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Abstract
Background  Previously thought to be congenital, AVMs have shown evidence of de-novo formation and continued growth, 
thus shifting thoughts on their pathophysiology. Pediatric AVM patients have been reported to be more prone to develop 
AVM recurrence after a seemingly complete cure. Therefore, we assessed the risk of AVM treated in childhood to recur in 
adulthood after a long-term follow-up in our own cohort.
Methods  Control DS-angiography was arranged during 2021–2022 as part of a new protocol for all AVM patients who 
were under 21 years of age at the time of their treatment and in whom the treatment had occurred at least five years earlier. 
Angiography was offered only to patients under 50 years of age at the time of the new protocol. The complete eradication 
of AVM after the primary treatment had been originally confirmed with DSA in every patient.
Results  A total of 42 patients participated in the late DSA control, and 41 of them were included in this analysis after exclud-
ing the patient diagnosed with HHT. The median age at the time of admission for AVM treatment was 14.6 (IQR 12–19, range 
7–21 years) years. The median age at the time of the late follow-up DSA was 33.8 years (IQR 29.8–38.6, range 19.4–47.9 
years). Two recurrent sporadic AVMs and one recurrent AVM in a patient with hereditary hemorrhagic telangiectasia (HHT) 
were detected. The recurrence rate was 4.9% for sporadic AVMs and 7.1% if HHT-AVM was included. All the recurrent 
AVMs had originally bled and been treated microsurgically. The patients with sporadic AVM recurrence had been smoking 
their whole adult lives.
Conclusions  Pediatric and adolescent patients are prone to develop recurrent AVMs, even after complete AVM obliteration 
verified by angiography. Therefore, imaging follow-up is recommended.
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Introduction

The leading cause of hemorrhagic stroke in the pediatric 
population is a ruptured brain arteriovenous malformation 
(AVM) [6]. Furthermore, pediatric AVM patients present 
with rupture more often than adults [27]. In a recent large 
single-center study, 16% of all AVM patients were children 
[27]. Previously thought to be congenital, AVMs have shown 
evidence of de novo formation and continued growth, thus 

shifting thoughts on their pathophysiology. A recent land-
mark study showed that sporadic brain AVMs are associ-
ated with activating mutations on endothelial KRAS that 
lead to dysregulation of the MAPK–ERK pathway [26]. 
Further studies have identified other activating mutations 
downstream in the MAPK-ERK pathway from the AVM 
samples [3, 13, 15]. Also, smoking seems to play a role in 
the growth of AVMs [30], as has been shown in cerebral 
aneurysms [21].

Once complete eradication or occlusion of AVM has been 
verified by digital subtraction angiography (DSA), no fur-
ther long-term angiographic follow-up has been generally 
warranted in adult patients. However, there is diversity in 
the guidance on following pediatric patients after successful 
AVM treatment. Some studies suggest that the first angio-
graphic follow-up with magnetic resonance angiography 
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(MRA) [22] or with DSA [25] should take place as soon 
as one year after the treatment, the main focus being on the 
diagnosis of the residual AVM missed in the initial post-
operative angiography. Other published studies propose 
angiographic follow-up yearly until adult age with MRA 
[1] or with DSA at one, three, and five years and thereafter 
every five years [25]. In pediatric patients with DSA-verified 
complete eradication or occlusion, the percentage of patients 
harboring recurrent AVMs has varied between 6% and 28% 
[1, 4, 7, 20, 22, 24, 25]. The recurrence was most likely to 
occur in patients with diffuse-type AVMs [20] and in those 
with deep venous drainage [7, 24]. In a recent single-center 
study by Aboukais et al., all the recurrent AVMs in a patient 
cohort occurred among pediatric patients [1]. However, the 
follow-up time of all the above studies was somewhat lim-
ited, ranging from 14 months to 9 years [1, 7, 20, 22, 24, 25]. 
In a recent review study, the first recurrence was detected at 
three months and the last recurrence at 17 years post-treat-
ment, the average time to recurrence being five years [18].

In this study, we aimed to assess the risk of late AVM 
recurrence in patients treated during childhood or early 
adulthood that displayed complete eradication or occlusion 
after the initial treatments. We conducted the long-term fol-
low-up with DSA as the sensitivity of MRA may not always 
be sufficient in detecting small recurrent brain AVMs [17]. 
We hypothesized that late recurrence would be rare in these 
patients.

Methods

Patients

We retrospectively collected data on pediatric AVM patients 
admitted to the Department of Neurosurgery, Helsinki Uni-
versity Hospital (Helsinki, Finland), during 1985–2012. 
Traditionally, we have not conducted routine long-term 
follow-up angiographic imaging in asymptomatic patients 
with AVMs in which complete eradication was verified 
by DSA. On the basis of increasing clinical experience of 
recurrences, however, we introduced a follow-up protocol in 
January 2021 comprising a clinical visit and DSA study for 
patients treated in childhood or early adulthood (<21 years) 
to evaluate the long-term risk of AVM recurrence. The con-
trol DSA study was offered to patients under 50 years of age 
at the time of follow-up, as possible asymptomatic recur-
rences would probably not have led to any interventions in 
those older than 50 years.

We did not include extracranial AVMs; thus, the abbre-
viation “AVM” in this study refers only to brain AVMs. 
All AVM diagnoses were confirmed by digital subtraction 
angiography (DSA). AVM size, location, angioarchitecture, 
and associated aneurysms were evaluated from DSA and, 

if relevant, from computer tomography angiography (CTA) 
and magnetic resonance images (MRI). We scrutinized the 
patients’ medical records, including relevant radiologi-
cal images (if existing in digital format, the digital Picture 
Archiving and Communication System was introduced in 
1998–1999). All patients had a post-treatment DSA after 
the last treatments that confirmed complete AVM eradica-
tion or occlusion.

Follow‑up imaging

Patients fulfilling the new follow-up protocol criteria were 
contacted by letter and offered a clinical follow-up visit, 
followed by a DSA study if the patient gave consent after 
counseling. All patients that underwent DSA had a complete 
four-vessel DSA study (bilateral common carotid artery 
(CCA) and bilateral vertebral artery (VA) and, if deemed 
necessary, separate internal carotid artery (ICA) and external 
carotid artery (ECA) angiographies. An experienced neu-
roradiologist and neurosurgeon independently analyzed all 
DSA studies.

Statistical analysis

Due to the relatively small number of patients, we did not 
conduct any statistical intergroup comparisons. We present 
categorical variables as absolute numbers with percentages. 
We analyzed continuous data for skewness, and since all 
data were non-parametrically distributed, we present contin-
uous data as medians with interquartile ranges and minimum 
and maximum ranges. We performed the statistical analysis 
using SPSS software version 24.0 (IBM Inc, Armonk, New 
York). One patient with an HHT-related AVM is presented 
separately and excluded from the analyses.

Results

Patients and symptoms

Of 54 patients treated for AVM under the age of 21, 47 
had a completely occluded or eradicated AVM. Of these 
47 invited patients, three could not be reached, and two 
declined to participate in the DSA study. A total of 42 
patients participated in the late DSA control, and 41 of 
them were included in this analysis after excluding the 
patient diagnosed with HHT (who is presented separately) 
(Fig. 1). The control DSA studies were performed between 
March 2021 and February 2022. The median age at the 
time of admission when starting AVM treatment was 14.6 
years (IQR 12–19, range 7–21 years). The index admis-
sions took place during 1985–2012. The median age at 
the time of the late follow-up DSA was 33.8 years (IQR 
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29.8–38.6, range 19.4–47.9 years). Two-thirds of the 
patients were male. In 71% of the patients, AVM rupture 
occurred before the obliteration, whereas 63% presented 
with a rupture. Epilepsy was a presenting symptom in 29% 
of patients (Table 1).

Follow‑up and AVM recurrence

The total follow-up time was 761 years. The median time 
from admission to follow-up DSA was 19.1 years (IQR 
13.9–22.8, range 8.6–35.7 years). Three out of 42 patients 
demonstrated AVM recurrence at follow-up DSA, of which 
one was HHT-related AVM (4.9% recurrence rate for spo-
radic AVMs and 7.1% for the entire 42-patient cohort 
including the HHT-related AVM). Of the two patients 
with a recurrent AVM (excluding the HHT patient), the 
initial Spetzler-Martin grades were II and III, and both 
AVMs had bled before the obliteration. Both patients were 
male and active smokers. Both sporadic AVM recurrences 
in our study were also seen in MRI + 3D time-of-flight 
(TOF)-MRA performed after the DSAs. HHT-related 
small recurrent AVM was not observable in the MRI + 3D 
TOF-MRA imaging performed 15 months before the DSA.

AVM characteristics

The median size of AVM nidus (in greatest dimension) 
was 29 mm (IQR 19.5–40.3, range 8–65 mm, Table 1). 
AVMs were classified as superficial in 34 (83%) patients 
and deep in seven (17%) patients. Deep venous drainage 
was present in 15 (37%) patients. AVM was located to the 
left in 16 patients (39%).

Treatment

Most of the patients were surgically treated (90%), 14 
patients (34%) received multimodality treatment, one 
patient (2%) was treated only with radiotherapy, and 
two patients (5%) were treated only with endovascular 

Fig. 1   Flowchart of patient 
selection

Table 1   Patient and AVM characteristics

*Data on six patients’ smoking status were missing

Recurrence No recurrence Total
N = 2 N = 39 N = 41

Patient characteristics
 Median age at treatment, y 17.0 14.4 14.5
 Median age at time of study 36.5 33.0 33.8
 Male 2 (100%) 25 (64%) 27
 Smoking 2 (100%) 8 (21%) 35*
 Presentation
 Rupture 2 (100%) 27 (69%) 29
 Epilepsy (not related to 

rupture)
1 (50%) 11 (28%) 12

AVM characteristics
 Exclusive deep venous drain-

age
1 (50%) 9 (23%) 10

 Superficial venous drainage 1 (50%) 25 (64%) 26
 Superficial + deep venous 

drainage
0 (0%) 5 (13%) 5

 Left side 1 (50%) 15 (39%) 16
 Superficial location 2 (100%) 32 (82%) 34
 Supratentorial location 2 (100%) 35 (90%) 37
 Spetzler-Martin grade
 1 0 (0%) 8 (21%) 8
 2 1 (50%) 12 (32%) 13
 3 1 (50%) 14 (37%) 15
 4 0 (0%) 3 (8%) 3
 5 0 (0%) 1 (3%) 1
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embolization. The treatment modalities are presented in 
greater detail and in comparison with recurrent AVMs in 
Table 2.

Case illustrations of recurrent AVMs

1.	 A previously healthy 19-year-old man doing his mili-
tary service experienced a sudden headache in the 
morning. The CT scan revealed an intracerebral hem-
orrhage (ICH) in the left temporal lobe. The patient 
was referred to the neurosurgical department. No 
neurological defects were observed, and the Glasgow 
Coma Scale (GCS) was 15. The DSA study demon-
strated a somewhat diffuse left-sided temporal AVM 
with a maximum diameter of 2.5 cm. AVM received 
arterial feeding from the left posterior cerebral artery 
(PCA) and the left middle cerebral artery (MCA) and 
drained to the transverse sinus and straight sinus. The 
patient was operated on approximately one week after 
the presentation without any complications. DSA 
performed one day after the operation showed no 
signs of residual AVM. The patient recovered fully 
and, two months later, returned to finish his military 
service.

Almost 26 years later, the late follow-up DSA showed 
a recurrent AVM in the same location. The maximum 
diameter was 2.3 cm. It received arterial feeding from the 
left MCA, PCA, and external carotid artery (ECA) and 
drained to the vein of Galen and transverse sinus. MRI and 
3D time-of-flight (TOF) MRA demonstrated the AVM, as 
well. The patient had been smoking from the age of 16 
but stopped after the diagnosis of recurrent AVM. The 
patient had been completely asymptomatic for almost 26 
years. At the time of the follow-up DSA, the patient was 
re-training for a new job and did not want to receive any 
additional treatment before finishing his studies. A follow-
up has been scheduled.

2.	 In the second patient, a mild developmental delay 
accompanied by minor dysphasia and fine motor skills 

was observed at the beginning of childhood. Later in 
childhood, sensorineural hearing difficulty was diag-
nosed, and the patient received hearing aids for both 
ears. At the age of eight, he was operated on for a micro-
form cleft lip.

The patient suffered his first generalized tonic-clonic 
seizure at the age of 11. Brain MRI and MRA were per-
formed, which showed a right-sided parietal AVM in the 
Sylvian fissure. The patient was referred to the neurosur-
gical department at the age of 14. On admission, he did 
not show any signs of neurological problems. The DSA 
showed an AVM of approximately 2 cm in diameter that 
received arterial feeding from the MCA branches and 
drained via two large veins to the superior sagittal sinus 
(SSS). AVM was embolized during the same anesthesia, 
and it was planned to be operated on immediately. After 
the embolization, however, AVM filling and shunting were 
no longer observed, but one of the draining veins partly 
filled at the same time as the other veins. The operation 
was canceled, and control DSA was scheduled for 6–12 
months later. Post-embolization brain CT showed no signs 
of bleeding, although minor bleeding cannot be ruled out 
because of the radio-opacity artifact from embolization. 
Six months later, before the follow-up DSA, the patient 
suffered a new generalized seizure. The brain MRA and 
the following DSA showed a recanalized AVM. No bleed-
ing was observed. AVM was operated on a few months 
later, and during the operation, signs of old bleeding were 
observed. The operation was uneventful and postoperative 
DSA, done immediately, showed complete eradication of 
AVM. The one-year follow-up DSA performed showed 
no signs of AVM residual or recurrence. Fourteen years 
later, the late follow-up DSA showed recurrent AVM in 
the same location. An elective operation was scheduled. 
The patient had been smoking since the age of 14. He had 
been seizure free for many years and did not have any 
symptoms of the recurrent AVM (Fig. 2).

3.	 A previously healthy and normally developed 2-month-
old boy was brought to the emergency department 
because of a sudden decrease in consciousness. He 
was intubated on the way to the hospital. The brain CT 
revealed a cerebellar intracerebral hemorrhage (ICH) 
and obstructive hydrocephalus. An external ventricular 
drain (EVD) was inserted. The DSA revealed a small 
AVM, 1 cm in diameter, that received arterial feeding 
from the posterior inferior cerebellar artery (PICA) and 
drained via one vein to the confluence of sinuses. The 
patient was operated on successfully, and immediate 
postoperative DSA showed no signs of residual AVM. 
The patient was left with minor ataxia, muscular hypo-
tonia, lower limb weakness, and cognitive impairment. 

Table 2   Treatment modality

Recurrence No recurrence
N = 2 N = 39

Microsurgery 1 (50%) 23 (59%)
Stereotactic radiotherapy 0 (0%) 1 (3%)
Embolization 0 (0%) 1 (3%)
Embolization + surgery 1 (50%) 11 (28%)
Embolization + surgery + radiotherapy 0 (0%) 2 (5%)
Embolization + radiotherapy 0 (0%) 1 (3%)
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Now as an adult, the patient lives independently, walks 
without assistance, goes to the gym, and has completed 
a bachelor’s degree. At the age of 17, he was diagnosed 
with pulmonary AVM, which was incidentally found 
during a heart MRI. The genetic assessment revealed an 
ENG mutation, and the HHT diagnosis was confirmed. 

After the HHT diagnosis, brain MRI and TOF-MRA, 
performed in March 2020, showed no signs of recur-
rent AVMs. One year and three months later, the late 
follow-up DSA showed recurrent HHT-related AVM 
in the same location as the original AVM. The patient 
received stereotactic radiotherapy; follow-up continues.

Fig. 2.   Digital subtraction angi-
ographies (DSAs) of the second 
patient. The patient was referred 
to the Department of Neurosur-
gery at the age of 14, and sur-
gery with pre-embolization was 
planned. (A) Pre-embolization 
DSA shows arteriovenous mal-
formation (AVM) in the parietal 
Sylvian fissure on the right side. 
AVM received feeding from the 
middle cerebral artery (MCA) 
branches and drained via two 
large veins to the superior 
sagittal sinus (SSS). (B) After 
embolization, AVM did not fill 
up, and the early venous filling 
was no longer observed. (C) 
Six months later, the patient 
suffered a new generalized 
epileptic seizure. DSA showed 
recanalized AVM. (D) AVM 
was operated on a few months 
later. Postoperative DSA con-
firmed the complete eradica-
tion of AVM. (E) Surveillance 
DSA one year later showed no 
signs of AVM. The follow-up 
was concluded. (F) Fourteen 
years later, at the age of 30, the 
patient underwent DSA as part 
of a new follow-up protocol; 
it showed recurrent AVM in 
the same location. An elective 
operation was scheduled
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Discussion

Two recurrent sporadic AVMs and one recurrent HHT-AVM 
were detected in the long-term follow-up DSA of patients who 
were treated under the age of 21 for an unruptured or ruptured 
AVM. The recurrence rate in our study was 4.9% for sporadic 
AVMs and 7.1% if HHT-AVM was included; this is in line 
with the 4.8% reported in the latest meta-analysis of 1134 
AVMs [23].

Recurrent sporadic AVMs were detected 26 years and 14 
years after the previous angiographies. The patient who devel-
oped recurrence 14 years later had also had AVM recanaliza-
tion six months after the primary treatment of endovascular 
embolization. After the recanalization, he was surgically 
treated, and the one-year control DSA showed no signs of 
AVM.

AVM rupture has been associated with later recurrence 
[9, 33], as was the case with the recurrent sporadic AVMs 
in our study. It has been postulated that AVM hemorrhage 
could cause localized vasoconstriction and lead to a hid-
den compartment that may be missed in the initial operation 
[29]. However, the AVM rupture in our second case was only 
observed in the elective operation performed later, contradict-
ing the vasoconstriction hypothesis. It is also possible that 
the second patient’s AVM did not spontaneously rupture, and 
the bleeding observed in the surgical operation had occurred 
imperceptibly during embolization. Endothelial KRAS muta-
tions have been associated in vitro with changes in vascular 
morphogenesis and disassembly of adherens junctions [12, 
26], which could mean that ruptured AVMs are biomolecu-
larly more active and therefore more prone to later recurrence. 
We hypothesized that a somatic mutation predisposing to 
AVM in these patients was probably still present in perinidal 
capillaries in the vicinity of the surgically removed AVM, 
but with angiographically normal appearance and without AV 
shunting, thus later giving rise to the observed recurrence.

The two patients who developed recurrent sporadic AVM 
had been smoking practically their whole lives (from their 
teenage years). While impossible to draw any conclusions 
only from these cases, it is still worth mentioning. We recently 
reported smoking to be more frequent in brain AVM patients 
than in the general population (48 vs. 19%) [30]. Nicotine is 
known to promote the secretion and expression of vascular 
endothelial growth factor (VEGF), which leads to activation 
of the same MAPK-ERK pathway that is involved in the patho-
genesis of sporadic AVMs [2, 8, 10-12, 26].

Timing

Despite the accumulating evidence of AVM recurrences in 
the pediatric population, there is no consensus on the opti-
mal follow-up strategy for these patients. Lang et al. reported 

four recurrent AVMs at 50 weeks, 51 weeks, 56 weeks, and 
60 weeks from initial resection, of whom two had had earlier 
negative angiograms three and six months postoperatively, 
but no later recurrences were detected at the five-year angi-
ography [22]. However, Morgenstern et al. observed a recur-
rence six years after resection in a patient who had previ-
ously had a negative follow-up DSA at four years [25]. In our 
study, one patient initially had negative one-year postopera-
tive DSA but developed recurrent AVM in the DSA control 
17 years later. Before our study, recurrent AVMs had been 
reported up to 20 years after the initial AVM eradication 
in patients without routine follow-up imaging [19]. In our 
study, the longest recurrence was 25 years after the complete 
resection, but naturally, it could have been observable before 
had the follow-up DSA has been performed earlier.

Imaging modality

One of the patients in the cohort study of Lang et al. had 
MRA performed 10 months after the AVM surgery because 
of a seizure, which showed no signs of AVM, but two 
months later, one year after the surgery, the DSA showed a 
Spetzler-Martin grade II AVM [22]. A similar finding was 
made in the Morgenstern study, where two of the patients 
with recurrent AVMs on angiography had previously had 
negative MRI/MRAs [25]. The sensitivity of gadolinium 
(Gd)-enhanced MRI and MRA for detecting AVMs has been 
reported to be 75% [17]. However, DSA is an invasive study, 
with a risk of femoral hematoma and pseudoaneurysm for-
mation or even arterial dissection and stroke in rare instances 
[14]. Moreover, radiation exposure makes it suboptimal for 
young patients [28]. Even so, we did not observe any com-
plications from the DSA studies we performed other than 
one non-life-threatening allergic reaction to iodine contrast. 
Both sporadic AVM recurrences in our study were also seen 
in MRI + 3D TOF-MRA imaging, but the HHT-related 
small recurrent AVM was not observable in the MRI + 3D 
TOF-MRA imaging performed 15 months earlier. While 
DSA and MRA imaging have their benefits and drawbacks, 
Huang et al. showed in a small study of 15 AVM patients 
a 100% sensitivity in identifying residual/recurrent AVMs 
using ferumoxytol-enhanced MRI (Fe-MRI) [16].

Treatment modality

A recent meta-analysis suggested different AVM recur-
rence rates based on treatment modality, with the lowest 
rate of 0.7% in the radiosurgery group compared to 8.5% in 
microsurgery and up to 36.4% in endovascular embolization 
[23]. It was suggested that the low recurrence rate in the 
radiosurgery group could be due to patient selection, staged 
treatment, and delayed AVM obliteration, which could cause 
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early recurrences to be reported as residual AVMs or radio-
surgery’s ability to reduce neovascularization around AVM 
tissue. However, the high recurrence rate in the emboliza-
tion group more likely represents recanalization than true 
recurrence.

Theory of AVM recurrence pathophysiology

The perinidal capillaries of AVM have been reported to be 
abnormal, with the absence of blood-brain barrier compo-
nents and markedly dilated lumens [5, 31, 36]. Yet, they are 
connected to the normal capillary network, arterioles, and 
venules in the surrounding brain parenchyma [31]. These 
perinidal capillaries most likely harbor the same mutations 
activating the MAPK-ERK pathway as resected AVMs. This 
could explain why deep venous drainage and diffuse nidus 
morphology have been associated with recurrent AVMs [20, 
22], as perinidal capillaries may be left out more easily after 
the surgical excision of an AVM. The impact of smoking on 
the risk of AVM formation, rupture, and recurrences should 
be studied more closely, taking into account the effect of 
nicotine (and possibly many other substances in tobacco 
smoke) in the MAPK-ERK pathway [10]. Although it is not 
fully understood why children are more likely than adults 
to develop recurrent AVMs, possible reasons could be their 
immature vasculature and elevated circulating angiogenic 
growth factors [23, 32]. Immunochemistry studies have 
found increased levels of endothelial progenitor markers 
CD31, CD34, and CD105, as well as smooth muscle prolif-
erative marker pERK in recurrent AVMs [34, 35].

Fish et al. demonstrated that KRAS gain-of-function 
mutations on endothelial cells result in the creation of 
brain AVMs in mouse and zebrafish models and that these 
lesions may be reversed by inhibiting MEK signaling [12]. 
In a 14-year-old girl with recurrent cerebral AVM, Walcott 
et al. detected a rare stop-gain mutation in SMAD9, which 
resulted in downstream abnormalities in the bone morpho-
genic protein (BMP) signaling pathway. The same mutation 
led to AVM formation in zebrafish models [37].

Follow‑up protocol

Based on our study and the current literature on recurrent 
AVMs, we have adopted the following pragmatic, general 
follow-up strategy in our center for AVM patients treated in 
childhood or early adulthood (<21 years).

1.	 Endovascularly treated patients should be followed with 
DSA at 6 months and 2 years and thereafter every 5 years 
until the last control is performed at the age of 21 or older.

2.	 Microsurgically treated patients should be followed with 
DSA every 5 years until the last control is performed at 
the age of 21 or older.

3.	 After radiosurgery, MRI+MRA are performed annu-
ally until the complete occlusion is suspected and then 
verified with DSA. Once complete occlusion is verified 
with DSA, patients should be followed with DSA every 
5 years until the last control is performed at the age of 
21 or older.

4.	 If AVM obliteration has been achieved less than 5 years 
before the age of 21, at least one 5-year control DSA and 
one 10-year control MRA are performed.

5.	 Our study does not provide enough evidence to suggest 
any specific follow-up protocols for patients with HHT-
related AVMs. The risk of recurrence seems high, and 
the follow-up protocol should be tailored, preferably in 
multi-professional teams.

As the patients, circumstances, and lesions vary highly, indi-
vidual planning on follow-up should always be considered first.

Conclusions

Two recurrent sporadic AVMs and one recurrent HHT-
AVM were detected in the long-term surveillance DSA of 
patients who were treated under the age of 21. The recur-
rence rate in our study was 4.9% for sporadic AVMs and 
7.1% if HHT-AVM was included. All the recurrent AVMs 
had bled and were originally microsurgically treated. The 
two patients with sporadic AVM recurrence had been 
smoking their whole lives. While it is still largely unknown 
why young AVM patients are more susceptible than older 
patients to an increased risk of developing AVM recurrence, 
the phenomenon is real, and therefore, imaging follow-up is 
recommended.

Funding  Open Access funding provided by University of Helsinki 
including Helsinki University Central Hospital.

Declarations 

Ethical approval  The patients were offered the possibility of follow-
up DSA imaging after information regarding the possibility of AVM 
recurrence and its implications. This was done according to the Depart-
ment’s new policy and not as part of a scientific study. Afterward, the 
hospital administration research approval was obtained for the retro-
spective secondary scientific use of the data as per Finnish legislation. 
According to current Finnish law, ethics committee approval is not 
required for the secondary use of existing clinical registry data.

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 



1572	 Acta Neurochirurgica (2023) 165:1565–1573

1 3

were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Aboukais R, Vinchon M, Quidet M, Bourgeois P, Leclerc X, 
Lejeune JP (2017) Reappearance of arteriovenous malforma-
tions after complete resection of ruptured arteriovenous malfor-
mations: true recurrence or false-negative early postoperative 
imaging result?. J Neurosurg 126(4):1088–1093. https://​doi.​org/​
10.​3171/​2016.3.​JNS15​2846

	 2.	 Alavi A, Hood JD, Frausto R, Stupack DG, Cheresh DA (2003) 
Role of raf in vascular protection from distinct apoptotic stim-
uli. Science 301(5629):94–96. https://​doi.​org/​10.​1126/​scien​ce.​
10820​15

	 3.	 Al-Olabi L, Polubothu S, Dowsett K et al (2018) Mosaic RAS/
MAPK variants cause sporadic vascular malformations which 
respond to targeted therapy. J Clin Invest 128(4):1496–1508. 
https://​doi.​org/​10.​1172/​JCI98​589

	 4.	 Andaluz N, Myseros JS, Sathi S, Crone KR Jr, JMT. (2004) 
Recurrence of cerebral arteriovenous malformations in children: 
report of two cases and review of the literature. Surg Neurol 
62(4):324–330. https://​doi.​org/​10.​1016/j.​surneu.​2003.​11.​030

	 5.	 Attia W, Tada T, Hongo K et al (2003) Microvascular patho-
logical features of immediate perinidal parenchyma in cer-
ebral arteriovenous malformations: giant bed capillaries. J 
Neurosurg 98(4):823–827. https://​doi.​org/​10.​3171/​jns.​2003.​
98.4.​0823

	 6.	 Beslow LA, Licht DJ, Smith SE et al (2010) Predictors of out-
come in childhood intracerebral hemorrhage. Stroke 41(2):313–
318. https://​doi.​org/​10.​1161/​STROK​EAHA.​109.​568071

	 7.	 Bristol RE, Albuquerque FC, Spetzler RF, Rekate HL, McDou-
gall CG, Zabramski JM (2006) Surgical management of arte-
riovenous malformations in children. J Neurosurg 105(2 
Suppl):88–93. https://​doi.​org/​10.​3171/​ped.​2006.​105.2.​88

	 8.	 Conklin BS, Zhao W, Zhong DS, Chen C (2002) Nicotine and 
cotinine up-regulate vascular endothelial growth factor expres-
sion in endothelial cells. Am J Pathol 160(2):413–418. https://​
doi.​org/​10.​1016/​S0002-​9440(10)​64859-6

	 9.	 Copelan A, Drocton G, Caton MT et al (2020) Brain Arterio-
venous malformation recurrence after apparent microsurgical 
cure. Stroke 51(10):2990–2996. https://​doi.​org/​10.​1161/​STROK​
EAHA.​120.​030135

	10.	 Chu M, Guo J, Chen CY (2005) Long-term exposure to nicotine, 
via ras pathway, induces cyclin D1 to stimulate G1 cell cycle 
transition*. J Biol Chem 280(8):6369–6379. https://​doi.​org/​10.​
1074/​jbc.​M4089​47200

	11.	 Dasgupta P, Chellappan SP (2006) Nicotine-mediated cell pro-
liferation and angiogenesis: new twists to an old story. Cell 
Cycle 5(20):2324–2328. https://​doi.​org/​10.​4161/​cc.5.​20.​3366

	12.	 Fish JE, Flores Suarez CP, Boudreau E et al (2020) Somatic 
gain of KRAS function in the endothelium is sufficient to cause 
vascular malformations that require mek but not PI3K signal-
ing. Circ Res 127(6):727–743. https://​doi.​org/​10.​1161/​CIRCR​
ESAHA.​119.​316500

	13.	 Goss JA, Huang AY, Smith E et  al (2019) Somatic muta-
tions in intracranial arteriovenous malformations. PLoS One 
14(12):e0226852. https://​doi.​org/​10.​1371/​journ​al.​pone.​02268​52

	14.	 Hoffman CE, Santillan A, Rotman L, Gobin YP, Souweidane 
MM (2014) Complications of cerebral angiography in children 
younger than 3 years of age: clinical article. J Neurosurg Pedi-
atr 13(4):414–419. https://​doi.​org/​10.​3171/​2013.​12.​PEDS1​
3172

	15.	 Hong T, Yan Y, Li J et al (2019) High prevalence of KRAS/
BRAF somatic mutations in brain and spinal cord arteriovenous 
malformations. Brain 142(1):23–34. https://​doi.​org/​10.​1093/​
brain/​awy307

	16.	 Huang Y, Singer TG, Iv M et al (2019) Ferumoxytol-enhanced 
MRI for surveillance of pediatric cerebral arteriovenous malfor-
mations. J Neurosurg Pediatr 19:1–8. https://​doi.​org/​10.​3171/​
2019.5.​PEDS1​957

	17.	 Jhaveri A, Amirabadi A, Dirks P et al (2019) Predictive value 
of MRI in diagnosing brain AVM recurrence after angiographi-
cally documented exclusion in children. AJNR Am J Neuroradiol 
40(7):1227–1235. https://​doi.​org/​10.​3174/​ajnr.​A6093

	18.	 Jimenez JE, Gersey ZC, Wagner J, Snelling B, Ambekar S, Peter-
son EC (2017) Role of follow-up imaging after resection of brain 
arteriovenous malformations in pediatric patients: a systematic 
review of the literature. J NeurosurgeryPediatrics 19(2):149–156. 
https://​doi.​org/​10.​3171/​2016.9.​PEDS1​6235

	19.	 Kawashima M, Hasegawa H, Kurita H et al (2020) Ectopic recur-
rence of arteriovenous malformation after radiosurgery: case 
report and insight regarding pathogenesis. World Neurosurg 
135:63–67. https://​doi.​org/​10.​1016/j.​wneu.​2019.​11.​156

	20.	 Klimo P, Rao G, Brockmeyer D (2007) Pediatric arteriovenous 
malformations: a 15-year experience with an emphasis on 
residual and recurrent lesions. Childs Nerv Syst ChNS Off J Int 
Soc Pediatr Neurosurg 23(1):31–37. https://​doi.​org/​10.​1007/​
s00381-​006-​0245-x

	21.	 Korja M, Lehto H, Juvela S (2014) Lifelong rupture risk of intrac-
ranial aneurysms depends on risk factors. Stroke 45(7):1958–
1963. https://​doi.​org/​10.​1161/​STROK​EAHA.​114.​005318

	22.	 Lang SS, Beslow LA, Bailey RL et al (2012) Follow-up imaging 
to detect recurrence of surgically treated pediatric arteriovenous 
malformations. J Neurosurg Pediatr 9(5):497–504. https://​doi.​org/​
10.​3171/​2012.1.​PEDS1​1453

	23.	 Lauzier DC, Vellimana AK, Chatterjee AR et al (2021) Return of 
the lesion: a meta-analysis of 1134 angiographically cured pediat-
ric arteriovenous malformations. J Neurosurg Pediatr 1–8. https://​
doi.​org/​10.​3171/​2021.6.​PEDS2​1227

	24.	 Morgan MK, Patel NJ, Simons M, Ritson EA, Heller GZ (2012) 
Influence of the combination of patient age and deep venous 
drainage on brain arteriovenous malformation recurrence after 
surgery. J Neurosurg 117(5):934–941. https://​doi.​org/​10.​3171/​
2012.8.​JNS12​351

	25.	 Morgenstern PF, Hoffman CE, Kocharian G, Singh R, Stieg PE, 
Souweidane MM  Postoperative imaging for detection of recur-
rent arteriovenous malformations in children. J Neurosurg Pediatr 
2015:1–7. https://​doi.​org/​10.​3171/​2015.6.​PEDS1​4708

	26.	 Nikolaev SI, Vetiska S, Bonilla X et al (2018) Somatic activating 
KRAS mutations in arteriovenous malformations of the brain. 
N Engl J Med 378(3):250–261. https://​doi.​org/​10.​1056/​NEJMo​
a1709​449

	27.	 Oulasvirta E, Koroknay-Pál P, Hafez A, Elseoud AA, Lehto H, 
Laakso A (2019) Characteristics and long-term outcome of 127 
children with cerebral arteriovenous malformations. Neurosurgery 
84(1):151–159. https://​doi.​org/​10.​1093/​neuros/​nyy008

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3171/2016.3.JNS152846
https://doi.org/10.3171/2016.3.JNS152846
https://doi.org/10.1126/science.1082015
https://doi.org/10.1126/science.1082015
https://doi.org/10.1172/JCI98589
https://doi.org/10.1016/j.surneu.2003.11.030
https://doi.org/10.3171/jns.2003.98.4.0823
https://doi.org/10.3171/jns.2003.98.4.0823
https://doi.org/10.1161/STROKEAHA.109.568071
https://doi.org/10.3171/ped.2006.105.2.88
https://doi.org/10.1016/S0002-9440(10)64859-6
https://doi.org/10.1016/S0002-9440(10)64859-6
https://doi.org/10.1161/STROKEAHA.120.030135
https://doi.org/10.1161/STROKEAHA.120.030135
https://doi.org/10.1074/jbc.M408947200
https://doi.org/10.1074/jbc.M408947200
https://doi.org/10.4161/cc.5.20.3366
https://doi.org/10.1161/CIRCRESAHA.119.316500
https://doi.org/10.1161/CIRCRESAHA.119.316500
https://doi.org/10.1371/journal.pone.0226852
https://doi.org/10.3171/2013.12.PEDS13172
https://doi.org/10.3171/2013.12.PEDS13172
https://doi.org/10.1093/brain/awy307
https://doi.org/10.1093/brain/awy307
https://doi.org/10.3171/2019.5.PEDS1957
https://doi.org/10.3171/2019.5.PEDS1957
https://doi.org/10.3174/ajnr.A6093
https://doi.org/10.3171/2016.9.PEDS16235
https://doi.org/10.1016/j.wneu.2019.11.156
https://doi.org/10.1007/s00381-006-0245-x
https://doi.org/10.1007/s00381-006-0245-x
https://doi.org/10.1161/STROKEAHA.114.005318
https://doi.org/10.3171/2012.1.PEDS11453
https://doi.org/10.3171/2012.1.PEDS11453
https://doi.org/10.3171/2021.6.PEDS21227
https://doi.org/10.3171/2021.6.PEDS21227
https://doi.org/10.3171/2012.8.JNS12351
https://doi.org/10.3171/2012.8.JNS12351
https://doi.org/10.3171/2015.6.PEDS14708
https://doi.org/10.1056/NEJMoa1709449
https://doi.org/10.1056/NEJMoa1709449
https://doi.org/10.1093/neuros/nyy008


1573Acta Neurochirurgica (2023) 165:1565–1573	

1 3

	28.	 Pearce MS, Salotti JA, Little MP et al (2012) Radiation expo-
sure from CT scans in childhood and subsequent risk of leu-
kaemia and brain tumours: a retrospective cohort study. Lancet 
380(9840):499–505. https://​doi.​org/​10.​1016/​S0140-​6736(12)​
60815-0

	29.	 Pellettieri L, Svendsen P, Wikholm G, Carlsson CA (1997) 
Hidden compartments in AVMs – a new concept. Acta Radiol 
Stockh Swed 1987 38(1):2–7. https://​doi.​org/​10.​1080/​02841​
85970​91712​33

	30.	 Pohjola A, Lindbohm JV, Oulasvirta E et al (2020) Cigarette 
smoking is more prevalent in patients with brain arteriovenous 
malformations compared to general population: a cross-sectional 
population-based study. Neurosurgery 87(6). https://​journ​als.​lww.​
com/​neuro​surge​ry/​Fullt​ext/​2020/​12000/​Cigar​ette_​Smoki​ng_​Is_​
More_​Preva​lent_​in_​Patie​nts.​43.​aspx

	31.	 Sato S, Kodama N, Sasaki T, Matsumoto M, Ishikawa T (2004) 
Perinidal dilated capillary networks in cerebral arteriovenous 
malformations. Neurosurgery 54(1):163–168; discussion 168-
170. https://​doi.​org/​10.​1227/​01.​neu.​00000​97518.​57741.​be

	32.	 Sonstein WJ, Kader A, Michelsen WJ, Llena JF, Hirano A, Casper 
D (1996) Expression of vascular endothelial growth factor in pedi-
atric and adult cerebral arteriovenous malformations: an immuno-
cytochemical study. J Neurosurg 85(5):838–845. https://​doi.​org/​
10.​3171/​jns.​1996.​85.5.​0838

	33.	 Sorenson TJ, Brinjikji W, Bortolotti C, Kaufmann G, Lanzino G 
(2018) Recurrent brain arteriovenous malformations (AVMs): a 
systematic review. World Neurosurg 116:e856–e866. https://​doi.​
org/​10.​1016/j.​wneu.​2018.​05.​117

	34.	 Takagi Y, Kikuta K, Ichiro NK, Hashimoto N (2010) Early 
regrowth of juvenile cerebral arteriovenous malformations: 
report of 3 cases and immunohistochemical analysis. World 
Neurosurg 73(2):100–107. https://​doi.​org/​10.​1016/j.​surneu.​
2009.​07.​008

	35.	 Takagi Y, Kikuta KI, Sadamasa N, Nozaki K, Hashimoto N 
(2006) Proliferative activity through extracellular signal-regu-
lated kinase of smooth muscle cells in vascular walls of cerebral 
arteriovenous malformations. Neurosurgery 58(4):740–748; dis-
cussion 740-748. https://​doi.​org/​10.​1227/​01.​NEU.​00001​92167.​
54627.​3A

	36.	 Tu J, Stoodley MA, Morgan MK, Storer KP (2006) Ultrastructure 
of perinidal capillaries in cerebral arteriovenous malformations. 
Neurosurgery 58(5):961–970. https://​doi.​org/​10.​1227/​01.​NEU.​
00002​10248.​39504.​B5

	37.	 Walcott BP, Winkler EA, Zhou S et al (2018) Identification of 
a rare BMP pathway mutation in a non-syndromic human brain 
arteriovenous malformation via exome sequencing. Hum Genome 
Var 5:18001. https://​doi.​org/​10.​1038/​hgv.​2018.1

Comments 

The authors demonstrate the importance of long-term follow-up after 
treatment of brain arteriovenous malformations in children. With a 
low (10%) rate of loss-to-follow-up, they identify a 5% rate of delayed 
recurrence of angiographically cured bAVMs beyond five years of 
follow-up. Although larger cohorts would be required to demonstrate 
the clinical significance, i.e., hemorrhage rate, of these recurrences, in 
patients under 55 years of age, this would be expected to present a non-
trivial natural history of ongoing hemorrhagic risk. Furthermore, they 
identify a pattern of smoking (although not statistically evaluated) that 
may represent a modifiable risk factor for patients to reduce this risk. 
Unfortunately, there is no accompanying genetic analysis of the recurrent 
lesions which may further inform patient risk stratification. There is 
accumulating data on the genetic underpinnings of bAVMs, although 
broader comparisons between pediatric and adult bAVMs are ongoing (1).  
1. Goss JA, Huang AY, Smith E, Konczyk DJ, Smits PJ, Sudduth CL, 
Stapleton C, Patel A, Alexandrescu S, Warman ML, Greene AK. Somatic 
mutations in intracranial arteriovenous malformations. PLoS One. 2019 
Dec 31;14(12):e0226852. doi: 10.1371/journal.pone.0226852. PMID: 
31891627; PMCID: PMC6938308.

(Alfred) Pokmeng See
Boston, USA

Publisher’s note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/S0140-6736(12)60815-0
https://doi.org/10.1016/S0140-6736(12)60815-0
https://doi.org/10.1080/02841859709171233
https://doi.org/10.1080/02841859709171233
https://journals.lww.com/neurosurgery/Fulltext/2020/12000/Cigarette_Smoking_Is_More_Prevalent_in_Patients.43.aspx
https://journals.lww.com/neurosurgery/Fulltext/2020/12000/Cigarette_Smoking_Is_More_Prevalent_in_Patients.43.aspx
https://journals.lww.com/neurosurgery/Fulltext/2020/12000/Cigarette_Smoking_Is_More_Prevalent_in_Patients.43.aspx
https://doi.org/10.1227/01.neu.0000097518.57741.be
https://doi.org/10.3171/jns.1996.85.5.0838
https://doi.org/10.3171/jns.1996.85.5.0838
https://doi.org/10.1016/j.wneu.2018.05.117
https://doi.org/10.1016/j.wneu.2018.05.117
https://doi.org/10.1016/j.surneu.2009.07.008
https://doi.org/10.1016/j.surneu.2009.07.008
https://doi.org/10.1227/01.NEU.0000192167.54627.3A
https://doi.org/10.1227/01.NEU.0000192167.54627.3A
https://doi.org/10.1227/01.NEU.0000210248.39504.B5
https://doi.org/10.1227/01.NEU.0000210248.39504.B5
https://doi.org/10.1038/hgv.2018.1

	Recurrence of brain arteriovenous malformations in pediatric patients: a long-term follow-up study
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Patients
	Follow-up imaging
	Statistical analysis

	Results
	Patients and symptoms
	Follow-up and AVM recurrence
	AVM characteristics
	Treatment
	Case illustrations of recurrent AVMs

	Discussion
	Timing
	Imaging modality
	Treatment modality
	Theory of AVM recurrence pathophysiology
	Follow-up protocol

	Conclusions
	References


