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BRIEF/TECHNICAL REPORT
ADULT BRAIN

Susceptibility-Weighted Angiography for the Follow-Up of
Brain Arteriovenous Malformations Treated with Stereotactic

S. Finitsis,

ABSTRACT

Radiosurgery

R. Anxionnat, ““B. Gory, ““'S. Planel, ““L. Liao, and “*'S. Bracard

SUMMARY: The criterion standard for assessing brain AVM obliteration postradiosurgery is DSA. To explore the value of susceptibility-

weighted angiography, we followed 26 patients with brain AVMs treated by radiosurgery using susceptibility-weighted angiography and

DSA. Studies were evaluated by 2 independent readers for residual nidi. Susceptibility-weighted angiography demonstrated good inter-

modality (k = 0.71) and interobserver (k = 0.64) agreement, and good sensitivity (85.7%) and specificity (85.7%). Susceptibility-weighted

angiography is a useful radiation- and contrast material—free technique to follow-up brain AVM obliteration postradiosurgery.

ABBREVIATIONS: bAVM = brain AVM; SRS = stereotactic radiosurgery; SWAN = susceptibility-weighted angiography

B rain AVMs (bAVMs) may be treated by either surgical resec-
tion, embolization, or radiosurgery. Following treatment,
confirmation of complete obliteration is imperative because the
risk of bleeding in incompletely obliterated lesions persists.'~ Af-
ter AVM radiosurgery, occlusion is usually achieved after 2—4
years, with regular imaging follow-up performed every 6-12
months until complete bAVM obliteration is documented."*
The criterion standard for evaluating post-stereotactic radio-
surgery (SRS) bAVM obliteration is DSA because of its high spa-
tial and temporal resolution.*> However, DSA is a high-cost,
invasive procedure involving radiation and contrast media exposure,
with a 1% morbidity.®® Noninvasive alternatives such as 3D-TOF-
MRA, 3D contrast-enhanced MRA,'*'* and, lately, 4D time-re-
solved MRA'"'*'* have shown inferior diagnostic accuracy com-
pared to DSA. Moreover, most entail intravenous administration of
contrast material with additional cost and potential toxicity.'>'®
Susceptibility-weighted angiography (SWAN) is a promising
new technology that indirectly evaluates the amount of oxygen
within blood vessels. As bAVMs shunt oxygenated blood from
arteries to veins, bAVM draining veins appear hyperintense,17
while normal veins containing deoxygenated blood appear hy-
pointense.'®'” SWAN demonstrates high spatial resolution that
allows small normal draining veins with a diameter inferior to the
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size of the voxel to be visualized and is highly sensitive to small,
low-flow shunts.!” Moreover, SWAN does not require adminis-
tration of intravenous contrast material. We aimed to evaluate the
performance of SWAN for the follow-up of patients with bAVMs
treated with SRS.

MATERIALS AND METHODS

Inclusion Criteria

After institutional review board approval, all patients with
bAVMs treated with SRS at the University Hospital of Nancy,
France were prospectively included in a database. For the present
study, patients imaged between March 2012 and May 2018 were
included if they met the following criteria: 1) They had a bAVM
treated by embolization and radiosurgery or radiosurgery only, 2)
they were imaged during follow-up with SWAN at 1.5T or 3T and
DSA, 3) both examinations were performed within a time interval
of <6 months and without another treatment session in between,
and 4) both examinations were performed at least 12 months after
SRS.

The treatment strategy for each patient was based on multidis-
ciplinary decisions involving neurosurgeons, radiotherapists, and
neuroradiologists. For each patient, demographics, bleeding his-
tory, comorbidities, location of the nidus, Spetzler-Martin grade,
previous treatment history, clinical symptoms, and radiosurgical
parameters were recorded in a prospective database. The time
intervals between SRS and SWAN imaging, SWAN imaging and
DSA control were also recorded.

Imaging
After SRS treatment, each patient underwent clinical evaluation
and MR imaging at 6-month intervals on either 1.5T or 3T scan-
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ners (Signa 1.5T and 3T; GE Healthcare, Milwaukee, Wisconsin).
The MR imaging SWAN protocol was fairly consistent: At 1.5T,
the SWAN scanning parameters were the following: flip angle,
12°; TE, 80 ms; TR, 78.3 ms; slice thickness, 2.4 mm; FOV, 24 cm.
At 3T, the SWAN scanning parameters were the following: flip
angle, 15°% TE, 25 ms; number of echoes, 6; TR, minimum; slice
thickness, 0.8 mm reconstructed in 2-mm MIP; FOV, 24 cm. DSA
was performed on a biplane angiography unit (Innova; GE
Healthcare) with selective contrast injections of intracranial ves-
sels in standard projections.

Image Analysis

Two independent senior readers (S.B. and R.A.), with >20 years
of experience in diagnostic and interventional neuroradiology
each, reviewed the axial SWAN examinations randomly and con-
firmed the presence or absence of a remaining arteriovenous
shunt, that is, the presence of hypersignal within the nidus or a
draining vein. Readers were blinded to baseline and follow-up
clinical data, DSA imaging, bAVM location, and treatments
received. In case of disagreement, consensus was reached by a
third senior neuroradiologist (S.F.). Results were recorded
separately and used to determine interobserver and intermo-
dality agreement.

DSA studies were reviewed in consensus by 2 other senior
readers. Total obliteration of the bAVM was defined as the com-
plete absence of the nidus, normalization of the afferent and ef-
ferent vessels, and a normal circulation time. Any remaining ni-
dus, regardless of its size, was considered “patent,” including the
existence of early-filling draining veins.

Statistical Analysis

Quantitative variables were described as median and interquartile
ranges, whereas qualitative variables were described as numbers
and percentages. Intermodality and interobserver agreement was
calculated using the  statistic. All analyses were completed using
commercial statistical software (SPSS, Version 23.0; IBM, Ar-
monk, New York).

RESULTS

Twenty-six patients fulfilled the inclusion criteria (Fig 1). Pa-
tient demographics are shown in Table 1. Two patients under-
went 2 sets of imaging at different time points that were in-
cluded in the analysis. Before SRS, 23 patients were embolized
with a mixture of n-BCA and glue; and 1, with Onyx (Covidien,
Irvine, California).

Interobserver Agreement

For SWAN examinations, the 2 observers agreed on the existence
of a residual nidus in 23 of 28 cases (82.1%), resulting in good
interobserver agreement (k = 0.64; 95% CI, 0.36—0.92) (Figs 2
and 3). Table 2 shows the interpretations according to the 2 read-
ers and the consensus reading. Two disagreements corresponded
to nidus remnants of millimetric size. Three more disagreements
corresponded to occluded nidi that contained faint hyperintense
spots.

From March 2012 to May 2018, 163 patients underwent
an MRI for a bAVM

43 patients underwent SWAN control post Radiosurgery

26 patients had a DSA performed in less than 6 months
from SWAN, and at least 1-year post SRS

FIG 1. Patient flow chart.

Table 1: Characteristics of the 26 patients®
Characteristics

Age (yr) 33(22-42)
Sex, male 17 (65.4%)
bAVM location

Supratentorial 24 (92.3%)

Infratentorial 2(7.7%)
Spetzler-Martin grade 1(1-11)
Presentation

Hemorrhage 20 (76.9%)

Seizure 4 (15.4%)

Headache 5(19.2%)

Neurologic symptoms 1(3.8%)
Type of treatment

Embolization then radiosurgery 22 (84.6%)

Radiosurgery 2(7.7%)

Surgery then embolization then radiosurgery 2(7.7%)

Time intervals
Delay between last treatment and SWAN (mo)°® 34 (27.7-46.8)
Delay between SWAN and DSA (days)® 3(3-65)
2 Continuous variables are presented as proportion and percentage; categoric vari-

ables are described as median and first and third quartiles.
® Calculated for 28 datasets because 2 patients had 2 separate SWAN/DSA follow-ups.

Intermodality Agreement

The consensus reading for SWAN showed agreement regarding
residual nidi in 24/28 (85.7%) cases, resulting in good intermo-
dality agreement (k = 0.71; 95% CI, 0.455-0.974). Two unseen
nidi (false-negative cases) were very small (Fig 4). One false-pos-
itive case was due to a large intranidal calcification that was obvi-
ous on plain CT (Fig 5). Another false-positive case was a corpus
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FIG 2. A 42-year-old man with a left cerebellar AVM, partially embolized with glue. A, SWAN
imaging 3 years after SRS shows hyperintense vessels (white arrow) in the posterior part of the
nidus that correspond to a nidal remnant confirmed by DSA (black arrow, B).

FIG 3. A19-year-old woman with a right posterior frontal AVM with
hemorrhagic presentation, partially embolized with glue. SWAN im-
aging 2.5 years after SRS shows the complete occlusion of the nidus
(white arrow) confirmed by DSA (not shown).

callosum AVM with multiple adjacent arteries that gave the im-
pression of hyperintense draining veins (Fig 6). Univariate statis-
tics failed to show any association between false diagnostic results
and Spetzler-Martin grade (P = .6), AVM location (P = .6), pre-
vious hemorrhage (P = 1), and previous embolization (P = .27).

Diagnostic Value of SWAN

The diagnostic accuracy of SWAN for a residual nidus reached a
sensitivity of 85.7%, a specificity of 85.7%, a positive predictive
value of 85.7%, and a negative predictive value of 85.7%.
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DISCUSSION

The role of SWAN in the post-SRS fol-
low-up of bAVMs has not been studied,
to our knowledge. Our results show that
SWAN has good intermodality (k =
0.71; 95% CI, 0.45-0.97) and interob-
server (k = 0.64; 95% CI, 0.37-0.92)
agreement compared with DSA, with a
sensitivity of 85.7%, specificity of 85.7%,
positive predictive value of 85.7%, and
negative predictive value of 85.7%.

Although SWAN has good diagnos-
tic accuracy, given its actual limitations,
a negative SWAN finding cannot assert
with certainty whether a bAVM is com-
pletely obliterated. However, it may
guide imaging follow-up of patients
with bAVMs treated with SRS without the need for intravenous
injection of gadolinium and may potentially help avoid some un-
necessary DSA examinations. After bAVM SRS, SWAN may be
performed annually until the findings become negative (ie, until
there is no residual shunt visible) and the final result can be con-
firmed by DSA.

Using SWAN, we found spots of increased signal intensity for
residual arteriovenous shunts and patent draining veins in 12 of
14 (85.7%) residual nidi diagnosed by DSA (Fig 2). This hyperin-
tense pattern has been noted in previous SWAN studies of non-
treated bAVMs. At high blood velocities, the hypersignal within
the nidus and the venous drainage are partially related to an in-
herent TOF effect of SWAN at 1.5T and 3T.">*° At lower blood
velocities, higher blood-oxygen levels and a lack of paramagnetic
phase shift linked to direct arterial-to-venous shunt inside the
nidus appears to be mainly responsible for the hyperintensity.'

False-negative diagnoses of a residual nidus on SWAN oc-
curred in 2 cases of residual nidi of millimetric size (Fig 4). False-
positive diagnoses of a nidus remnant occurred in 2 patients. In
one, a hyperintense signal in a fully occluded nidus was produced
by susceptibility artifacts from a large calcified area visible on
plain CT (Fig 5). In the other patient, multiple hyperintense nor-
mal vessels near the occluded bAVM that proved to be normal
arteries gave the false impression of hyperintense small draining
veins (Fig 6). This pitfall may be avoided by the use of multiplanar
reformations to distinguish draining veins and arteries."”

In the present study, 20 of 26 (76.9%) bAVMs had previously
bled and contained hemosiderin. However, this was not found to
be detrimental to the diagnosis of a residual bAVM nidus (P = 1).
n-BCA glue was used as an embolic agent in 23 of 26 bAVMs
before SRS. When injected, n-BCA glue is mixed with Lipiodol
(Guerbet, Roissy, France), an oil-based contrast agent that could
exhibit high signal on T1- and T2-weighted images. However, in
the present series, previous embolization was not related to the
false diagnosis of a nidus remnant (P = .27). One patient had been
embolized with Onyx, but the remaining bAVM nidus was cor-
rectly diagnosed as patent. Previous embolizations could obscure
the margin of the nidus or result in a fragmented nidus and
thereby mislead to a false negative diagnosis. Although, in the
present series, glue did not interfere with the diagnostic accuracy



Table 2: Detection of nidus remnant on SWAN compared with DSA®

SWAN Reader 1 SWAN Reader 2 Consensus Reading
DSA Patent Obliterated Patent Obliterated Patent Obliterated

Patent (n = 14) m 3 m 2 12 2
Obliterated (n = 14) 5 9 3 12 2 12
Sensitivity (%) 68.7 78.6 85.7
Specificity (%) 75 85.7 85.7
PPV (%) 78.6 84.6 85.7
NPV (%) 643 80 857

Note:—PPV indicates positive predictive value; NPV, negative predictive value.
2 Prevalence of nidus remnant after SRS for bAVM.

FIG 4. A 32-year-old man with a right parietal AVM with hemorrhagic presentation, partially embolized with glue. SWAN imaging 3.5 years after
SRS (white arrow, A) fails to show a very small residual nidus that was depicted by DSA (black arrow, B).

A /|

FIG 5. A 60-year-old man with a left parietal AVM with hemorrhagic presentation that was partially embolized with glue. A, SWAN imaging 4
years after SRS shows an amorphous area of hyperintensity within the nidus (white arrow) that was diagnosed as a nidus remnant, but the DSA
findings were negative. B, CT shows extensive calcification (white arrow) inside the AVM scar.

of SWAN, the potential for diagnostic pitfalls related to the use of ~ postcontrast MR imaging for the diagnosis of residual post-SRS
ethylene copolymer—based embolic agents should be investigated ~ treated bAVMs and found sensitivities ranging from 76.7% to
in larger series. 84.9% and specificities from 88.9% to 95%. Other authors have

Lee et al*" assessed the diagnostic accuracy of 3D-TOFand T1  studied the accuracy of time-resolved MRA and have found sen-
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FIG 6. A19-year-old man with a left frontal AVM with hemorrhagic presentation that was partially embolized with glue. A, SWAN imaging 5 years
after SRS shows hyperintense vessels (white arrow) near the AVM that were mistakenly diagnosed as a nidus remnant. B, Digital subtraction

angiography findings were negative.

sitivities, specificities, positive and negative predictive values
ranging from 64.3% to 79.6%, 90.6% to 100%, 84.6% to 100%,
and 78.3% to 90% respectively.'"*' The clear advantage of SWAN
compared to these techniques is the absence of contrast material
administration, which represents added cost and entails potential
toxicity.'>'® Compared to 3D-TOF techniques or the detection of
T2-weighted flow voids, SWAN has the potential to be more sen-
sitive to small, slow-flow shunts.'® Nevertheless, a head-to-head
comparison with these techniques is warranted.

SWAN is a susceptibility weighted imaging technique avail-
able exclusively on GE scanners. Therefore, caution should be
used when extrapolating the present findings to susceptibility
weighted imaging sequences of other MR imaging machine ven-

dors, where venous drainage may appear hypointense**** or

hyperintense.'”*

During the study period, a substantial number of patients did
not undergo SWAN. This may have introduced bias in our study.
Also, studies were performed on MR imaging machines with 2
different field strengths (1.5T and 3T). However, follow-up pro-
tocols were consistent. Moreover, readers were not allowed to use
MIP or reformatted images, or consult baseline SWAN or DSA
studies which, if available, may have improved diagnostic

accuracy.

CONCLUSIONS

SWAN is a useful radiation- and contrast material—free technique
for the follow-up of patients with brain AVMs treated by SRS. It
has the potential to reduce the number of DSA controls after SRS.
However, given the actual limitations of SWAN, DSA remains
mandatory for the final assessment of brain AVM cure.
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