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Abstract )

Background: Digital subtraction catheter angiography (DSA) is utilized at our institution in addition to MRI for treatment
planning of arteriovenous malformations (AVM:s) stereotactic radio surgery (SRS). We hypothesized MRI over-predicts the

size of AVM nidus and compared MRI alone versus combined imaging as input for target delineation for AVM SRS.

Methods: 90 AVMs from 78 patients treated with SRS at our institution from March 2013 to July 2017 were retrospectively
analyzed. A Neuroradiologist contoured the AVM nidus from MRI alone in a blinded manner. In addition to volumetric
parameters from the treatment planning software, DICOM images were exported to abstract the spatial information of the

contoured volumes.

Results: Of the evaluable 81 AVM:s from 69 patients, all underwent MRI and DSA. 40 patients (58%) were male and median
age was 36 (range 3-72). Median target volume from SRS treatments, AVM nidus generated by MRI alone and DSA alone
were 1.33 cm?, 1.13 cm?, and 1.30 cm’, respectively. The ratios of these volumes were also not significantly different, refuting
our hypothesis. Interestingly, a strong agreement was found between the target and DSA-generated volume. Spatial analysis
of these volumes with DICE and Jaccard Index (JI) revealed significantly greater similarity and overlap between the target and
DSA-generated volume than with MRI-generated volume (p < 0.0001).

Conclusions: SRS target AVM volume at our institution is significantly more similar to DSA-generated volume than that of
MRI. This finding indicates our neurosurgeons and neurovascular surgeons rely more on the vascular data of DSA containing
temporal and spatial information, albeit in a two-dimensional (2D) format when creating the target AVM nidus volume. Fur-
thermore, a significant number of cases showed disagreement between the volumes delineated by MRI and DSA. Together,

these findings support the need for multimodality image acquisition for effective treatment planning of AVM SRS.
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Introduction

Brain arteriovenous malformation (AVM) is a congen-
ital vascular anomaly where there is direct arterial to venous
connections without an intervening capillary network, creat-
ing a system of feeding arteries, tangled malformation or nidus,
and draining veins engorged from the high pressure. Acting as
a shunt, AVM results in both a potential steal (lack of nutrition
and oxygen delivered to intended brain parenchyma) as well as
a high-pressure arteriovenous communication prone to sponta-
neous hemorrhage. Surgical resection remains the primary treat-
ment modality for patients with AVM as it eliminates the source
of steal and hemorrhage immediately. However, surgery may not
be feasible in cases with AVM in deep locations and / or eloquent
areas of the brain. Embolization may be used as an independent
therapy, however, it is more commonly utilized prior to surgery
as an adjunct (reviewed in [1]). Stereotactic Radiosurgery (SRS)
is another local treatment modality that has been established as
an effective treatment for brain AVM (2, 3]. Although there is a
delay in beneficial effects ranging from 6 months to 3 years, SRS
is able to treat larger and deeper AVMs with more safety than
surgery. In order to prevent unwanted radiation injury, accurate
target delineation is essential. Because of its high temporal and
spatial resolution, the gold standard technique for diagnostic and
follow-up imaging of AVMs is digital subtraction catheter angi-
ography (DSA) [4, 5]. At our institution, we routinely perform
DSA on the day of the SRS procedure for improved target delin-
eation. Following image acquisition, an interventional radiolo-
gist manually delineates the AVM nidus on the planar angiogram
images; these images are stereotactically fused with the same day
MR images. When stereotactically fused with MRI, the orthog-
onal planar DSA information can be outlined to form quadri-
lateral “boundaries” on each slice of the MRI. The finalized "tar-
get" nidus of the AVM is then contoured by a neurosurgeon by
rounding the corners of the DSA quadrilateral using MRI signal
information (Figure 1A). Such extra information from angiogra-
phy allows the neurosurgeons and radiation oncologists to make
judgments to partition a target volume and spare the surround-
ing normal brain parenchyma by incorporating anatomic and

physiologic information from different image modalities.

Zhang and colleagues reported the superimposing the
DSA derived AVM nidus information onto CT or MRI was an
important technique to determine the precise shape of the nidus
[5]. Even though the addition of angiography is time-consum-
ing and requires multi-modality team care, our group strongly
believed that this approach enabled our institution to treat the

smallest possible AVM target without missing DSA identified

nidus, yet achieve excellent obliteration rates with very low tox-
icity from the procedure. Hence, we hypothesized that the AVM
nidus identified by MRI-alone would be larger than the finalized
target volume. To examine this hypothesis, we designed a study
to objectively compare AVM nidus treatment volumes generated
with and without DSA data. Contrary to our hypothesis, data
analysis revealed that our neurosurgeons and radiation oncolo-
gists have a greater degree of confidence in 2D vascular data to
delineate the AVM nidus instead of 3D post-contrast MRI imag-
es of these AVMs. Furthermore, we found around 10% of cases
could have not been treated with confidence if DSA did not serve
as a backup modality. These findings support the need for multi-
modality image acquisition in radio surgical treatment planning
of AVM.

Methods

90 AVMs from 78 patients that were treated between
March 2013 to July 2017 at the University of Texas Southwest-
ern Medical Center using Gamma Knife °Perfection™ and/or
Icon™ between March 2013 to July 2017 were analyzed (Figure
1B). For the evaluable83 AVMs from 71 patients, all patients
underwent MRI and interventional cerebral angiography on the
day of the SRS procedure. An interventional radiologist manu-
ally delineated the AVM nidus on the planar angiogram images,
which were stereotactically fused with the MR images in the ra-
diation treatment planning software using consistent fiducials.
The nidus of the AVM was then contoured by the neurosurgeon
in the radiation treatment planning software and radiosurgery
was performed with Gamma Knife. The brain AVM nidus was
retrospectively delineated solely on MRI data by an experienced
neuroradiologist M.P. at a later date. The nidus was contoured
on T1-weighted post-contrast-enhanced Fast Field Echo (FFE)
images. The neuroradiologist was blinded to both the DSA im-
ages and the nidus target volumes that were used for the actual
treatment. Care was taken to avoid draining veins (Figure 2A)
or blood products associated with the AVMs. For the purpose
of this study, the authors defined the ground truths as the final-
ized target volume generated by the neurosurgeons and neuro-
vascular surgeons that was used in the SRS treatment, for com-
parison to treatment volumes generated by the individual rater
(“blinded” neuroradiologist) and interventional radiologists.
Five patients that did not show a clear MRI lesion at the corre-
sponding location of AVM identified by DSA (Figure 2B). Seven
AVMs from seven patients were excluded from the analysis for
the following reasons: Two had no finalized target AVM volume
delineated in the treatment plans, two harbored previously treat-
ed AVMs at a different location in the brain. One had only CT
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Figure 1: (A) Example treatment planning where MRI abnormality appears larger than that outlined by DSA (green outline) by an interven-
tional radiologist. The finalized SRS treatment volume (Target, red outline) was generated by a Neurosurgeon. (B) Study Scheme.
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Figure 2: (A) Example treatment planning images of an AVM nidus volume generated by MRI (blue outline), AVM nidus generated by DSA alone
by an Interventional Radiologist (green line) and the finalized target volume used for SRS treatment (red line) generated by a Neurosurgeon or
Neurovascular surgeon. Hematoma is not included in the AVM nidus identified by both MRI and Cerebral angiography methods. (B) Example
treatment planning images where MRI did not have a corresponding vessel or parenchyma within the superimposed Cerebral angiography identi-
fied area. (C) Example treatment planning images where the Neuroradiologist identified an AVM at a different location from the AVM that was
identified by Angiogram and treated with SRS.
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information, one had only the T2 MRI sequence instead of the
T1 post-contrast MRI and one did not include DSA. Two AVMs
from two patients were not evaluable because the neuroradiolo-
gist was unable to identify the AVM nidus (Figure 2C).

The data obtained in this study are 3D volume sets,
measured as the sum of the voxels contained within the contours
from the treatment planning software of Gamma Knife ° directly.
Dice Similarity Coeflicients (DSC) is obtained by the equation
(DSC = 2(ANB)/(JA|+|B|)), where A and B are the ground-truth
and evaluated as segmented volumes, respectively[6]. The Jac-
card index (JI) is a measure of the overlap that A and B share
with their attributes, which is defined as JI = (ANB)/(AUB)[7].
Both the values of DSC and JI ranges from 0 to 1, indicating no
spatial similarity and overlap, respectively. DSC and JI of the tar-
get, MRI, and DSA generated volumes were independently cal-
culated algorithm from the DICOM structured data sets.

Statistical Analysis

All statistical analyses, including the matched t-test
analysis, one-way ANOVA, corresponding figures and tables and
Bland-Altman Plots [8, 9] were created using Graph Pad 5 soft-
ware. Bland-Altman plot calculates the mean difference between
two methods of measurement (MRI and DSA in this case). The
graphic display of agreement is presented with the mean of two
measures in the x-axis and the difference between two measures
in the y-axis. The 95% limits of agreement (LoA) were computed
and depicted by 1.96 standard deviations that encompass above
and below the line of agreement between the two methods of

measurement.

Results

Patient Demographics and AVM Characteristics

81 AVMs from 69 patients treated with Gamma Knife
SRS at the University of Texas Southwestern Medical Center be-
tween March 2013 to July 2017 were analyzed. 40 patients (58%)
were male and 29 patients (42%) were female. The median age
was 36 (range 3-72). 58 AVMs (71.6%) were in the cerebrum,
11 AVMs (13.6%)in the cerebellum, seven AVMs (8.6%) in the
brainstem, four AVMs (4.9%) intraventricular and one AVM
(1.2%) near the auricular nerve. The median AVM nidus volume
of finalized target volume used in SRS targeting, AVM nidus gen-
erated by MRI alone (MRI) and AVM nidus generated by ce-
rebral angiography (DSA) were 1.33 cm’ (range 0.05-14.5 cm?,
mean 2.47 cm?), 1.13 cm’ (range 0.27-15.1 cm?, mean 2.63 cm?)

and 1.30 cm’ (range 0.05-16.6 cm’, mean 2.97 cm’), respective-

ly. To assess the change in volume of AVM nidus target by the
use of DSA, the raw volumetric segmentation data were paired
to determine the ratio of the MRI alone to the finalized target
volume of each SRS treatment plan. Contrary to our prediction,
only about half the cases (44 of the 81 AVMs, 54%) showed the
MRI-generated volume was larger than the targeted volume (Fig-
ures 3A and3B). As such, the volume ratio calculated by divid-
ing the MRI-generated volume with the target volume was also
not statistically significant (mean 1.67 and median 1.04). Paired
t-test analysis was not statistically significantly different between
the two volumes nor was the comparison with DSA generated
volume (Figure 3C). One-way ANOVA comparison of the target,
MRI-generated and DSA-generated volumes also did not reveal
any statistically significant difference among the three volumes
(Tablel).

This was a surprise as we hypothesized that combin-
ing two imaging modalities of MRI and DSA result in a smaller
target volume as the overlaid images appear to shrink the target
boundary as depicted in figure 1A. It became apparent, howev-
er, that the finalized target volume appeared more closely relat-
ed to the DSA-generated volume than with the MRI-generated
volume. In fact, Bland-Altman plot evaluation of the agreement
between two methods revealed that the 95% limits of agreement
are tighter in the plot between the target and DSA-generated
volumes than that between target and MRI-generated volumes
(Figure 4), suggesting greater agreement between the target and
DSA-generated volumes. Bland-Altman plot provides a graphi-
cal display of the agreement between the two methods of mea-
surements of the AVM volume [2, 3] but there is no test statistic
to compare two Bland Altman plots with mutual measurement
(in this case, the target volume) [10]. Moreover, both plots have
four outliers beyond the 95% limits of agreement, which is diffi-
cult to interpret. Hence, we decided to analyze the segmentation
data of each contoured AVM did with 3D coordinates instead
of treating each AVM nidus as lumped “volume” without spatial

relationship.

To make judgments and draw conclusions about these
3D structures, we compared the spatial relationships of these
volumes using two common metrics: Dice Similarity Coefficient
(DSC)[6] and Jaccard Index (JT)[7]. The volumetric DSC is de-
fined as the intersection of two masks normalized to their mean
volume, where A and B are the masks and N is an operator yield-
ing the number of voxels (Figure 5B) whereas JI is defined as the
intersection between A and B, divided by their union. The range
of DSC and ]I is zero to one, where zero indicates no overlap

and one indicates exact overlap. Matched pair analysis of DSC
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showed that the volumetric overlap between the finalized target
and DSA-generated volume was greater (p-value < 0.0001) than
that between the finalized target and the MRI-generated volume
(Figure 5C, Table 2).

Similarly, matched-pair analysis of JI showed that the
volumetric overlap between the finalized target and DSA-gener-
ated volume was greater than with MRI-generated volume, with

statistical significance (p-value < 0.0001) (Figure 5D, Table 3).

(A)

Notably, when five cases of AVM lesions that did not
harbor corresponding MRI contour were excluded from the
analysis and subjected to matched pair-analysis, both the DSC
and JI were still statically significantly higher between target
volume and DSA-identified volume compared to that between
target volume and MRI-alone-identified volume, revealing the
higher degree of spatial agreement or congruence of the target

and DSA-generated volumes.

(C)
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Figure 3: (A) Example treatment planning where the AVM nidus volume generated by MRI alone by a neuroradiologist (MRI, blue outline) was

larger than that generated by DSA alone by an interventional radiologist superimposed on MRI (green outline). The finalized SRS treatment

volume (Target, red outline) generated by a Neurosurgeon. (B) Example treatment planning images where the DSA volume was larger than that

generated from MRI alone. (C) Volume scatter plot showing the distribution of finalized SRS treatment volume (Target), AVM nidus identified

by MRI alone (MRI) and digital subtraction angiography (DSA).

One-way analysis of variance

P value 0.662

P value summary ns

Are means significantly different? (P < 0.05) No

Number of groups 3

F 0.4132

R squared 0.003432

Bartlett's test for equal variances

Bartlett's statistic (corrected) 2.151

P value 0.3411

P value summary ns

Do the variances differ signif. (P < 0.05) No

ANOVA Table SS df MS
Treatment (between columns) 10.78 2 5.388
Residual (within columns) 3129 240 [13.04
Total 3140 242

Table 1: One-way ANOVA comparison of the target, MRI-generated and DSA-generated volumes

Abbreviations:df: degrees of freedom, MS: mean squares, ns not significant, SS: sum-of-squares.

J Cancer Res Therap Oncol 2020 | Vol 8: 104
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Figure 4: Bland-Altman plots of the contoured AVM volumes that assess the agreement between the two measures on an individual level. The 95%
limits of agreement (LOA) is depicted by the dotted line that represents the 1.96 standard deviation from the mean of the measurements by two
methods. Finalized SRS treatment volume (Target), AVM nidus identified by MRI alone (MRI) and AVM nidus identified by digitally subtraction
angiography (DSA).
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Figure 5: (A) Graphic representation of two overlapping volumes A and B. (B) Mathematical equation and graphic representation of the Dice
Similarity Coefficient (DSC) and Jaccard Index (JI). (C) Scatter plot of DSC of finalized treatment volume (Target) and AVM nidus identified by
MRI alone (MRI), noted as B=MRI, compared to target and AVM nidus identified by digital subtraction angiography (DSA), noted as B=DSA. (D)
Scatter plot of JT of Target and MRI, noted as B=MRI, compared to Target and DSA noted as B=DSA.
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Table Analyzed: DSC Target:MRI Target:DSA
Number of values 81 81
Minimum 0 0.1327
25% Percentile 0.3129 0.6613
Median 0.5297 0.7763
75% Percentile 0.6778 0.8467
Maximum 0.824 0.9456
Mean 0.4702 0.7437
Std. Deviation 0.2465 0.1377
Std. Error 0.02739 0.0153
Lower 95% CI 0.4157 0.7133
Upper 95% CI 0.5247 0.7742
Paired t test

P value < 0.0001

Are means signif. different? (P < 0.05) Yes

One- or two-tailed P value? Two-tailed

t, df t=8.260 df=80

Number of pairs 81

Table 2Matched pair analysis of Dice Similarity Coeflicients(DSC) between the finalized target and DSA-generated volume compared to DSC

between the finalized target and the MRI-generated volume.

Abbreviation: df: degrees of freedom, DSC: Dice Similarity Coefficients

Table Analyzed: Jaccard Index Target:MRI Target:DSA
Number of values 81 81
Minimum 0 0.07106
25% Percentile 0.1854 0.494
Median 0.3603 0.6344
75% Percentile 0.5127 0.7342
Maximum 0.7007 0.8969
Mean 0.3391 0.609
Std. Deviation 0.202 0.159
Std. Error 0.02245 0.01766
Lower 95% CI 0.2945 0.5738
Upper 95% CI 0.3838 0.6441
Paired t test

P value < 0.0001

Are means signif. different? (P < 0.05) Yes

One- or two-tailed P value? Two-tailed

t, df t=9.519 df=80

Number of pairs 81

Table 3Matched pair analysis of Jaccard Index between the finalized target and DSA-generated volume compared to

DSC between the finalized target and the MRI-generated volume.

Abbreviation: df: degrees of freedom

JScholar Publishers

J Cancer Res Therap Oncol 2020 | Vol 8: 104



8

Discussion

The gold standard technique for the diagnosis and
follow-up imaging of AVMs remains digital subtraction cathe-
ter-derived DSA. At our institution, we employ stereotactic tar-
geting provided by the reference head frame during image ac-
quisition of MRI and DSA to superimpose the 2D image of DSA
generated volume to MRI to identify the nidus configuration. In
1993, Guo et al. in 1993 reported the feasibility of delineating
an AVM on MRI and compared this AVM volume to that out-
lined in angiogram from six patients with seven AVMs [11]. In
contrast to our initial hypothesis, Guo et al. reported that the
estimated volumes of the AVM nidi were larger with the con-
ventional stereotactic angiograms than that identified by MRI.
While the early works by Guo and colleagues are very insight-
ful, they derived their conclusions from a very small sample size
compared to our present study. Moreover, the authors noted the
difficulty in imaging smaller AVMs with MRI, which echoes the
technological advances in MRI since the early 1990s with great-
er ability to image smaller AVMs with finer details. Higher field
strength magnets and other hardware and software advances
have most certainly improved both the accuracy and precision of

MR image acquisition for an intracranial AVM.

While we hypothesized that the use of DSA enabled
physicians to delineate a smaller AVM target in conjunction with
MR, our result showed that the use of angiogram decreased the
target volume in only about half the cases when compared with
MRI alone. Nonetheless, the present analysis revealed two inter-
esting findings. The first finding is that the neurosurgeons and
neurovascular surgeons at our institution rely on DSA data when
creating the target AVM nidus volume more than on MRI-based
data. This finding was surprising at first since the Gamma Knife
treatment planning and treatment delivery of SRS is based on
MRI. In retrospect, however, this observation makes sense, as
our neurosurgeons and neurovascular surgeons rely on the tem-
poral and spatial resolution provided by DSA to more accurate-
ly delineate the AVM nidus. Despite being a 2D image, which
needs to be superimposed onto the treatment planning MRI, the
2D information obtained from the DSA contains crucial kinet-
ic information about filling of the nidus and associated drain-
ing veins, as opposed to the static information provided by the
T1-weighted, contrast-enhanced MRI. The relatively low-resolu-
tion MRI images provide a suboptimal distinction between the
nidus, nearby draining veins and other abnormalities, including
sub acute blood products and enhancing scar tissue (in AVMs

with prior hemorrhage).

A second finding from our study is that the choice of
volume-based comparison metrics is critical as each yield differ-
ent information and must be considered in the appropriate con-
text. Spatial overlap measures such as the DSC and JI have been
broadly adopted in the field of segmentation analysis [12]. Pre-
cision and accuracy are crucial concepts in target delineation, as
one without the other does not allow precise treatment delivery
that leads to greater sparing of normal brain parenchyma. Our
analysis indicated that in a non-insignificant number of cases (11
out of 90 AVMs, 12% in our cohort) either MRI or Angiogra-
phy could not be performed or were not in agreement, as in the
case depicted in Figure 2B where an AVM nidus was identified
in what appears to be a cavity on MRI. In these circumstances,
a practitioner without a second imaging modality will be at loss
identifying targets, unable to deliver treatment with confidence.
In another instance, a very small AVM (<1cc) near the conflu-
ence of sinuses was not visualized well by MRI. Variables such as
AVM volume, location in relation to draining vein/sinus/conflu-
ence, evidence of prior hemorrhage or the ratio between nidus/
draining veins were considered but the number of patients was
too small to make any inference. Of note, it is unlikely that the
superimposition of the images was compromised since the ste-
reotactic head frame serves as 3D coordinates for the fusion of

images.

Various techniques have been proposed to delineate
complex AVM nidus configuration. A case report from the Uni-
versity of Massachusetts reported a multimodality image acqui-
sition technique to identify a micro AVM that was too small to
be visualized by conventional methods [13]. Investigators re-
ported acquisition of high-resolution cone-beam CT using an
angiographic c-arm system to provide image quality comparable
to that of multi detector CT. They registered MRI, non-contrast
CT and cone-beam CT data to the radiation planning software
and successfully obliterated the micro AVM. MR Angiograph-
ic techniques such as 3D phase-contrast and contrast-enhanced
3D time-of-flight technique are now widely employed and allow
selective evaluation of fast-flowing blood in the vascular system
with optional gradient-moment nulling. These MRI based tech-
niques can depict the anatomic features of cerebral AVM, how-
ever, they provide only static information [14]. Other sequences,
such as susceptibility-weighted imaging (SWI) allows the visu-
alization of large and small veins in the brain without the use of
an exogenous contrast, through the use of magnitude or phase
images obtained with the three-dimensional, velocity-compen-
sated, gradient-echo sequence. Black blood MRI sequences are
able to selectively suppress flowing blood [15] and may also have

a role to identify the nidus more accurately and precisely. More
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recently, contrast-enhanced, time-resolved MRI angiography
has been proposed as a non-invasive alternative to provide tem-
poral information close to that obtained with DSA [16]. Unfor-
tunately, these advanced MRI sequences usually require longer
acquisition times and are often not feasible in patients with a
stereotactic frame in position. In the future, frame-less SRS, such
as Gamma Khnife ® Icon™ or fiducial marker implanted into the
patient's skull before angiography [17], could be coupled with
contrast-enhanced, time-resolved MRI angiography to delineate
AVM nidus.

In our study, the neuro radiologist felt that some AVMs
were particularly difficult to reliably identify on the post-contrast
T1-weighted images, including lesions associated with promi-
nent normal enhancing structures (such as the choroid plexus),
lesions closely related to dural sinuses and those surrounded by
evolving blood products or scar tissue from prior hemorrhage.
For these types of lesions, the information obtained from DSA
is particularly invaluable. Despite its superior temporal and spa-
tial resolution, cerebral angiography has significant disadvantag-
es, including its invasive nature requiring an arterial puncture
and non-insignificant complication rate [18-20]. It is likely that
the use of MRI techniques more specific for arterial flow (ver-
sus post-contrast T1-weighted images) would improve target
delineation and eventually obviate the need to perform DSA.
However, these new acquisition techniques require prospective
comparison and validation with an AVM nidus delineated by the
gold standard DSA.

Conclusions

Treatment SRS AVM volumes are significantly more
similar to catheter DSA-generated volumes than to MRI-gen-
erated volumes when compared using spatial overlap measures
at our institution. These results demonstrate that our neurosur-
geons and radiation oncologists have a greater degree of confi-
dence on 2D, high temporal and spatial resolution of the vascular
data than on 3D post-contrast MRI images of these AVMs when
deciding final treatment plans. Furthermore, our data suggest
that about 10% of cases would have not been treated if DSA was
not performed and served as a backup modality. These findings
support the need of multimodality image acquisition to compen-
sate for the uncertainty in the precision and accuracy of inference
of 3D geometries of AVM nidus from T'1-weighted post contrast
MRI alone. Given the invasive nature and non-insignificant po-
tential complications of catheter angiography, future studies ex-
ploring the accuracy of other more advanced MRI techniques are

warranted.
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