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Abstract 
Background.  Radiation treatment of benign tumors in tumor predisposition syndromes is controversial, but short-
term studies from treatment centers suggest safety despite apparent radiation-associated malignancy being re-
ported. We determined whether radiation treatment in NF2-related schwannomatosis patients is associated with 
increased rates of subsequent malignancy (M)/malignant progression (MP).
Methods.  All UK patients with NF2 were eligible if they had a clinical/molecular diagnosis. Cases were NF2 patients 
treated with radiation for benign tumors. Controls were matched for treatment location with surgical/medical treat-
ments based on age and year of treatment. Prospective data collection began in 1990 with addition of retrospec-
tive cases in 1969. Kaplan–Meier analysis was performed for malignancy incidence and survival. Outcomes were 
central nervous system (CNS) M/MP (2cm annualized diameter growth) and survival from index tumor treatment.

Radiation treatment of benign tumors in NF2-related-
schwannomatosis: A national study of 266 irradiated 
patients showing a significant increase in malignancy/
malignant progression  
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Results.  In total, 1345 NF2 patients, 266 (133-Male) underwent radiation treatments between 1969 and 2021 
with median first radiotherapy age of 32.9 (IQR = 22.4–46.0). Nine subsequent CNS malignancies/MPs were 
identified in cases with only 4 in 1079 untreated (P < .001). Lifetime and 20-year CNS M/MP was ~6% in all 
irradiated patients—(4.9% for vestibular schwannomas [VS] radiotherapy) versus <1% in the non-irradiated 
population (P < .001/.01). Controls were well matched for age at NF2 diagnosis and treatment (Males = 
133%–50%) and had no M/MP in the CNS post-index tumor treatment (P = .0016). Thirty-year survival from 
index tumor treatment was 45.62% (95% CI = 34.0–56.5) for cases and 66.4% (57.3–74.0) for controls (P = .02), 
but was nonsignificantly worse for VS radiotherapy.
Conclusion.  NF2 patients should not be offered radiotherapy as first-line treatment of benign tumors and 
should be given a frank discussion of the potential 5% excess absolute risk of M/MP.

Key Points

• Radiotherapy is associated with an increased risk of malignancy in NF2.

• Survival in matched controls is worse after radiotherapy in NF2.

Neurofibromatosis type 2, now called NF2-related-
schwannomatosis,1 is an autosomal dominant tumor 
predisposition disorder with high penetrance and re-
duced life expectancy.2–4 The predisposition is primarily 
to benign nerve sheath tumors (schwannomas), benign 
meningiomas, and usually indolent slow-growing spinal 
ependymomas.2,5 True CNS malignancy in the absence of 
radiation treatment is very rare.5,6 Despite a number of 
reports indicating apparent safety in regards to radiation 
treatments in NF2,7–10 there remain concerns about malig-
nant induction risk.11 Selection of NF2 patients for radiation 
treatment is complex and balances patient choice with age 
of the patient, requirement for hearing preservation partic-
ularly on the second side VS and also for treatment of re-
sidual tumors after surgery. Whilst the majority of clinical 
reports refer to stereotactic radiation treatment for vestib-
ular schwannomas (VS),7–9 meningioma treatments with 
radiation have also become more common recently.10 All 
reports are limited by the number of NF2 patients treated 
and relatively short follow-up. Although malignant trans-
formation of schwannomas post-irradiation is uncommon 
it is noteworthy that almost half the cases following VS ra-
diation treatments occurred in NF2 patients whilst prob-
ably less than 5% of the cases treated were NF2 patients.11 

There are concerns not just about the potential increased 
risks of malignant progression (MP) in the often, multifocal 
tumors of NF2 but also in the induction of new malignan-
cies or indeed meningiomas and schwannomas in the radi-
ation volume (field) in this tumor-predisposing condition.12

This work evaluates the whole UK experience of radia-
tion treatments in NF2, representing over 30 years of pro-
spective assessments, in a case–control methodology to 
assess malignancy risk and survival from treatment.

Methods

Patients meeting clinical diagnostic criteria for NF2 and 
who had resided or were residing in the United Kingdom 
were eligible for assessment. The UK NF2 national da-
tabase has been recording NF2 patients since 1990 and 
has close to complete ascertainment of all NF2 patients 
in the United Kingdom based on a nationally commis-
sioned highly specialized service for England inaugurated 
in 2010.2–4 Patients meeting NF2 diagnostic criteria were 
excluded based on the presence of a germline LZTR1 var-
iant and/or different pathogenic variants in the NF2 gene 

Importance of the Study

Patients with NF2 are increasingly being offered ra-
diation treatments as first-line therapy for vestibular 
schwannoma and meningioma and the risk of malig-
nancy is usually downplayed as there is currently no 
reliable data on actual risk. The current study encom-
passes real-world data from 266 NF2 patients who 
have received radiotherapy for benign tumors over 
a more than 50-year time period. The study is a total 
country audit with very high patient ascertainment and 

completes follow-up to death. The study shows a 6% 
20-year risk of CNS malignancy/malignant progression 
in radiation-treated patients compared to <1% in non-
irradiated patients. The study provides, for the first time, 
an accurate assessment of malignancy risk that can be 
used when discussing radiation treatment with NF2 pa-
tients. The study also has implications for malignancy 
in other tumor predisposition syndromes, beyond NF1, 
where the malignancy risk is already established.
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in anatomically distinct tumors in the absence of germline 
or common PV in tumors (n = 16) as well as cases born 
before 1900 (n = 3). Cases were defined as those who had 
undergone radiation treatment for a benign, or presumed 
benign, central nervous system (CNS) tumor hereafter 
called the index tumor. This included stereotactic (nearly 
all Gamma Knife) radiotherapy or fractionated treatments 
for a CNS schwannoma, meningioma, or ependymoma. A 
case–control or matched retrospective cohort study anal-
ysis was carried out by matching cases to controls within 
the NF2 national database who were within 3 years of age 
at the time of treatment of the relevant tumor type (vestib-
ular schwannoma, cranial meningioma, or spinal tumor), 
this included second or subsequent treatments of tumors 
before the “index” tumor. Controls were then also matched 
on year of birth (ideally within 4 years), and where pos-
sible, for sex. Unfortunately, matching was not possible 
on tumor size as many cases were historic without avail-
able imaging, but the vast majority of VS >3.5cm had sur-
gery, not radiation therapy. The usual limit agreed upon 
by the main radiosurgery center (Sheffield) in the United 
Kingdom is a 3cm diameter13 based on previous poor re-
sponses in these larger tumors.14 As all radiotherapy re-
ferrals for NF2 in the last 12 years have been from the 4 
centers represented in this paper and the great majority in 
the 10 years prior to that we are confident that very few tu-
mors exceeded 3.5cm in diameter at radiation treatment.

Follow-up was assessed from tumor treatment date 
(surgery or start of bevacizumab for controls) to date of 
last follow-up, death, or date of malignant tumor occur-
rence/progression. Whilst the great majority of radiation 
treatments were first treatments without prior surgery, 
second or third treatments for the controls were allowed 
to prevent bias. Where final histology was not available a 
2cm annualized growth for schwannoma, meningioma, 
or ependymoma was considered MP. For schwannoma, 
a diagnosis from the contemporaneous histopatholog-
ical report of malignant peripheral nerve sheath tumor 
(MPNST) or Triton tumor and for meningioma World Health 
Organization (WHO) grade 3 histology was considered 
malignant.15 WHO Grade 3 or above for glial tumors were 

considered malignant. MP of the treated tumor or a new 
onset CNS malignancy of any kind were included in both 
the irradiated and non-irradiated cases. Tumors were con-
sidered as potentially radiation-induced if they arose 
within the high or low dose radiation volumes (ie, within 
the radiation field including the beam penumbra), and not 
radiation-induced if they received no radiation or a negli-
gible dose (ie, arose beyond the radiation field, receiving 
at most low dose scattered irradiation). Kaplan–Meier 
was used to assessing (1) cumulative incidence of MP/
occurrence, and (2) cumulative survival from date of di-
agnosis to death. P-values of less than .05 were regarded 
as statistically significant. Analysis was performed in Stata 
version.v.14 (StataCorp. 2015. Stata Statistical Software: 
Release 14. College Station, TX: StataCorp LP).

Molecular analysis was performed in Manchester as pre-
viously described using both blood and where available 
tumor DNA.16 Latterly from 2013 the analysis included next-
generation sequencing of the coding sequence and intron/
exon boundaries as well as a test for large rearrangements 
with Multiple Ligation dependent Probe Amplification 
(MLPA).

Ethical approval for this study is covered by the North 
West – Greater Manchester Central Research Ethics 
Committee (reference 10/H1008/74).

Results

A total of 1345 NF2 patients meeting clinical or molec-
ular criteria and having resided in the United Kingdom 
were identified (Table 1). Two hundred and sixty-six pa-
tients (19.8%) had undergone radiation treatments for VS 
(n = 209 cases, 208 first treatment, 53 bilateral), cranial 
meningioma(s) (n = 49; 42 first treatments (VS treated first 
in 7), 10 multiple episodes) and spinal tumor(s) (n = 15). The 
earliest treatment was in 1969 and only 20/266 (7.5%) had 
their first treatment before 1990. The vast majority of the 
VS treatments were Gamma Knife with peripheral margin 
doses ranging from 10 Gy to 25 Gy (most treatments 

Table 1. Number of Patients Undergoing Radiotherapy at Different Sites

 First Treatment Radiation Dose Second and Subsequent 

Single-fraction stereotactic treatments

Unilateral VS gamma knife/Cyberknife/Linac 187 Range 10–25Gy
Median 14Gy
IQR 12–16Gy

53*

Meningioma gamma knife single fraction 39 12–25Gy
Median 15Gy
IQR 12–15Gy

13

Trigeminal schwannoma gamma knife 1 12Gy 1

Fractionated treatments

Unilateral VS photon 21 50–54Gy

Spine photon 13 50–54Gy 1

Spine photon 1 50Gy

Meningioma proton 3 50–54Gy
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Table 2. NF2 Patients Identified From UK Database, With and Without Radiation-Based Treatment

 No RT No RT Matched RT P-value 
Matched Set 

Number of patients with NF2 1079 266 266

median age of NF2 diagnosis (years) 33.0 28.0 28.5 .98

IQR 18–50 19–43 18-44

median year birth 1967 1971 1971 .95

IQR 1952–1986 1957–1983 1958–1981

Mean age first symptom 28.3 (missing 
n=190)

27.07 28.10

median age treatment index tumor 
(years)

- 31.3 32.9 .366

IQR - 22.7-45.0 22.4-46.0

Median time from NF2 diagnosis to 
treatment of index tumor (years)

1.61 2.75

IQR 0.35–5.54 0.71–6.83

Male 499 133 133 1.0

% 46.3% 50.0% 50.0%

Follow-up from NF2 diagnosis years 12674.23 4580.54 4142.34

Mean follow-up from NF2diagnosis 
(years)

11.75 17.22 15.57 .04

Median follow-up (years) 9.56 15.92 14.85 .13

IQR 5.1 – 16.9 9.3–24.0 8.9–22.1

Follow-up from treatment of index 
tumor years

- 3778.12 2993.15

Mean follow-up from treatment 
(years)

- 14.2 11.25 <.001

Median follow-up (years) - 11.9 9.83 .005

IQR - 5.8–20.0 4.1–16.6

CNS malignancy from date of 
 treatment (number)

5 (0.46%) 0 9* (3.4%) .004

Sites RT/surgery N/a 208 VS
42 meningioma

15 spinal

208 VS
42 meningioma

15 spinal

1.0

CNS malignancy types 2 epithelioid 
sarcomas

3 grade 3 me-
ningioma

None
-1 grade 3 meningioma but 

prior to matching

4 MPNST/malignant 
schwannoma

2 grade 3 meningioma
1 glioblastoma

2 aggressive ependymoma

Died 232 58 72 .19

% 21.5% 21.8% 27.1%

mean age death (years) 47.05 47.86 42.69 .07

Median (years) 44.68 45.79 39.75 .07

IQR 30.2–63.5 35.9–59.5 30.8–51.2

CVA death 4 0 2 .50

% deaths 1.72% 0% 2.82%

heterozygote PV 535 160 139 .08

% Heterozygote 49.58% 60.1% 52.3%

Mosaic 189 63 49 .17

% 17.5% 23.7% 18.4%

not found 355 43 78 .004

% 32.90% 16.2% 29.3%

severe heterozygote PV 137 47 39 .28

% 12.7% 17.7% 14.7%

RT-radiotherapy for benign/presumed benign disease; *-1 grade 3 meningioma excluded as occurred before RT and one MPNST, not in radiation 
volume; PV, pathogenic variant; IQR, interquartile range; VS, vestibular schwannoma; CVA, cerebrovascular accident (stroke). 
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12–15 Gy) and were carried out at the National Centre for 
Stereotactic Radiosurgery in Sheffield. Most meningioma 
treatments were also Gamma Knife but included mul-
tiple meningioma treatments simultaneously (maximum 
5) and 10 had more than one episode of treatment, there 
were also 5 fractionated treatments. All spinal treatments 
except one were fractionated mainly to treat presumed 
intraspinal ependymoma. Four patients received proton 
beam therapy—1 spinal ependymoma, 3 meningiomas. 
Forty-seven patients received radiation treatment before 
age 20 (17.7%) and 32 (12.1%) before age 18. There were 
304 patients from the full series that had died including 25 
in the postoperative period: 20 in the non-irradiated group 
(1.9%) and a similar proportion (n = 5; 2.0%) in the irradi-
ated group. Non-irradiated patients had a wider birth year 
distribution and fewer had a heterozygote PV identified 
(Table 2). Matching of cases and controls provided a very 
similar birth year and age at treatment distribution with 
non-irradiated cases having more confirmed heterozygote 
pathogenic variants and were slightly younger at index 
tumor treatment (Table 2). Bias is unlikely as time from di-
agnosis to index treatment was almost identical at 3.3 and 
3.4 years and mean age at first symptom was also very 
close at 27.1 for non-irradiated versus 28.1 for irradiated.

Nine patients met the criteria for new malignancy (n = 
7 pathology proven) or MP (n = 2) in the irradiated group 
(Table 3), and all but one qualified as potentially radiation-
induced. A number have been previously reported in-
cluding a glioblastoma 3 years post radiation in the brain 
stem between the bilateral VS radiations7 and a Triton 
tumor MP of a VS,7 although prior pathology was not avail-
able. MP of a VS was reported in a 2003 publication with 
clear evidence of initial benefit with shrinkage from radio-
therapy and subsequent rapid growth that could not have 
been due to radiation time-specific edema or necrosis.17 
A rapid ependymoma progression causing death (no pa-
thology) and a grade 3 meningioma have also been pre-
viously reported.18 The current report contains 4 further 
new reports (Table 3): An MPNST in the VS 7 years after 
Gamma Knife, a MP of an ependymoma after spinal ra-
diotherapy and a grade 3 meningioma which progressed 
rapidly over a 14-month period 16 years post-irradiation 
aged 15 years for a VS, with full treatment margins within 
1cm of the subsequent initial meningioma formation. 
The final patient had a rapidly growing malignant nerve 
sheath tumor at L4, therefore not in the radiation volume, 
8 years post-radiotherapy for VS and died within 2 months. 
All 8 malignancy patients died as a result of their malig-
nancy or sequelae of treatment, the 1 survivor of 9 only 
just being post-operative although with good clearance on 
the first scan. For VS there are now 3 MPs of the primary 
tumor amongst 261 treated compared to 0/2049 VS not 
treated with radiation (P = .0015). Two of 32 (6.2%) patients 
having radiotherapy <18 years and 5/82 (6.1%) <25 years of 
age developed a malignancy/MP compared to only 4/184 
(2.2%) after the 25th birthday (P = .14).

We also report a failure of proton beam radiotherapy for 
presumed intraspinal ependymoma aged 14 that had on-
going progression this is not included in the MP figures. 
The patient, with near-normal neurological function pre-
treatment, developed a progressive spastic quadriplegic 
within a few weeks of treatment and started to develop a 

spinal deformity which became a severe hyper-kyphosis 
with scoliosis, and respiratory function was comprom-
ised. Died within 15 months of treatment. Six of the fifteen 
spinal irradiation cases have died with 3 directly as a result 
of radiation treatment.

In the non-irradiated group, there were only 3 grade 3 
meningiomas (0.27%) censored at diagnosis. There were 
2 recent epithelioid sarcomas one affecting the spine 
which could have been of Schwann cell origin.19 The 
second was behind the knee and therefore not of CNS 
origin so was excluded from the main analysis. Both pa-
tients died from their sarcomas within 2 years aged 23 and 
54 years. No unirradiated patient met the criteria for MP 
of VS or ependymoma. The only patient who died from 
slower ependymoma progression was a male who died 
aged 33 years, who had previously undergone unilateral 
VS Gamma Knife aged 16. He was not included in the MP 
group as he did not meet the growth criteria and the tumor 
was not in the radiation volume.

Kaplan–Meier Analysis

Lifetime incidence of CNS malignancy is shown in Figure 1 
for the full cohort and shows a cumulative risk to age 70 
years of 5.7% for irradiated patients compared to 0.7% in 
non-irradiated, equivalent to an absolute excess of 5% (P 
< .0001). Figure 2A shows a cumulative risk of 6% at 20 
years post-radiotherapy for CNS malignancy (although 1/9 
tumors were not in the radiation volume), this compares 
to zero in the matched set (P = .0016). For the VS matched 
set cumulative risk was 4.89% (95% CI = 2.06–11.4) for ma-
lignancy at 20 years-(Figure 2A; P = .01). If we exclude 
the spinal ependymoma without pathology this drops to 
5.33% (95% CI = 2.34–11.87) risk of CNS malignancy at 70 
years and a cumulative risk of 5.61% (95% CI = 2.63–11.8) 
at 20 years post-treatment (supplementary figures). Finally 
Figure 3 shows a reduced survival from treatment of the 
index tumor with survival at 30 years of only 45.6% (95% 
CI = 34.0–56.5) in irradiated cases, compared to 66.4% 
(95% CI = 57.3–74.0) in matched unirradiated controls. For 
VS this did not reach significance overall but survival at 
30 years was 44.7% (31.2–57.3) compared to 63.8% (53.1–
72.6) with the lower 95% CI for the unirradiated group not 
overlapping the RT group.

Discussion

The present study represents by far the largest series of 
NF2 patients to the best of our knowledge that have under-
gone radiation treatment for the benign tumors that occur 
in the condition. The study shows a clearly increased inci-
dence of malignancy/MP in irradiated CNS tumors with a 
cumulative risk of 6% at 20 years post-treatment. This is in 
contrast to unirradiated patients who have a lifetime risk 
of such malignancy of <1%. Many previous studies from 
centers that undertake radiation treatments comment on 
the likelihood that malignancy identified post-radiotherapy 
in individuals without prior biopsy of the treated tumor 
was in fact already malignant at the time of treatment.7–10 
However, data from the present study and our previous 



 6 Evans et al.: Malignancy/malignant progression post NF2 radiotherapy

Ta
bl

e 
3.

 
M

al
ig

na
nt

 o
r P

re
su

m
ed

 M
al

ig
na

nt
 D

is
ea

se
 F

ol
lo

w
in

g 
Ra

di
at

io
n-

Ba
se

d 
Tr

ea
tm

en
t f

or
 B

en
ig

n 
Di

se
as

e

C
as

e 
S

ex
 

A
g

e 
at

 N
F2

 
D

ia
g

n
o

si
s 

N
F2

 D
ia

g
n

o
si

s 
V

S
 

N
F2

  A
n

al
ys

is
 

R
ad

ia
ti

o
n

 S
it

e/
Ty

p
e 

A
g

e 
R

T
 

M
al

ig
n

an
t P

ro
g

re
ss

io
n

/N
ew

 
 O

cc
u

rr
en

ce
 

A
g

e 
M

al
ig

n
an

t 
Pr

o
g

re
ss

io
n

 
(M

P
)/

n
ew

 o
c-

cu
rr

en
ce

 (N
O

) 

Pa
th

o
lo

g
y 

D
el

ay
Ye

ar
s 

A
g

e 
at

 D
ea

th
*D

ea
th

 F
ro

m
M

al
ig

n
an

cy
/R

T
 

R
ef

 

N
ew

 m
al

ig
n

an
t t

u
m

o
r 

(p
o

te
n

ti
al

 in
d

u
ct

io
n

 c
as

es
 6

00
9,

 2
37

3)

60
09

F
13

B
ila

te
ra

l
fr

am
es

h
ift

 
d

el
et

io
n

 P
V

st
er

eo
ta

ct
ic

 R
T

15
G

y 
m

ar
g

in
al

 d
o

se
, V

S
 

b
ila

te
ra

l

15
.6

M
en

in
g

io
m

a 
g

ra
d

e 
3 

in
it

ia
l m

e-
n

in
g

io
m

a 
w

it
h

in
 1

cm
 o

f V
S

 tr
ea

t-
m

en
t,

 n
o

t p
re

se
n

t a
t t

im
e 

o
f R

T

32
 N

O
Ye

s
16

.4
5

N
/a

 <
1 

ye
ar

 fr
o

m
 

d
ia

g
n

o
si

s

24
01

M
10

B
ila

te
ra

l
n

o
t i

d
en

ti
fi

ed
st

er
eo

ta
ct

ic
 R

T,
 V

S
 

b
ila

te
ra

l
21

.7
M

P
N

S
T

 -B
io

p
sy

-m
al

ig
n

an
t 

m
yx

o
id

 tu
m

o
r 

w
it

h
 IN

I1
 lo

ss
 a

t L
4 

n
o

t i
n

 R
T

 fi
el

d

30
 M

P
Ye

s
8.

27
30

.5
*

23
73

F
52

B
ila

te
ra

l
sp

lic
e 

ac
-

ce
p

to
r 

si
te

 P
V

st
er

eo
ta

ct
ic

 R
T,

 V
S

 
b

ila
te

ra
l 1

.8
 c

m
3  

14
G

y 
m

ar
g

in
al

 d
o

se

58
.1

G
lio

b
la

st
o

m
a 

g
ra

d
e 

4 
b

ra
in

 s
te

m
61

 N
O

Ye
s

2.
94

62
.1

*
7

M
al

ig
n

an
t p

ro
g

re
ss

io
n

/t
ra

n
sf

o
rm

at
io

n

23
93

M
21

B
ila

te
ra

l
n

o
t i

d
en

ti
fi

ed
st

er
eo

ta
ct

ic
 R

T,
 V

S
 

b
ila

te
ra

l 1
5G

y 
m

ar
g

in
al

 
d

o
se

 to
 3

.3
cm

 V
S

 
an

n
u

al
 g

ro
w

th
 p

re
-R

T
 

7m
m

22
.4

S
ch

w
an

n
o

m
a 

m
al

ig
n

an
t p

ro
g

re
s-

si
o

n
 n

o
 s

u
rg

er
y.

 In
it

ia
l s

h
ri

n
ka

g
e 

at
 1

 y
ea

r 
to

 2
.8

cm
 c

en
tr

al
 n

e-
cr

o
si

s.
 R

ep
re

se
n

ta
ti

o
n

 1
8 

m
o

n
th

s 
la

te
r 

w
it

h
 5

.8
cm

 V
S

 m
o

ri
b

u
n

d

25
 M

P
n

o
2.

57
25

.6
*

14

16
33

M
12

B
ila

te
ra

l
S

p
lic

e 
si

te
 P

V
st

er
eo

ta
ct

ic
 R

T,
 V

S
 

u
n

ila
te

ra
l 2

9.
6m

m
 V

S
 

31
 m

o
n

th
s 

b
ef

o
re

 R
T.

 
35

.2
m

m
 6

 m
o

n
th

s 
b

e-
fo

re
 a

n
d

 3
7.

0m
m

 o
n

 th
e 

d
at

e 
o

f S
R

S
. A

n
n

u
al

-
iz

ed
 g

ro
w

th
 r

at
e 

3m
m

33
.2

M
P

N
S

T,
 m

al
ig

n
an

t f
ea

tu
re

s 
o

n
 h

is
to

lo
g

y 
af

te
r 

re
m

ov
al

 o
f 

ra
p

id
ly

 g
ro

w
in

g
 V

S
 7

 y
ea

rs
 p

o
st

-
tr

ea
tm

en
t

40
.2

Ye
s

7.
0

40
.2

* 
D

ie
d

 p
o

st
-

o
p

er
at

iv
el

y 
fr

o
m

 
p

n
eu

m
o

n
ia

.

11
6

F
29

B
ila

te
ra

l
n

o
t i

d
en

ti
fi

ed
st

er
eo

ta
ct

ic
 R

T,
 V

S
 u

n
i-

la
te

ra
l 1

5G
y 

m
ar

g
in

al
 

d
o

se
 3

.9
 c

m
3  

(2
.5

cm
 

d
ia

m
et

er
) f

ro
m

 1
.8

cm
 

ye
ar

 b
ef

o
re

. A
n

n
u

al
 

g
ro

w
th

 r
at

e 
p

re
-R

T
 

7m
m

31
.4

M
P

N
S

T
/T

ri
to

n
 g

ra
d

e 
3/

m
al

ig
n

an
t 

tr
an

sf
o

rm
at

io
n

 o
f s

ch
w

an
n

o
m

a 
13

.6
 c

m
3  

4c
m

 d
ia

m
et

er
: g

ro
w

th
 in

 
12

 m
o

n
th

s 
1.

5c
m

 d
ia

m
et

er

34
 M

P
Ye

s
2.

57
34

.6
*

7

16
52

F
50

R
ig

h
t V

S
 p

lu
s 

m
u

l-
ti

p
le

 m
en

in
g

io
m

as
n

o
t i

d
en

ti
fi

ed
Fr

ac
ti

o
n

at
ed

 p
h

o
to

n
 

ra
d

io
th

er
ap

y,
 m

en
in

-
g

io
m

a

32
.4

M
en

in
g

io
m

a 
g

ra
d

e 
3,

 p
ri

o
r 

h
is

-
to

lo
g

y 
g

ra
d

e 
1

47
 M

P
Ye

s
14

.6
5

56
.8

*
15

18
6

F
18

B
ila

te
ra

l
n

o
t i

d
en

ti
fi

ed
Fr

ac
ti

o
n

at
ed

 p
h

o
to

n
 

ra
d

io
th

er
ap

y,
 s

p
in

e
C

2-
C

4 
3c

m
 a

t R
T

22
.3

E
p

en
d

ym
o

m
a 

m
al

ig
n

an
t p

ro
g

re
s-

si
o

n
 s

p
in

e
S

p
re

ad
 to

 in
vo

lv
e 

b
ra

in
 s

te
m

 
(5

cm
 s

u
p

er
io

rl
y)

 a
n

d
 m

o
st

 o
f 

sp
in

al
 c

o
rd

23
 M

P
N

o
0.

67
25

.3
*



N
eu

ro-O
n

colog
y 

A
d

van
ces

7Evans et al.: Malignancy/malignant progression post NF2 radiotherapy

work shows that such malignancy in particular MPNST and 
high-grade glioma is extremely uncommon in NF2 and has 
never been reliably reported in an NF2 VS without prior 
irradiation.5,6 Although the glioblastoma in the current re-
port is rather early for an induced tumor from radiation 
after only 3 years, previous reports of glioblastoma in NF2 
patients again only appear to have been after prior radia-
tion treatment.5,20 The present report also highlights three 
malignant transformations/progressions of the target 
VS post-radiotherapy. None of these tumors had a ma-
lignant pattern of growth prior to treatment and had the 
typical initial enlargement from tumor swelling and then 
shrinkage before rapid enlargement occurred.17 Whilst in-
duction of malignancy not in an index irradiated tumor 
typically occurs 7–20 years post-radiotherapy, malignant 
induction in the target VS typically occurs from 2 years on-
wards (2.6, 2.6, and 7 years in the current report). Survival 
from the malignancies in the current report is very poor in 
keeping with the literature and is likely to be a contributor 
to the poorer overall survival post-radiotherapy than in the 
matched non-irradiated patients.

There is also a concern about over-treating with radi-
ation in childhood or early adulthood when it is known 
that risks are much higher for radiation induction.21 A 
nonsignificantly higher proportion of those irradiated 
under 25 years of age (6%) developed a malignancy/MP 
compared to older patients (2% P-.14). Radiation treat-
ments in NF2 should therefore not be used as an early 
intervention in childhood when tumors are small and 
non-threatening. Tumors that are easily accessible surgi-
cally without any significant likelihood of deficit such as 
superficial meningiomas in particular should be offered 
surgery as the primary treatment option. Whilst radiation 
treatments will still have a place in treating tumors in NF2, 
particularly in older patients, in those with comorbidities 
and when tumors are inoperable, the current results sug-
gest they should not be the first-line option for treatment 
of benign tumors, especially in children and young adults 
with NF2.

There is a particular concern about using radiotherapy 
for the usually indolent intraspinal ependymomas. These 
tumors are present often as small, frequently multiple foci 
on MRI and on the rare occasions they are biopsied or sur-
gically removed, they are classified as ependymoma.22,23 
Radiation therapy in 15 cases was associated with death 
within 4 years in 20% of cases. Of 15 patients who under-
went spinal RT, 20% (3/15) died within 4 years all due to dis-
ease progression. Although in the United Kingdom, there 
has been a reluctance to undertake surgery for these tu-
mors due to potential high morbidity, surgical outcomes 
when judicially planned can be very beneficial in the rare 
tumors that do require intervention.23 Bevacizumab can 
also be of benefit, especially for cystic ependymoma.24 One 
of the failed cases had undergone proton beam therapy. 
Whilst this form of radiation treatment is attractive in NF2 
due to sharp fall-off in radiation dose around the target 
volume, there should also be reservations about using this 
form of radiotherapy in NF2, as 2/4 proton-treated cases 
have had poor outcomes, and the other 2 are too early in 
follow up to be certain.

The current study has some limitations. It was not fea-
sible to match patients precisely on tumor burden or the 
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size or growth rate of the index tumor prior to surgical/radi-
ation/bevacizumab treatment. We did have tumor sizes for 
those with malignancy and none of the MPs were growing 
at a rate to suggest any likelihood of malignancy with 2 VS 
growing at 7mm and a third at only 3mm annually, very 
similar to VS treatments with bevacizumab-(Table  3).4 
This might lead to speculation that those undergoing ra-
diotherapy were more severely affected. In reality, the 
matched patient group was more likely to be severely af-
fected as a higher proportion had full heterozygote and se-
vere truncating pathogenic variants, which are associated 
with higher mortality3; far less had undiscovered variants, 
suggesting a higher proportion of irradiated patients had 
very low-level mosaicism and a better prognosis.3,25 Also, 
for the predominantly treated tumor, VS, there is a limita-
tion because radiation is almost never used in the United 
Kingdom for tumors of >3.5cm (one of the malignant 
transformations was 37mm at treatment), whereas many 
surgical patients have tumors of greater than this size, in-
cluding many of the matched control group. It is of note 
that all 3 of the malignancies after radiotherapy in VS were 
in tumors that were relatively large and faster growing 
so it is possible these would be more of a concern in any 
case for treating with radiation. Another potential bias is 
that radiotherapy patients may have had prior surgical or 
bevacizumab treatment. However, controls for the index 
tumor were also not selected on their first tumor treat-
ment, and the delay from diagnosis to index tumor treat-
ment was almost identical between cases and controls. 
Overall, our matching of patients is likely therefore to have 
selected a more severe phenotype in the non-irradiated 
group who then had better survival. In addition to the ma-
lignancy risk, radiation treatment is likely in a condition 

like NF2 to induce further meningiomas and schwannomas 
in the radiation volume, especially in children.12,21 This 
may contribute to increased death rate, although vascular 
events, unlike in NF1, do not seem to play a part (Table 1). 
We do not have volume of radiation for many patients 
so we are unable to assess a volume-treated risk assess-
ment. We have not carried out detailed molecular analysis 
of the 8 potential radiation-induced malignancies, in part 
as 2 did not have material and 3 are no longer available. 
Previous reports on meningiomas have shown with RNA 
sequencing and methylation profiling, that NF2 gene re-
arrangements were present in 12/31 of radiation-induced 
meningiomas,26 an observation previously unreported in 
sporadic meningioma. As our cohort only included 2 grade 
3 meningiomas after radiation and these already had an 
underlying heterozygous NF2 variant it is unlikely that we 
would have found an NF2 rearrangement as a second hit. 
Combined losses of chromosomes 1p and 22q were also 
found to be common in radiation-induced meningiomas 
(16/18 cases) and overall, chromosomal aberrations were 
more complex than that observed in sporadic tumors.26 
On the basis of 2 potentially radiation-induced tumors and 
three without radiation it is unlikely we would have been 
able to prove causality. No clear radiation-induced signals 
have been found in MPNST to the best of our knowledge 
other than from Nf1 mouse models.27

There are also major strengths to this study. It effectively 
represents a whole population study of NF2 patients with 
all NF2 patients being managed by just 4 centers.7,28 This is 
likely to represent extremely high ascertainment with no 
patients being totally lost to follow-up and deaths identi-
fied for all patients through the NHS registry system. This 
is in contrast to many radiation treatment centers which 
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mainly discharge patients back to a local neurosurgical 
center for follow-up.

In summary, the present study represents the first 
major attempt to match radiation-treated NF2 patients to 
non-irradiated controls with comprehensive long-term 
follow-up. The study shows convincingly that there is 
a significant risk of malignancy/MP that needs to be dis-
cussed frankly with any NF2 patients, especially when 
that patient is young. In our view, radiation treatments 
should not be first-line treatment for benign tumors in 

NF2 patients especially given the future promise of drug 
treatments in the wake of the already proven benefits from 
bevacizumab.4,29 In an ideal world a randomized study of 
treatment interventions should be planned to assess sur-
vival and quality of life in NF2. The study also has implica-
tions for radiation treatments in other tumor predisposition 
syndromes, beyond NF1 where a high-risk of MPNST 
and high-grade glioma is already known after child-
hood irradiation,30 and especially for SMARCB1-related-
schwannomatosis in which MPNST is already reported.31
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