3.

	20	 Baser ME, Kuramoto L, Joe H, Friedman JM, Wallace AJ, Gillespie JE, Ramsden 
RT, Evans DG. Genotype-phenotype correlations for nervous system tumors in 
neurofibromatosis 2: a population-based study. Am J Hum Genet 2004;75:231–9.

	21	 Smith MJ, Higgs JE, Bowers NL, Halliday D, Paterson J, Gillespie J, Huson SM, Freeman 
SR, Lloyd S, Rutherford SA, King AT, Wallace AJ, Ramsden RT, Evans DG. Cranial 
meningiomas in 411 neurofibromatosis type 2 (NF2) patients with proven gene 
mutations: clear positional effect of mutations, but absence of female severity effect 
on age at onset. J Med Genet 2011;48:261–5.

http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1002/ajmg.a.33139
http://dx.doi.org/10.1038/363515a0
http://dx.doi.org/10.1136/jmg.34.11.934
http://dx.doi.org/10.1093/hmg/7.13.2051
http://dx.doi.org/10.1093/hmg/7.13.2051
http://dx.doi.org/10.1086/512074
http://dx.doi.org/10.1136/jmg.29.12.841
http://dx.doi.org/10.1136/jmedgenet-2015-103290
http://dx.doi.org/10.1086/342716
http://dx.doi.org/10.1007/s004390050255
http://dx.doi.org/10.1136/jmg.35.6.450
http://dx.doi.org/10.3171/jns.2002.96.2.0217
http://dx.doi.org/10.1111/j.1399-0004.2009.01315.x
http://dx.doi.org/10.1002/gepi.10181
http://dx.doi.org/10.1016/S1071-9091(98)80003-X
http://dx.doi.org/10.3171/jns.2002.96.2.0223
http://dx.doi.org/10.3171/jns.2003.99.3.0480
http://dx.doi.org/10.1086/422700
http://dx.doi.org/10.1136/jmg.2010.085241


664 Halliday D, et al. J Med Genet 2017;54:657–664. doi:10.1136/jmedgenet-2017-104519

Genotype-phenotype correlations

	22	E vans DG, Bowers N, Huson SM, Wallace A. Mutation type and position varies 
between mosaic and inherited NF2 and correlates with disease severity. Clin Genet 
2013;83:594–5.

	23	 Bourn D, Carter SA, Evans DG, Goodship J, Coakham H, Strachan T. A mutation in 
the neurofibromatosis type 2 tumor-suppressor gene, giving rise to widely different 
clinical phenotypes in two unrelated individuals. Am J Hum Genet 1994;55:69–73.

	24	 Kluwe L, MacCollin M, Tatagiba M, Thomas S, Hazim W, Haase W, Mautner VF. 
Phenotypic variability associated with 14 splice-site mutations in the NF2 gene. Am J 
Med Genet 1998;77:228–33.

	25	 Baser ME, Kuramoto L, Woods R, Joe H, Friedman JM, Wallace AJ, Ramsden RT, 
Olschwang S, Bijlsma E, Kalamarides M, Papi L, Kato R, Carroll J, Lázaro C, Joncourt 
F, Parry DM, Rouleau GA, Evans DG. The location of constitutional neurofibromatosis 
2 (NF2) splice site mutations is associated with the severity of NF2. J Med Genet 
2005;42:540–6.

	26	L loyd SK, Evans DG. Neurofibromatosis type 2 service delivery in England. 
Neurochirurgie 2016. Advance online publication http://www.​sciencedirect.​com/​
science/​article/​pii/​S0028377015002799 (accessed 29 Jul 2016).

	27	 Ferner RE, Shaw A, Evans DG, McAleer D, Halliday D, Parry A, Raymond FL, Durie-Gair 
J, Hanemann CO, Hornigold R, Axon P, Golding JF. Longitudinal evaluation of quality of 
life in 288 patients with neurofibromatosis 2. J Neurol 2014;261:963–9.

	28	 Sainio M, Jääskeläinen J, Pihlaja H, Carpén O. Mild familial neurofibromatosis 2 
associates with expression of merlin with altered COOH-terminus. Neurology  
2000;54:1132–8.

	29	A bo-Dalo B, Kutsche K, Mautner V, Kluwe L. Large intragenic deletions of the 
NF2 gene: breakpoints and associated phenotypes. Genes Chromosomes Cancer 
2010;49:171–5.

	30	 Tysome JR, Axon PR, Donnelly NP, Evans DG, Ferner RE, O’Connor AF, Freeman 
SR, Gleeson M, Halliday D, Harris F, Jiang D, Kerr R, King A, Knight RD, Lloyd SK, 
Macfarlane R, Mannion R, Mawman D, O’Driscoll M, Parry A, Ramsden J, Ramsden R, 

Rutherford SA, Saeed SR, Thomas N, Vanat ZH. English consensus protocol evaluating 
candidacy for auditory brainstem and cochlear implantation in neurofibromatosis type 
2. Otol Neurotol 2013;34:1743–7.

	31	 Hornigold RE, Golding JF, Leschziner G. The NFTI-QOL: a Disease-Specific Quality of 
Life Questionnaire for Neurofibromatosis 2. Journal of neurological surgery Part B. 
Skull base 2012;73:104–11.

	32	 NHS Health Research Authority. Defining Research: Research Ethics Service 
guidance to help you decide if your project requires review by a Research Ethics 
Committee,http://wwwhranhsuk/documents/2016/06/defining-researchpdf 
London:Department of Health 2016.

	33	E vans DG, Raymond FL, Barwell JG, Halliday D. Genetic testing and screening of 
individuals at risk of NF2. Clin Genet 2012;82:416–24.

	34	E vans DG, Freeman S, Gokhale C, Wallace A, Lloyd SK, Axon P, Ward CL, Rutherford 
S, King A, Huson SM, Ramsden RT. Manchester NF2 service. Bilateral vestibular 
schwannomas in older patients: NF2 or chance?. J Med Genet 2015;52:422–4.

	35	 Smith MJ, Bowers NL, Bulman M, Gokhale C, Wallace AJ, King AT, Lloyd SK, Rutherford 
SA, Hammerbeck-Ward CL, Freeman SR, Evans DG. Revisiting neurofibromatosis 
type 2 diagnostic criteria to exclude LZTR1-related schwannomatosis. Neurology 
2017;88:87–92.

	36	 Dolecek TA, Propp JM, Stroup NE, Kruchko C. CBTRUS statistical report: primary brain 
and central nervous system tumors diagnosed in the United States in 2005-2009. 
Neuro Oncol 2012;14(Suppl 5):v1–v49.

	37	 Krampla W, Newrkla S, Pfisterer W, Jungwirth S, Fischer P, Leitha T, Hruby W, Tragl KH. 
Frequency and risk factors for meningioma in clinically healthy 75-year-old patients. 
Cancer 2004;100:1208–12.

	38	 Vernooij MW, Ikram MA, Tanghe HL, Vincent AJ, Hofman A, Krestin GP, Niessen 
WJ, Breteler MM, van der Lugt A. Incidental findings on brain MRI in the general 
population. N Engl J Med 2007;357:1821–8.

http://dx.doi.org/10.1111/cge.12007
http://dx.doi.org/10.1002/(SICI)1096-8628(19980518)77:3<228::AID-AJMG8>3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1096-8628(19980518)77:3<228::AID-AJMG8>3.0.CO;2-L
http://dx.doi.org/10.1136/jmg.2004.029504
http://dx.doi.org/10.1016/j.neuchi.2015.10.006
http://www.sciencedirect.com/science/article/pii/S0028377015002799
http://www.sciencedirect.com/science/article/pii/S0028377015002799
http://dx.doi.org/10.1007/s00415-014-7303-1
http://dx.doi.org/10.1212/WNL.54.5.1132
http://dx.doi.org/10.1002/gcc.20733
http://dx.doi.org/10.1097/MAO.0b013e3182a1a8b4
http://wwwhranhsuk/documents/2016/06/defining-researchpdf
http://dx.doi.org/10.1111/j.1399-0004.2011.01816.x
http://dx.doi.org/10.1136/jmedgenet-2014-102973
http://dx.doi.org/10.1212/WNL.0000000000003418
http://dx.doi.org/10.1093/neuonc/nos218
http://dx.doi.org/10.1002/cncr.20088
http://dx.doi.org/10.1056/NEJMoa070972

