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R.T. Higashida, A.A. Abla, M.R. Amans, C.F. Dowd, H. Kim, and D.L. Cooke

ABSTRACT

BACKGROUND AND PURPOSE: Hemodynamic features of brain AVMs may portend increased hemorrhage risk. Previous studies
have suggested that MTT is shorter in ruptured AVMs as assessed on quantitative color-coded parametric DSA. This study assesses
the interrater reliability of MTT measurements obtained using quantitative color-coded DSA.

MATERIALS ANDMETHODS: Thirty-five color-coded parametric DSA images of 34 brain AVMs were analyzed by 4 neuroradiologists
with experience in interventional neuroradiology. Hemodynamic features assessed included MTT of the AVM and TTP of the domi-
nant feeding artery and draining vein. Agreement among the 4 raters was assessed using the intraclass correlation coefficient.

RESULTS: The interrater reliability among the 4 raters was poor (intraclass correlation coefficient ¼ 0.218; 95% CI, 0.062–0.414; P
value¼ .002) as it related to MTT assessment. When the analysis was limited to cases in which the raters selected the same image
to analyze and selected the same primary feeding artery and the same primary draining vein, interrater reliability improved to fair
(intraclass correlation coefficient ¼ 0.564; 95% CI, 0.367–0.717; P, .001).

CONCLUSIONS: Interrater reliability in deriving color-coded parametric DSA measurements such as MTT is poor so minor differen-
ces among raters may result in a large variance in MTT and TTP results, partly due to the sensitivity and 2D nature of the tech-
nique. Reliability can be improved by defining a standard projection, feeding artery, and draining vein for analysis.

ABBREVIATIONS: AUC ¼ area under the curve; bAVM ¼ brain AVM; cDSA ¼ color-coded parametric quantitative DSA; ICC ¼ intraclass correlation coeffi-
cient; IQR ¼ interquartile range; PCA ¼ posterior cerebral artery; SCA ¼ superior cerebellar artery

Brain AVMs (bAVMs) are uncommon high-flow vascular mal-
formations that often present with intracranial hemorrhage,

seizure, or headache in young adults.1-3 Increasingly, bAVMs are
discovered incidentally during brain imaging performed for other
reasons.4 However, management of bAVMs is challenging due to
the risk of disability or death associated with hemorrhage, seizure,
or infarct during the course of any of the common management
strategies, which generally include observation, microsurgical
resection, endovascular embolization, stereotactic radiosurgery, or

a combination thereof.5 For example, in A Randomized Trial of
Unruptured Brain AVMs (ARUBA), stroke or death occurred in
30.7% of patients in the interventional arm and 10.1% of patients
in the medical management arm during a mean follow-up of
33.3months.6 To better risk-stratify patients who would be best
served by intervention versus medical management, improved
imaging biomarkers are needed to determine which patients with
unruptured bAVMs have a high risk of rupture and whether the
administered treatments are effective in reducing this risk.

DSA remains the standard method for morphologic and he-
modynamic characterization of bAVMs during endovascular
interventions, as well as before and after radiosurgical or micro-
surgical treatment. Angioarchitectural features of bAVM mor-
phology that portend an increased risk of hemorrhage include
the presence of nidal or prenidal aneurysms, exclusive deep ve-
nous drainage, a single draining vein, venous outflow stenosis, or
small nidus size.7-9 However, clinical and angioarchitectural fea-
tures alone incompletely estimate hemorrhagic risk.10-13 For
example, the R2eD AVM score has recently been proposed as a
predictive tool to aid in hemorrhagic risk stratification, incorpo-
rating both clinical and angioarchitectural features.14 Specifically,
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the score is based on race, exclusive deep location, AVM size, exclu-
sive deep venous drainage, and monoarterial feeding. However, the
area under the curve (AUC) of the receiver operating characteristic
of the R2eD AVM score is 0.685,14 which may be characterized as
“poor” or “fair” compared with other medical tests. Therefore,
although the R2eD AVM score is an important advance in validat-
ing a hemorrhagic risk-prediction model, the incorporation of he-
modynamic or genetic features may improve model performance
and further validate its use. Specifically, hemodynamic risk factors
such as a lower ratio of draining vein to feeding artery TTP,11,15

shorter MTT or TTP of the nidus,11,16 and lower mean total AVM
flow,12 could be helpful in supplementing hemorrhagic risk assess-
ment,13 but they cannot be easily measured during angiography.

Color-coded parametric quantitative DSA (cDSA) has been
suggested as a surrogate marker of hemodynamics and a potential
metric of hemorrhage risk11,13,17 and treatment effectiveness18 in
bAVMs. cDSA converts a stack of 2D DSA images into a single
composite parametric image that is color-coded according to the
TTP opacification of contrast in each pixel.19 However, the repro-
ducibility of these surrogate cDSA measurements of hemody-
namics has not been assessed. In this study, we sought to assess
the degree of interrater reliability in cDSA measurements among
4 neuroradiologists reviewing 35 cDSA images from 34 AVMs.

MATERIALS AND METHODS
Patients
Thirty-four consecutive patients with ruptured and unruptured
bAVMs who were referred for cerebral angiography between
June 2017 and December 2018 were included in the study. All
patients provided written informed consent.

Angiography and Data Postprocessing
Using standard neuroangiographic techniques, we acquired DSA
series on an Artis Q biplane angiography system (Siemens). A 5F
catheter was advanced into the internal carotid or vertebral ar-
tery, and iodinated contrast was power-injected at a rate of 5–
8mL/s for a total of 7–11mL, at a rate of 7.5 frames/s, depending
on the feeding and draining vessels identified. All images from
the angiographic study were reviewed by the study coordinator,
and for each participant, an image with an appropriate projection
to visualize the feeding and draining vessels separate from the
nidus was designated for review by the raters.

Flow analysis software (syngo iFlow; Siemens) was used to
create cDSA images. The diameter of a circular ROI was less than
the caliber of a selected vessel, as independently drawn by each
rater. In each case, ROIs of the same size were placed on the pri-
mary feeding artery and primary draining vein. ROIs were placed
as close to the AVM nidus as possible with care to minimize over-
lap with other feeding arteries or draining veins. For each man-
ually placed ROI, a time-versus-intensity graph was produced
and exported by the software with calculated parameters of the
following: 1) ROI peak time: time that the contrast intensity of a
selected ROI reaches peak value; 2) ROI arrival time: time of ar-
rival of contrast material; 3) MTT: average contrast material
transit time through the target, measured as the time between the
venous ROI peak and the arterial ROI peak; and 4) TTP: time
elapsing from the first appearance of contrast material in the ROI

to the peak contrast concentration in the ROI, that is, TTP = ROI
peak time – ROI arrival time. Additionally, the AUC of the time-
density graph was calculated as a surrogate marker of the total
volume of blood passing through the ROI during the measured
time period.

Raters
Four neuroradiologists (holding Certificates of Added Qualification
in neuroradiology from the American Board of Radiology) special-
izing in interventional neuroradiology interpreted all cDSAs of
bAVMs. Two interventional neuroradiology fellows participated,
who were in their first and second years of their interventional neu-
roradiology fellowships and who had completed a diagnostic neuro-
radiology fellowship and at least 7 years of postgraduate training.
Two interventional neuroradiology faculty participated, who had 8
and 35years of interventional neuroradiology experience. Each
rater was given short tutorials on drawing ROIs and a protocol
instruction sheet to consult during their reads.

The tutorial and instruction sheet specified the goal of the task
and the keystrokes required to open the prespecified images
(selected by the study coordinator as described above), place ROIs,
and store the quantitative data output. Raters were instructed to
provide a qualitative assessment of the AVM flow rate (mild, mod-
erate, or fast) relative to physiologic flow before beginning the
postprocessing phase. Raters were then instructed to manually
draw a circular ROI on the prespecified image and manually place
it on the feeding artery as close to the nidus as possible while
avoiding overlapping vasculature. After the initial ROI was placed,
raters would make a copy of the circle (to ensure that the 2 were
identical) and place it on the draining vein as close to the nidus as
possible. Raters were permitted to consult with other neuroradiolo-
gists not involved in the study during interpretation.

Statistical Analysis
The intraclass correlation coefficient (ICC) was calculated to
measure agreement of MTT among the 4 raters reviewing 35
AVM images from 34 different AVMs. The ICC calculations
assumed a 2-way random-effects model (random raters and
cases) with absolute agreement among raters. ICC calculations
were also run on multiple subsets of the data on the basis of the
following conditions: excluding instances when a rater did not
use the prespecified image to review, excluding instances when a
rater did not select the consensus feeding and draining vessels,
and excluding highly influential outliers that exceeded the thresh-
old of 4 SDs from the mean. Data analysis was conducted with
STATA 15.1 (Release 15; StataCorp, 2017). ICC values were cal-
culated using the user-created module KAPPAETC.20

RESULTS
Thirty-five AVM images from 34 AVMs were evaluated (Table 1).
The median patient age was 43.5 years (interquartile range
[IQR]¼ 28.8–59.0 years), and 14 (41%) were women. Sixteen (47%)
AVMs were ruptured at diagnosis, 27 (79%) were lobar, and 17 of
34 (50%) had deep venous drainage. The median AVM size was
2.15 cm (IQR¼ 1.4–3.8 cm).

The 35 images were each reviewed by the 4 raters (for a total
of 140 reviews). In 135 (96%) instances, the correct image (the
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image prespecified in the protocol sheet provided to the raters)
was reviewed. When the correct image was reviewed, there were
116 (86%) instances in which the consensus feeding artery was
selected and 115 (85%) instances in which the consensus draining
vein was selected. In 100 (74%) instances, both the consensus
feeding and draining vessels were selected. The median MTT was
0.93 seconds (IQR¼ 0.54–1.20 seconds), with a minimum value

of �0.94 seconds (the only negative value) and a maximum of
7.06 seconds. Negative results for MTT do not have a physically
interpretable meaning, due to overlapping vessels in the 2D pro-
jection resulting in an arterial ROI TTP greater than the venous
ROI TTP.

Figure 1 demonstrates how the same cDSA image was inter-
preted by the 4 raters with the same vessels selected for analysis
and low variance in cDSA results. On the lateral projection of a
right internal carotid arteriogram, a right frontal operculum
AVM is identified, supplied by 2 anterior cortical branches of the
MCA, with dominant venous drainage into the vein of Labbe and
minor venous drainage into the thalamostriate vein (not well-
seen on cDSA). All 4 raters chose the correct image to interpret
and chose the same feeding and draining vessels to analyze (ie,
placed the ROIs on the same primary feeding artery and primary
draining vein, though the ROI size slightly varied among raters).
As a result, cDSA measurements were similar among raters, with
a median MTT of 1.73 seconds (IQR¼ 1.06–2.4 seconds).

Figure 2 demonstrates how the same cDSA image was inter-
preted by the 4 raters with high variance in results. On the lateral
projection of a left vertebral arteriogram, an AVM in the dorsal
vermis of the cerebellum is identified, with arterial supply from
the left superior cerebellar artery (SCA) and left PICA and venous
drainage into the vermian and tentorial veins. Both rater 1 (upper
left) and rater 2 (upper right) placed ROIs on the same vessels
(the SCA and tentorial vein) at nearly the same location, yet the
MTT for rater 1 was 3.6 seconds, while the MTT for rater 2 was
0.7 seconds. The venous time-density curve for rater 1 has a larger
second peak, which increased the calculated venous TTP. Rater 3
(lower left) selected an inferior vermian vein rather than a tento-
rial vein for the venous ROI placement. Rater 4 (lower right)
selected the left PICA rather than the SCA for the arterial ROI
placement. This case illustrates how raters differed in their assign-
ment of the feeding and draining vessels, leading to cDSA meas-
urements that were not reproducible, with a median MTT of
2.13 seconds (IQR¼ 0.50–4.66 seconds).

Figure 3 demonstrates how the same cDSA image was inter-
preted by the 4 raters with different vessels selected for analysis
but low variance in the cDSA results. On the lateral projection of
a right vertebral arteriogram, a right occipital lobe AVM is identi-
fied, supplied by calcarine and parieto-occipital branches of the
right posterior cerebral artery (PCA). Dominant venous drainage
is into 2 internal occipital veins superior to the nidus, with minor
drainage into a tentorial vein inferiorly. The tentorial venous
egress overlaps the calcarine branch of the PCA feeding the
AVM. All raters selected the calcarine branch of the PCA as the
dominant arterial feeder but placed the ROI either proximal or
distal to the overlapping tentorial venous egress. Three raters
selected the more superior of the internal occipital veins as the
primary draining vein, while 1 rater selected the smaller, more in-
ferior of the internal occipital veins as the primary draining vein.
For this participant, the median normalized linear distance
between paired ROIs was 0.56 (IQR¼ 0.41–0.85). As a result, the
slopes and AUC of the arterial and venous time-density curves
vary among raters. Nevertheless, the TTP measurements were
similar among raters, with a median MTT of 0.53 seconds
(IQR¼ 0.53–0.8 seconds).

FIG 1. cDSA with low variance among raters in MTT results. Right in-
ternal carotid arteriogram in a lateral projection shows a right frontal
operculum AVM supplied by 2 anterior cortical branches of the MCA,
with dominant venous drainage into the vein of Labbe. All 4 raters
(A–D) chose the same image to interpret and placed ROIs on the pri-
mary feeding artery and primary draining vein, in almost the same
location. E, Time-density curves for the 4 raters are largely consistent,
with the exception of a slightly larger arterial ROI by rater 3 (C)
encompassing an adjacent overlapping vessel, which results in a larger
AUC for the arterial ROI (F). The peaks of the time-density curves are
consistent, however, yielding reproducible results (median MTT of
1.73 seconds with IQR¼ 1.06–2.4).

Table 1: Patient and AVM characteristics
Characteristic Summary

Count 34
Patient age (median) (IQR) (yr) 43.5 (28.8–59.0)
Female (No.) (%) 14 (41)
AVM size (median) (IQR) (cm) 2.2 (1.4–3.8)
Ruptured prior imaging (No.) (%) 16 (47)
Lobar location (No.) (%) 27 (79)
Deep venous drainage (No./total) (%) 17/34 (50)
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Figure 4 is a scatterplot comparing MTT values of 2 of the 4
raters. The raters often disagreed on the feeding and draining ves-
sels, placing ROIs on different feeding arteries and draining veins,
and rarely used the wrong image for analysis (despite instructions
to use a specified image).

We calculated that the ICC of the MTT among the 4 raters
was 0.218 (95% CI, 0.062–0.414; P value ¼ .002; Table 2). When
excluding instances when raters assessed the incorrect image, the
ICC increased to 0.243 (95% CI, 0.083–0.446; P¼ .001). When
we only considered ratings that chose the consensus feeding and
draining vessels, the ICC increased to 0.564 (95% CI, 0.347–
0.717; P, .001). Results for the sensitivity analyses excluding
outliers are presented in Table 2. Raters also made qualitative

assessments of flow (mild, moderate, or fast), which were in fair
agreement (k ¼ 0.33; 95% CI, 0.17–0.49; P, .001).

We next sought to demonstrate how variability in ROI place-
ment affects hemodynamic metrics. We selected 2 representative
AVMs with a clearly identifiable feeding artery and draining vein
and then placed 4 ROIs along the primary feeding artery and 4
ROIs along the primary draining vein to generate time-density
curves and peak times.

FIG 2. cDSA with high variance among raters in MTT results. Left ver-
tebral arteriogram in a lateral projection shows a cerebellar AVM with
arterial supply from the left SCA and left PICA and venous drainage
into vermian and tentorial veins. A and B, Raters 1 and 2 placed ROIs
on the same vessels, the SCA and tentorial vein, at nearly the same
location, yet the MTT for rater 1 (A) is 3.6 seconds, while the MTT for
rater 2 is 0.7 seconds. The venous time-density curve for rater 1 (A)
has a larger second peak, which increased the calculated venous TTP.
Rater 1 (A) placed the ROI on a draining vein where it overlaps with a
normal draining vein, and the second peak is a manifestation of the
normal venous phase of the angiogram. C, Rater 3 selected an inferior
vermian vein rather than a tentorial vein for venous ROI placement.
D, Rater 4 selected the left PICA rather than the SCA for arterial ROI
placement. Differences in ROI placement result in different time-den-
sity curves (E) and calculated AUCs (F).

FIG 3. cDSA with variation among raters in vessels selected for analy-
sis. Left vertebral arteriogram in a lateral projection shows a right
occipital lobe AVM supplied by the calcarine and parieto-occipital
branches of the right PCA, with dominant drainage into 2 internal
occipital veins superior to the nidus and minor drainage into a tento-
rial vein inferiorly. A, Rater 1 placed the arterial ROI on the calcarine
branch of the PCA distal to the overlapping minor venous egress and
placed the venous ROI on the more superior internal occipital vein. B,
Rater 2 placed the arterial ROI on the calcarine branch of the PCA
proximal to the overlapping minor venous egress and placed the ve-
nous ROI on the more superior internal occipital vein. C, Rater 3
placed the arterial ROI on the calcarine branch of the PCA proximal
to the overlapping minor venous egress and placed the venous ROI
on the more superior internal occipital vein, though distal relative to
rater 2. D, Rater 4 placed the arterial ROI on the calcarine branch of
the PCA distal to the overlapping minor venous egress, similar to rater
1. Rater 4 also placed the venous ROI on the more inferior internal
occipital vein, unlike the other raters. Despite differences in the ves-
sels selected for analysis, time-density curves (E) and AUCs (F) were
largely reproducible because the ROIs were placed so close to the
nidus by all raters.
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Figure 5 shows cDSA of a right internal carotid arteriogram
in a lateral projection demonstrating a right frontal lobe AVM
supplied by a frontopolar branch of the anterior cerebral artery
with venous drainage into a frontal cortical vein that empties into
the superior sagittal sinus. Arterial ROIs 1 and 3 include overlap-
ping vessels that opacify in the normal arterial phase, resulting in
longer peak times than arterial ROIs 2 and 4. Venous ROI 2
includes an overlapping artery that opacifies in the normal arte-
rial phase, resulting in a shorter peak time than venous ROIs 1, 3,
and 4.

Figure 6 show cDSA of a left internal carotid arteriogram in
lateral projection, demonstrating a left parietal lobe AVM sup-
plied by an enlarged callosomarginal branch of the left anterior
cerebral artery, with venous drainage into a dilated left internal
cerebral vein. Arterial ROI 1 is placed closest to the nidus, result-
ing in the largest peak time. Arterial ROI 3 is placed on a segment
of the callosomarginal artery that courses laterally into the sulcus
(labeled by an asterisk in lower left inset of Fig 5A), resulting in
slightly increased contrast density within that ROI because of the
in-plane course of that vessel segment and a smaller peak time
(Fig 5D). Venous ROI 1 results in the largest AUC because it is
placed closest to the nidus (Fig 6C), but the peak times are identi-
cal among venous ROIs 1, 2, and 4. However, venous ROI 3
results in a shorter peak time (Fig 6D) because of accumulation
of contrast in that segment after ribbonlike streaming of contrast
mixing with unopacified blood around the curve containing ve-
nous ROIs 1 and 2.21

DISCUSSION
bAVMs are high-flow vascular malformations typified by transit
of blood from arteries to veins through a nidus without a normal
intervening capillary bed. The nidus typically has lower vascular
resistance than normal capillaries; therefore, bAVMs are subject
to a rapid rate of blood flow. These abnormal hemodynamics
affect the molecular and structural composition of blood vessels
in ways that are still being elucidated. For instance, in bulk RNA
sequencing experiments comparing bAVMs with high and low
flow, activation of Wnt signaling has been found as a feature of
low-flow bAVMs.22 In vitro and murine in vivo models have
found that connexin 37 expression is differentially regulated by
shear stress, and that reduced expression of connexin 37 allows
enlargement of capillaries and their conversion into arteriove-
nous shunts.23 Increased flow and resulting wall shear stress have
also been implicated as factors associated with the growth of
aneurysms,24-26 likely due to increased inflammation in the aneu-
rysm wall.27 In addition to effects on the arteries, increased flow
and pressure in the draining veins are associated with venous
intimal hyperplasia that contributes to increased wall thickness
and venous outflow stenosis, a known risk factor for bAVM
hemorrhage.12,28

Hemodynamic features are an important component of
bAVM assessment in that one may gain insight into underlying
pathobiology, individual hemorrhagic risk, and patient treatment
goals. However, hemodynamic features of bAVMs are difficult to
study because of complicated flow patterns through the nidus
and the need for minimal invasiveness in assessing blood vessels
at risk of rupture. Studies of bAVM hemodynamics have investi-
gated the use of transcranial sonography, MRA, and DSA. An
early study of transcranial sonography found no significant asso-
ciation with hemorrhage risk,29 but this technique has largely
been supplanted by MRA due to its superior spatial coverage.
The supposition that the increased flow rate in bAVMs contrib-
utes to prenidal and perinidal aneurysm formation is supported
by the results of Shakur et al,30 who, using phase-contrast MRA,
demonstrated increased wall shear stress in arterial afferents har-
boring aneurysms compared with arterial afferents that did not.
On the other hand, Illies et al31 found that hemodynamic param-
eters on time-resolved MRA showed no association to known
anatomic or angioarchitectural features of increased hemorrhage
risk, including associated aneurysms. Rather, they found that
MTT was increased in bAVMs that had previously ruptured,
which did not seem to change or normalize with time, suggesting
a permanent alteration in hemodynamics after rupture.

Catheter-based cerebral angiography remains the standard
reference test for bAVMs because of its superior temporal and
spatial resolution, allowing confident diagnosis typified by identi-
fication of an early draining vein relative to normal brain

Table 2: Intraclass correlation coefficients

Reviews Included
Primary Analysis Sensitivity Analysis Excluding Outliers

No. ICC 95% CI P Value No. ICC 95% CI P Value
All 140 0.218 (0.062–0.414) .002 138 0.463 (0.294–0.641) ,.001
Consensus images only 135 0.243 (0.083–0.446) .001 133 0.478 (0.307–0.655) ,.001
Consensus image, feeding artery, and draining vein 100 0.564 (0.347–0.717) ,.001 100 0.564 (0.347–0.717) ,.001

Note:—No. indicates total number of reviews included across all raters

FIG 4. Interrater agreement between 2 representative raters. The cal-
culated MTTs for raters 1 and 2 were compared (horizontal axis = rater
1, vertical axis ¼ rater 2). A dashed diagonal line represents perfect
agreement between the 2 raters. When the same image, feeding ar-
tery, and draining vein are used for analysis, agreement improves.
Similar interrater agreement was observed in other pair-wise compar-
isons of raters.
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parenchyma, even if the nidus is small, and evaluation for angio-
graphic features that inform hemorrhage risk and treatment risk.
Thus, DSA is routinely performed to diagnose and assess
angioarchitectural risk factors of bAVMs such as the presence of
nidal or prenidal aneurysms, exclusive deep venous drainage, a
single draining vein, venous outflow stenosis, or small nidus
size.7-9 Hemodynamic metrics may augment hemorrhagic risk
stratification models that are currently based on clinical and
angioarchitectural features alone.11,16,17

cDSA can be obtained on the angiographic dataset using post-
processing software without additional contrast administration or
an ionizing radiation dose. cDSA has been used by multiple groups
to study hemodynamic parameters that may predict the natural
history and/or treatment response of a particular AVM.11,16-18,32-34

However, the reproducibility of such measurements and operator-
dependence have not been evaluated. While angioarchitectural fea-
tures have standardized terminology,35 no such standardization
has yet been adopted for cDSAmeasurements.

Herein, we evaluated the interrater reliability among 4 neuro-
radiologists of cDSA measurements obtained during DSA of
bAVMs. Among our group of raters, considerable variability was

seen in the images and vessels used for
cDSA analysis. Although reproducibil-
ity was fair in instances in which the
same image and vessels were selected
for analysis, ROI placement along the
length of the vessel (ie, proximal to
distal) varied among raters, leading to
variability in results. Interrater reli-
ability was poor overall but improved
to fair in the subset of measurements
in which raters agreed on the same
image, feeding artery, and draining vein
to analyze. Even when a consensus
image, feeding artery, and draining vein
were selected for analysis, differences in
placement of the ROI (from proximal
to distal) varied the impact of overlap-
ping vessels on the resulting time-den-
sity curves and hence altered the
derived metrics. When all raters placed
ROIs close to the nidus without overlap-
ping other vessels, results became more
reproducible, though the finite temporal
resolution of cDSA may preclude me-
aningful comparison of such results
among patients. These results enjoin
caution in the widespread application of
cDSA without strict supervision of
image analysis because measurements
varied considerably among physicians
in the current study, and variation
among institutions has not yet been
assessed. By comparison, inter- and
intraobserver variability in the assess-
ment of angioarchitectural features at
high risk of hemorrhage, such as feeding

artery aneurysms or intranidal aneurysms, is also poor.36

A 4D rotational flat panel CT could allow one to better select
vessels for hemodynamic measurements in 3D, thereby avoiding
the challenge of overlapping vessel anatomy in the 2D projection
space and possibly improving reproducibility.37,38 Such techni-
ques require a separate rotational flat panel conebeam CT acqui-
sition and are not based on the conventional 2D planar DSA
images that serve as the current workhorse method for evaluating
AVM angioarchitecture. When measuring hemodynamics using
cDSA of 2D planar data, other groups have chosen to place ROIs
at locations less susceptible to variation (eg, the cavernous inter-
nal artery or jugular bulb), which may improve reproducibility.
However, if ROIs are placed at the skull base, a more general
assessment of global hemispheric flow is obtained. Arteriovenous
shunting of contrast due to the AVM is averaged with physiologic
cerebral perfusion, a feature that may reduce noise in the calcula-
tion of MTT or other hemodynamic measures but may also
reduce the magnitude of any meaningful hemodynamic change,
thereby limiting the sensitivity of the method. In the future,
reproducibility may be improved using postprocessing software
with semiautomated ROI selection based on vessel-diameter

FIG 5. Variations in ROI placement can alter time-density curves and calculated peak times due to
overlapping vessels. A right internal carotid arteriogram in a lateral projection demonstrates a right
frontal lobe AVM supplied by the frontopolar branch of the right anterior cerebral artery with ve-
nous drainage into a frontal cortical vein, which drains into the superior sagittal sinus. A, Four arterial
ROIs were placed along the course of the arterial feeder with varying proximity to the nidus. B,
Four venous ROIs were placed along the course of the draining vein with varying proximity to the
nidus. C, The resulting time-density curves are not reproducible. D, The resulting peak times are not
reproducible.
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thresholds. Automation in ROI placement based on computed
juxtanidal arterial and venous diameters and avoidance of over-
lapping vessels would eliminate subjective assessments of primary
afferent and efferent features.

CONCLUSIONS
Interrater reliability of cDSA measurements was poor overall but
could be improved when raters agreed on the same image, pri-
mary draining artery, and primary draining vein to analyze.
Caution should be used in interpretation of hemodynamic meas-
ures derived from cDSA because results may vary among physi-
cians without strict supervision of image analysis.
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