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Abstract

Background: Treatment of intracranial arteriovenous malformations (AVMs) includes surgery, radiation therapy, en-
dovascular occlusion, or a combination. Proton radiation therapy enables very focused radiation, minimizing dose to the
surrounding brain.

Purpose: To evaluate the presence of radiation-induced changes on post-treatment MRI in patients with AVMs treated
with proton radiation and to compare these with development of symptoms and nidus obliteration.

Material and Methods: Retrospective review of pre- and post-treatment digital subtraction angiography and MRI and
medical records in 30 patients with AVMs treated with proton radiation. Patients were treated with two or five fractions;
total radiation dose was 20–35 physical Gy. Vasogenic edema (minimal, perinidal, or severe), contrast enhancement
(minimal or annular), cavitation and nidus obliteration (total, partial, or none) were assessed.

Results: 26 of 30 patients (87%) developed MRI changes. Vasogenic edema was seen in 25 of 30 (83%), abnormal contrast
enhancement in 18 of 26 (69%) and cavitation in 5 of 30 (17%). Time from treatment to appearance of MRI changes varied
between 5 and 25 months (median 7, mean 10). Seven patients developed new or deteriorating symptoms that required
treatment with corticosteroids; all these patients had extensive MRI changes (severe vasogenic edema and annular contrast
enhancement). Not all patients with extensive MRI changes developed symptoms. We found no relation between MRI
changes and nidus obliteration.

Conclusion: Radiation-induced MRI changes are seen in a majority of patients after proton radiation treatment of AVMs.
Extensive MRI changes are associated with new or deteriorating symptoms.
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Introduction

Intracranial arteriovenous malformations (AVMs) are be-
lieved to be developmental, with an annual detection rate of
1 in 100, 000.1–3 Patients are at increased risk for
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intracranial hemorrhage and neurological symptoms, but
may also be asymptomatic. AVMs can be treated with
surgery, radiation, endovascular occlusion or a combina-
tion of these methods. The decision of treatment method
has to consider many factors, such as the patient’s age,
neurological status, associated clinical risk factors, an-
gioarchitectural features of the AVM and also the patient’s
choice.4 Radiation therapy is non-invasive. After radiation
therapy, there is however a latency period before treatment
effect and as long as there is still a residual nidus there is a
remaining risk for hemorrhage. The patients are also at risk
for radiation-induced complications, both early (e.g.,
edema in the adjacent brain) and late (e.g., leukoence-
phalopathy, necrosis, cysts, and tumors).5–11 Radiation
therapy can be administered with photons or heavy
charged particles (e.g. protons in this case). Photon ra-
diation therapy is widely used and the occurrence of
treatment related MRI findings has been studied in several
previous works.12 Proton radiation therapy has the ad-
vantage of enabling very focused radiation, giving a ho-
mogenous dose to the target while minimizing dose to the
surrounding brain parenchyma. Proton treatment facilities
treating AVMs are however scarce and there is limited data
on normal MRI findings after treatment.13,14 There are
previous studies investigating the appearance of vasogenic
edema after radiation therapy as a possible predictor for
nidus obliteration.14–21

The purpose of the present study was to evaluate the
emergence of radiation-induced changes on post-treatment
MRI in patients with AVMs treated with proton radiation
therapy. We aimed further to assess the possible relation
between post-treatment MRI findings and development of
clinical symptoms and nidus obliteration.

Material and methods

At our institution, all AVMs are reviewed at amultidisciplinary
neurovascular conference and specialists who perform surgery,
endovascular treatment and radiotherapy decide in consensus
the safest and most effective treatment for each patient. Pa-
tients with AVMs treated with proton radiation therapy be-
tween 2002 and 2015 and examined with pre-treatment digital
subtraction angiography (DSA) and MRI and post-treatment
MRI were eligible for inclusion in the study. A total of 30
patients were included. The routine follow-up protocol after
proton radiation therapy during this time period included MRI
after 6, 12, 24 and 36months followed by DSA if there was no
visible AVM nidus left, otherwise follow-up with yearly MRI
continued. A retrospective review of the radiological images
(pre-treatment DSA and MRI and all available post-treatment
DSA and MRI), patients’ medical records and treatment
protocols was performed in March 2021. Institutional Review
Board approval was obtained and guidelines on patient con-
sent have been met.

Clinical information

The patients’ medical records and treatment protocols
from Uppsala University Hospital were retrospectively
reviewed. All the patients were treated at The Svedberg
Laboratory in Uppsala between 2002 and 2015.
The treatment method has been previously described in
detail.14 The normal fractionation was two fractions, the
most common dose 12 physical Gy × 2, but was decreased
in some cases due to critical structures close by. In three
patients, with larger nidus, the fractionation scheme was
altered to five fractions with lower dose per fraction. All
patients received treatment with corticosteroids in con-
nection with the radiation treatment. Presence of new or
deteriorating neurological symptoms that required addi-
tional steroid treatment was noted. Two patients received
additional treatment of the AVM. One patient received
radiotherapy with photons (gamma knife) 50 months after
proton treatment when follow-up DSA showed a small
remaining nidus. The other patient received embolization
of an intranidal aneurysm and arteriovenous fistula
88 months after proton treatment when follow-up MRI
showed a growing intranidal aneurysm. One year later the
patient developed hemorrhage from the residual nidus and
the remaining nidus was completely embolized.

Digital subtraction angiography

Pre-treatment DSA images were assessed by a neuro-
interventionist (L.B.). We assessed nidus size, AVM lo-
cation, number of feeders, number and location of
draining veins, presence of and type of aneurysm and we
calculated Spetzler–Martin score.22 All available post-
treatment DSA images were assessed by a neuro-
interventionist (L.B.) for evaluation of obliteration of the
AVM nidus and graded as total (entire nidus obliterated),
partial (<100% obliteration), or none (no change in size of
nidus).

Magnetic resonance imaging

All MRI images were separately assessed by two radiolo-
gists (J.W. and M.C.V.), blinded to the patients’ symptoms.
The presence of vasogenic edema, contrast enhancement
and cavitation was assessed on post-treatment MRI, with
pre-treatment MRI for comparison. When the two radiol-
ogists disagreed, a consensus reading was conducted. Two
patients received additional treatment of the AVM and their
MRI after the additional treatments were excluded. The
radiological classification used in this article is shown in
Figure 1. We used a modification of previously published
classifications.21,23 Vasogenic edema was defined as
white matter hyperintensity on images from T2-weighted
and/or fluid-attenuated inversion recovery (FLAIR)
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sequences, that was not seen on pre-treatment MRI and
classified as no edema, minimal edema (traces or in-
complete rim), perinidal (complete rim in the white matter
surrounding the nidus or previous nidus location), or se-
vere (as perinidal but the rim at some location at least 2 cm
thick measured on axial images). Contrast enhancement
was defined as extravascular hyperintense signal on im-
ages from contrast enhanced T1-weighted sequence and
classified as no enhancement, minimal enhancement
(traces or incomplete ring), annular enhancement
(complete ring) and not gradable (when there was no
intravenous contrast agent administered). Cavitation was
defined as a lesion with fluid signal on images from T1-
and T2-weighted sequences. All post-treatment MRI
were assessed for evaluation of obliteration of the AVM
nidus and graded as total (entire nidus obliterated), partial
(<100% obliteration) or none (no change in size of nidus).

Statistical analysis

Statistical analysis was performed using IBM SPSS Sta-
tistics 24 (IBM SPSS, Inc.). Inter-rater reliability to de-
termine the consistency among raters for the classification
of findings on post-treatment MRI was calculated using
linear weighted Kappa. A value of 0.21–0.40 was con-
sidered fair agreement; 0.41–0.60, moderate agreement;
0.61–0.80, substantial agreement; 0.81–1.00, almost per-
fect. Kaplan–Meier survival curves were used to illustrate
the appearance of radiation-induced changes over time. In

cases where more extensive changes were observed
without prior observation of less extensive changes, we
chose to regard the appearance of more extensive changes
also as appearance of less extensive changes for the
analysis. Pearson’s Chi-square test and Fischer’s exact test
were used to determine relationship between groups (post-
treatment MRI findings and development of clinical
symptoms or nidus obliteration). For Fisher’s exact test,
MRI findings were regrouped into categories; vasogenic
edema was regrouped into “no or minimal” and “perinidal
or severe,” and contrast enhancement was regrouped into
“no or minimal” and “annular”. Mann–Whitney U test was
used to determine relationship between time to develop-
ment of radiological findings and degree of nidus oblit-
eration. p<0.05 was considered to be statistically
significant.

Results

Clinical information

Thirty patients were included in the study; patient demo-
graphics, AVM characteristics and treatment parameters are
described in Supplementary Table 1 and outcome variables
are described in Supplementary Table 2. Time between
treatment and review of medical records was between 72
and 226 months (median 156, mean 145). Seven patients
developed new or deteriorating symptoms that were asso-
ciated with radiation therapy and required treatment with

Figure 1. Classification of radiation-induced MRI findings after proton-treated AVMs used in this article. MRI: Magnetic resonance
imaging; AVMs: Arteriovenous malformations.
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corticosteroids (e.g. headache, speech disturbance, nausea,
more frequent seizures and worsening of paresis). Time from
radiation treatment to start of treatment with corticosteroids
was between 4 and 23 months (median 9, mean 11). Two
additional patients reported symptoms after radiation treat-
ment, but the association with radiation therapy was unclear
and they were hence not included in the symptomatic group
in the analysis. One patient developed a hemorrhage from the
residual nidus 8 years after radiation therapy.

Radiological follow-up

Some patients did not adhere to the routine radiological
follow-up protocol for various reasons (including re-
settlement, reluctance to DSA or MRI, symptoms re-
quiring repeated or more frequent MRI, and death due to
other causes). Twenty-two patients had undergone post-
treatment DSA until March 2021. DSA could confirm
decrease of nidus size in all 22 patients; total oblitera-
tion in 14 and partial obliteration in 8. Eight patients
did not undergo DSA and obliteration is based on their
latest MRI. A decrease in nidus size on MRI was ob-
served in seven of the eight patients; total obliteration in
two and partial obliteration in 5. One patient did not
undergo DSA and nidus was not seen on pre-treatment
MRI.

Magnetic resonance imaging findings

A total of 129 post-treatment MRI were included in
the study. Of these, 105 were performed with contrast
enhanced T1-weighted images. The MRI was done
between 0 (1 day) and 196 months after treatment
(median 23, mean 29). Each patient was examined with
between 1 and 12 MRI (median 4, mean 4). Median
length of follow-up from treatment with MRI was
40 months (range 15–196, mean 49). Inter-rater reli-
ability for the raters of the post-treatment MRI was 0.71
for vasogenic edema, 0.69 for contrast enhancement and
0.51 for cavitation. MRI findings (vasogenic edema,

contrast enhancement and/or cavitation) were seen in 26
of 30 patients (87%). The frequencies of different MRI
findings are shown in Table 1 and Figure 2. Examples of
MRI findings from different patients are shown in
Figure 3. Time from treatment to first appearance of any
radiological finding (vasogenic edema, contrast en-
hancement, or cavitation) varied between 5 and
25 months (median 7, mean 10). Time from treatment to
first appearance of vasogenic edema was between 5 and
25 months (median 7, mean 9). Contrast enhancement
first appeared between 5 and 42 months (median 15,
mean 17). Time from treatment to appearance of cavi-
tation was between 16 and 59 months (median 36, mean
35). Kaplan–Meier survival curves that illustrate the
interval between treatment and MRI findings are shown
in Figure 4.

Relation between post-treatment MRI findings
and symptoms

We found a significant relation between MRI findings
(both vasogenic edema and contrast enhancement) and
development of symptoms (p < 0.05, Table 2). We did not
find any relation between cavitation and symptoms. All
seven patients with symptoms that required treatment
with corticosteroids had extensive radiological findings
(combination of severe vasogenic edema and annular
contrast enhancement). One patient with symptoms and
extensive radiological findings was recommended cor-
ticosteroids, but there is no follow-up information. Two
patients with extensive radiological findings (combina-
tion of severe vasogenic edema and annular contrast
enhancement) did not develop symptoms.

Relation between post-treatment MRI findings
and obliteration

We found neither any relation between MRI findings and
obliteration of nidus nor between time to development of
MRI findings and obliteration of nidus.

Table 1. Frequencies of radiological changes in patients on post-treatment magnetic resonance imaging.

Vasogenic edema (n 30) Contrast enhancement (n 261) Cavitation (n 30)

Yes 25 (83%) Yes 18 (69%) Yes 5 (17%)
Minimal 9 (30%) Minimal 5 (19%)
Perinidal 3 (10%) Annular 13 (50%)
Severe 13 (43%)

No 5 (17%) No 8 (31%) No 25 (83%)

1Intravenous contrast agent was not administered to four patients.
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Discussion

In this study, we examined 30 patients who have been
treated with proton radiation therapy for intracranial AVMs.
We found a high frequency (87%) of radiation-induced
changes on MRI (vasogenic edema, contrast enhance-
ment and/or cavitation). We found a relation between MRI
findings and symptoms but we did not see any relation
between MRI findings and nidus obliteration.

Diagnosing radiation-induced changes on MRI is
complicated due to lack of studies correlating MRI find-
ings with histopathological information. Histopathological
studies on AVMs after radiosurgery show damage to en-
dothelial cells, followed by progressive thickening of the
intimal layer caused by proliferation of smooth-muscle
cells and finally, cellular degeneration and hyaline
transformation.10,24 Both vasogenic edema and contrast
enhancement may be a manifestation of desired treatment
response, radiation-induced modifications and complica-
tions. Another difficulty is that, there are several scoring
systems that have been proposed for evaluation of post-
treatment MRI,19,21,23,25,26 and there is no consensus on
what scoring system to use. We chose a modified version of
a previously published visual grading scoring system.21,23

A more stringent definition of extensive MRI findings not

depending on the nidus size renders the classification
easier to use and more consistent. No previous study has
evaluated the inter-rater agreement of their scoring sys-
tems; the agreement in our study was moderate to
substantial.

The presence of edema was observed in more patients
(83%) than in previous studies on proton treated AVMs, but
we used different definitions of edema.13,14 In studies on
patients treated with photon radiation, the range of reported
edema is between 4 and 100%, which might reflect dif-
ferences in study design (e.g., different definitions of edema,
radiation doses, patient population, lesions included,
follow-up times etc.).12 Early after proton treatment, edema
surrounding the nidus due to the increased capillary per-
meability caused by endothelial and subendothelial damage
may be present. The progressive proliferation of intimal
muscle cells and narrowing of the vessel lumina seen
months to years after treatment may cause edema due to
venous congestion or ischemia. Delayed radiation-induced
complications, or complications caused by a residual nidus,
may also cause MRI findings surrounding the nidus.

We observed contrast enhancement in 69% of the pa-
tients. We are not aware of any previous study reporting the
frequency of contrast enhancement after proton radiation
therapy of AVMs. There is a large range of reported

Figure 2. Presence of radiation-induced MRI findings in all available post-treatment MRI in 30 patients with proton-treated AVM.
Vasogenic edema of different extent (no, minimal, perinidal, or severe) in 129 post-treatment MRI (2a), contrast enhancement of
different extent (no, minimal, or annular) in 105 post-treatment MRI (2b), and presence of cavitation in 129 post-treatment MRI (2c).
MRI: Magnetic resonance imaging; AVMs: Arteriovenous malformations.
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frequencies of contrast enhancement after photon therapy;
between 16% and 66%.17,20,21,23,27 The damage to endo-
thelial cells seen early after proton radiation treatment of
AVMs may lead to a disruption of the blood–brain barrier
causing contrast enhancement in the adjacent brain pa-
renchyma. Contrast enhancement may also been seen as a
result of complications after radiation therapy (necrosis or
tumors) or as a complication of a residual nidus (ischemia or
hemorrhage).

Five patients (17%) developed cavitation. It should be noted
that this may be a heterogeneous group; including both
radiation-induced necrosis, cyst formations and other types of
new developed fluid collections. In previous studies on both
proton and photon radiation therapy, cyst formation has been
observed in 2% of patients, usually appearing several years after
treatment.7,11 The reported frequencies of radiation necrosis
after photon radiation therapy vary between 0 and 13%.19–21,23

We found that time from treatment to first appearance of
radiation-induced image changes (vasogenic edema, con-
trast enhancement, or cavitation) was between 5 and
25 months (median 7 months). To our knowledge, there is

no other study reporting the time between proton radiation
treatment and MRI findings. In concordance with previous
studies on photon-treated AVMs, we found that there can be
a long interval between treatment and development of MRI
changes.19,23,28 We believe that this is caused by the broad
spectrum of histological etiologies providing MRI findings
with similar appearance.

In our study, seven (25%) patients developed symptoms
that required treatment with corticosteroids and they all had
extensive radiation-induced findings on post-treatment MRI
(severe vasogenic edema and annular contrast enhance-
ment). Not all patients with extensive MRI findings did
develop symptoms though. There is only one previous study
investigating the relation between radiation-induced ra-
diological findings after proton treatment and development
of new or deteriorating neurological symptoms, in which
symptomatic edema was found in 11 of 65 patients (17%).14

This study has an overlap with our study in inclusion of
patients and 16 of the patients in our study have been
described before. There are previous studies on photon
treated AVMs (linear accelerator (LINAC) and gamma

Figure 3. Example images from different patients demonstrating radiation-induced MRI findings after proton-treated AVMs according
to our classification; vasogenic edema (minimal, perinidal, or severe), contrast enhancement (minimal or annular), and cavitation. MRI:
Magnetic resonance imaging; AVMs: Arteriovenous malformations.
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knife) reporting a correlation between more extensive MRI
findings and development of symptoms.19,20,23

It would be desirable if radiological findings could predict
treatment result, primarily because of the latency period before
complete treatment effect and remaining bleeding risk from
residual nidus. We could not find any relation between type,
extent or time to appearance of MRI changes and nidus
obliteration. Blomquist et al. found that patients with edema on
post-treatment CT or MRI had higher rate of total nidus
obliteration.14 Studies on photon radiation therapy (gamma
knife and LINAC) report MRI changes to be a positive pre-
dictive factor for nidus obliteration.15–17 In a meta-analysis on
photon-treated AVMs, no relation was seen between edema
and nidus obliteration.12 Some authors report a correlation
between more extensive MRI changes after gamma knife or
LINAC and nidus obliteration.18,19,26 Others suggest that more
extensive MRI changes could predict earlier nidus
obliteration.20,26 Difference in study designs, no standardized

scoring system for radiation-induced MRI changes and dif-
ferent modalities used to evaluate response is a probable
explanation for the difference in results in these studies.

Various limitations of the study should be mentioned.
The retrospective study design entails that we partly had to
rely on others for data collection and accurate record
keeping. The investigated patient population is small and
heterogeneous with a variable length of follow-up time. Not
all patients followed the routine follow-up protocol and not
all patients underwent post-treatment DSA for assessment
of nidus obliteration.

In conclusion, radiation-induced MRI changes were seen
in a majority of AVM patients after proton radiation
treatment. Patients with symptoms that required treatment
with corticosteroids had extensive MRI changes but not all
patients with extensive MRI changes had symptoms that
required treatment. MRI changes were not found to be
predictive for nidus obliteration.

Figure 4. Kaplan–Meier survival curves for the appearance of vasogenic edema (4a, n 30), contrast enhancement (4b, n 26), and
cavitation (4c, n 30) on post-treatment MRI. Vasogenic edema of different extent (minimal = green dotted line, perinidal = purple
dashed line, or severe = orange continuous line), contrast enhancement (minimal = green dotted line or annular = orange continuous
line), and cavitation (presence of cavitation = orange continuous line) is distinguished. The curves represent fraction of patients without
new MRI findings. Patients lost to follow-up are indicated on the curve as tick marks. In cases where more extensive changes were
observed without prior observation of less extensive changes, we chose to regard the appearance of more extensive changes also as
appearance of less extensive changes for the analysis. MRI: Magnetic resonance imaging.

Correia de Verdier et al. 7



Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with re-
spect to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: Supported
by research grants from the Swedish Stroke Foundation, Uppsala
County Council, Philips Healthcare and GE Healthcare.

ORCID iDs

Maria Correia de Verdier https://orcid.org/0000-0002-1164-1749
Johan Wikström  https://orcid.org/0000-0002-9481-6857

Supplemental Material

Supplemental material for this article is available online.

References

1. Stapf C, Mast H, Sciacca RR, et al. The New York islands
AVM study: design, study progress, and initial results. Stroke
2003;34:e29–33.

2. Al-Shahi R, and Warlow C. A systematic review of the
frequency and prognosis of arteriovenous malformations of
the brain in adults. Brain 2001;124:1900–1926.

3. Tasiou A, Tzerefos C, Alleyne CH Jr., et al. Arteriovenous
malformations: congenital or acquired lesions? World
Neurosurg 2020;134:e799–e807.

4. Derdeyn CP, Zipfel GJ, Albuquerque FC, et al. Management of
brain arteriovenous malformations: a scientific statement for
healthcare professionals from the American heart association/
American stroke association. Stroke 2017;48:e200–e224.

5. Starke RM, Kano H, Ding D, et al. Stereotactic radiosurgery
for cerebral arteriovenous malformations: evaluation of long-
term outcomes in a multicenter cohort. J Neurosurg 2017;126:
36–44.

6. Yen CP, Schlesinger D, and Sheehan JP. Natural history of
cerebral arteriovenous malformations and the risk of hem-
orrhage after radiosurgery. Prog Neurol Surg 2013;27:5–21.

7. Vernimmen FJ, Slabbert JP, Wilson JA, et al. Stereotactic
proton beam therapy for intracranial arteriovenous malfor-
mations. Int J Radiat Oncol Biol Phys 2005;62:44–52.

8. Hattangadi JA, Chapman PH, Bussiere MR, et al. Planned
two-fraction proton beam stereotactic radiosurgery for high-
risk inoperable cerebral arteriovenous malformations. Int J
Radiat Oncol Biol Phys 2012;83:533–541.

9. Hattangadi-Gluth JA, Chapman PH, Kim D, et al. Single-
fraction proton beam stereotactic radiosurgery for cerebral
arteriovenous malformations. Int J Radiat Oncol Biol Phys
2014;89:338–346.

Table 2. Relation between post-treatment magnetic resonance imaging findings and new or deterioration symptoms.

Vasogenic edema (n 281), p < 0.05

TotalNo Minimal Perinidal Severe

No treatment 5 8 3 5 21
Treatment with corticosteroids 0 0 0 7 7
Total 5 8 3 12 28

Contrast enhancement (n 241,2), p < 0.05

TotalNo Minimal Annular

No treatment 8 4 5 17
Treatment with corticosteroids 0 0 7 7
Total 8 4 12 24

Cavitation (n 281), p > 0.05

TotalNo Yes

No treatment 18 3 21
Treatment with corticosteroids 6 1 7
Total 24 4 28

Pearson’s Chi-square test and Fischer’s exact test were used to determine relationship between groups. Not all assumptions for Pearson’s Chi-square test
were met (cells with expected count less than five). For Fisher’s exact test, MRI findings were regrouped into categories; vasogenic edema was regrouped
into “no or minimal” and “perinidal or severe,” and contrast enhancement was regrouped into “no or minimal” and “annular.”
1Two patients were excluded from the analysis; one patient with severe vasogenic edema and annular contrast enhancement developed symptoms and was
recommended treatment but there are no further follow-up records and one patient with minimal vasogenic edema and minimal contrast enhancement
developed symptoms and received treatment with corticosteroids but the symptoms were believed not to be related to the radiation treatment.
2Intravenous contrast agent was not administered to four patients.

8 Acta Radiologica Open 10(10)

https://orcid.org/0000-0002-1164-1749
https://orcid.org/0000-0002-1164-1749
https://orcid.org/0000-0002-9481-6857
https://orcid.org/0000-0002-9481-6857


10. Kjellberg RN, Davis KR, Lyons S, et al. Bragg peak proton
beam therapy for arteriovenous malformation of the brain.
Clin Neurosurg 1983;31:248–290.

11. Pan HC, Sheehan J, Stroila M, et al. Late cyst formation
following gamma knife surgery of arteriovenous malforma-
tions. J Neurosurg 2005;102(Suppl):124–127.

12. Ilyas A, Chen C-J, Ding D, et al. Radiation-induced changes
after stereotactic radiosurgery for brain arteriovenous mal-
formations: a systematic review and meta-analysis. Neuro-
surgery 2018;83:365–376.

13. Silander H, Pellettieri L, Enblad P, et al. Fractionated, ste-
reotactic proton beam treatment of cerebral arteriovenous
malformations. Acta Neurol Scand 2004;109:85–90.

14. Blomquist E, Ronne Engstrom E, Borota L, et al. Positive
correlation between occlusion rate and nidus size of proton
beam treated brain arteriovenous malformations (AVMs).
Acta Oncol 2015:1–8.

15. Mobin F, De Salles AA, Abdelaziz O, et al. Stereotactic
radiosurgery of cerebral arteriovenous malformations: ap-
pearance of perinidal T(2) hyperintensity signal as a predictor
of favorable treatment response. Stereotact Funct Neurosurg
1999;73:50–59.

16. Arrese Reganon I, Alday R, Gonzalez PA, et al. [Hyper-
intensity on T2 MRI and size as predictors of obliteration in
radiosurgically treated arteriovenous malformations]. Neu-
rocirugia (Astur) 2009;20:97–102.

17. Abdelaziz O, Shereen A, Inoue T, et al. Correlation of ap-
pearance ofMRI perinidal T2 hyperintensity signal and eventual
nidus obliteration following photon radiosurgery of brain
AVMs: combined results of LINAC and gamma knife centers.
J Neurol Surg A Cent Eur Neurosurg 2019;80:187–197.

18. van den Berg R, Buis DR, Lagerwaard FJ, et al. Extensive white
matter changes after stereotactic radiosurgery for brain arterio-
venous malformations: a prognostic sign for obliteration?
Neurosurgery 2008;63:1064–1069. discussion 1069-1070.

19. Yen CP, Matsumoto JA, Wintermark M, et al. Radiation-
induced imaging changes following gamma knife surgery for

cerebral arteriovenous malformations. J Neurosurg 2013;118:
63–73.

20. Nataf F, Ghossoub M, Missir O, et al. [Parenchymal
changes after radiosurgery of cerebral arteriovenous
malformations. Clinical and MRI data]. Neurochirurgie
2001;47:355–368.

21. Levegrün S, Hof H, Essig M, et al. Radiation-induced
changes of brain tissue after radiosurgery in patients with
arteriovenous malformations: correlation with dose distri-
bution parameters. Int J Radiat Oncol Biol Phys 2004;59:
796–808.

22. Spetzler RF, and Martin NA. A proposed grading system for
arteriovenous malformations. J Neurosurg 1986;65:
476–483.

23. Parkhutik V, Lago A, Aparici F, et al. Late clinical and ra-
diological complications of stereotactical radiosurgery of
arteriovenous malformations of the brain. Neuroradiology
2013;55:405–412.

24. Schneider BF, Eberhard DA, and Steiner LE. Histopathology
of arteriovenous malformations after gamma knife radio-
surgery. J Neurosurg 1997;87:352–357.

25. Nataf F, Ghossoub M, Missir O, et al. Parenchymal changes
after radiosurgery of cerebral arteriovenous malformations.
Preliminary report of a proposed classification. Stereotact
Funct Neurosurg 1997;69:143–146.

26. Cohen-Inbar O, Lee CC, Xu Z, et al. A quantitative analysis of
adverse radiation effects following gamma knife radiosurgery
for arteriovenous malformations. J Neurosurg 2015;123:
945–953.

27. Kihlstrom L, Guo WY, Karlsson B, et al. Magnetic resonance
imaging of obliterated arteriovenous malformations up to 23
years after radiosurgery. J Neurosurg 1997;86:589–593.

28. Flickinger JC, Lunsford LD, Kondziolka D, et al. Radio-
surgery and brain tolerance: an analysis of neurodiagnostic
imaging changes after gamma knife radiosurgery for arte-
riovenous malformations. Int J Radiat Oncol Biol Phys 1992;
23:19–26.

Correia de Verdier et al. 9


	Magnetic resonance imaging detected radiation-induced changes in patients with proton radiation-treated arteriovenous malfo ...
	Introduction
	Material and methods
	Clinical information
	Digital subtraction angiography
	Magnetic resonance imaging
	Statistical analysis

	Results
	Clinical information
	Radiological follow-up
	Magnetic resonance imaging findings
	Relation between post-treatment MRI findings and symptoms
	Relation between post-treatment MRI findings and obliteration

	Discussion
	Declaration of conflicting interests
	Funding
	ORCID iDs
	Supplemental Material
	References


