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ABSTRACT

SUMMARY: The different results from flat panel detector CT in various pathologies have provoked some discussion. Our aim was
to assess the role of flat panel detector CT in brain arteriovenous malformations, which has not yet been assessed. Five patients with
brain arteriovenous malformations were studied with flat panel detector CT, DSC-MR imaging, and vessel-encoded pseudocontinu-
ous arterial spin-labeling. In glomerular brain arteriovenous malformations, perfusion was highest next to the brain arteriovenous
malformation with decreasing values with increasing distance from the lesion. An inverse tendency was observed in the proliferative
brain arteriovenous malformation. Flat panel detector CT, originally thought to measure blood volume, correlated more closely with
arterial spin-labeling-CBF and DSC-CBF than with DSC-CBV. We conclude that flat panel detector CT perfusion depends
on the time point chosen for data collection, which is triggered too early in these patients (ie, when contrast agent appears in
the superior sagittal sinus after rapid shunting through the brain arteriovenous malformation). This finding, in combination
with high data variability, makes flat panel detector CT inappropriate for perfusion assessment in brain arteriovenous

malformations.

ABBREVIATIONS: ASL = arterial spin-labeling; bAVM = brain arteriovenous malformation; FPD = flat panel detector; pn = perinidal; rCBF = relative CBF; rCBV =

relative CBV

G lomerular brain arteriovenous malformations (bAVMs)
are characterized by pathologic vessels without intermin-
gled normal brain tissue, whereas proliferative bAVMs are
identified by normal brain tissue between dispersed abnormal
vessels. The pattern of involved vessels composes the angio-
architecture of the lesion, while the hemodynamic character
has been less well-studied.

The redirection of blood flow to the nidus of the AVM at the
expense of perilesional tissues is known as “vascular steal”! and
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has been studied by xenon-enhanced CT,” '*’Xe inhalation
with conventional angiography,” CTP,* PET,>® SPECT,”
DSC-MR imaging,® and arterial spin-labeling (ASL).”'° How-
ever, these techniques have been inconsistent in demonstrating
perinidal hypoperfusion.

Flat panel detector CT (FPD-CT) is a novel technique for
brain perfusion assessment, providing parenchymal blood vol-
ume maps.''"*® The aim of this study was to investigate the value
of FPD-CT in bAVMs, which has not been assessed, yet, to our
knowledge. FPD-CT data were compared with DSC-MR imaging
and ASL-MR imaging.'**°

Case Series

Five patients with large (>3 cm) bAVMs (4 glomerular bAVMs,
patients 1-4; 1 proliferative bAVM, patient 5) underwent
FPD-CT and MR imaging with DSC and ASL. None of the
patients had undergone prior treatment except patient I,
whose large bAVM had received partial treatment with 1 coil
and 0.5 mL of a 1:1 n-BCA/lipiodol mixture with the goal of
reducing arteriovenous shunting in a semiemergent situation.
The study protocol was approved by the local ethics committee
(Oxford University). Written consent was obtained from all
patients.
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MATERIALS AND METHODS

Flat Panel Detector CT

FPD-CT was performed on a biplane FPD-angiography system
(Axiom Artis dBA; Siemens, Erlangen, Germany). Eighty millili-
ters of iopamidol (370 mg iodine/mL, Niopam 370; Bracco, Mi-
lan, Italy) was applied intravenously (injection rate, 5 mL/s; injec-
tion pressure, 300 psi). The acquisition protocol consisted of 2
rotations: a mask run and a contrast-enhanced run. We manually
started the latter'* as soon as contrast opacification of the superior
sagittal sinus was observed, assuming that this time point repre-
sented a steady-state of contrast in the brain parenchyma for ideal
collection of the fill run data. The parameters for each rotation
run were the following: acquisition time, 8 seconds; matrix, 616 X
480; projection on a 30 X 40 cm flat panel; total angle, 200°%
0.5°/frame with a total of 400 frames. After the C-arm return of
the run mask to its starting position, 2D-DSA images at a rate of
2 images per second were acquired for documentation of the
contrast passage through the cerebral vasculature.'””'® The ac-
quisition time was approximately 40 seconds."*

The reconstructed mask run and fill run were subtracted from
each other. The steady-state value was calculated from an auto-
mated histogram analysis of the vessel tree.”” Further postpro-
cessing provided an isotropic volume dataset.

MR Imaging Perfusion

DSC and ASL perfusion were performed on a 3T Tim Verio system
(Siemens). An axial TIWT contrast-enhanced sequence served as a
reference (acquisition time, 1 minute 46 seconds; TR/TE, 215/2.48
ms; 15 sections; section thickness, 4 mm; matrix, 208 X 320).

DSC perfusion imaging was performed with a gradient-echo
echo-planar imaging sequence during the first pass of a 20-mL
intravenous bolus of gadoteridol or gadobenate dimeglumine
(ProHance or MultiHance; Bracco) at an injection rate of 5 mL/s
followed by 40 mL of saline. Imaging parameters were as follows:
TR/TE, 1500/30 ms; section thickness, 4 mm; voxel size, 1.6 X
1.2 X 4 mm; matrix, 152 X 202; acquisition time, 1 minute 23
seconds. Fifty measurements were obtained, with the injection oc-
curring at the third image. Postprocessing (syngo.MR Neuro Perfu-
sion Engine; Siemens) generated relative CBF (rCBF) and relative
CBV (rCBV) maps. The arterial input function was selected in the
middle cerebral artery in the hemisphere opposite to the bAVM.

Quantitative ASL perfusion was performed with a recently de-

19,20 41

scribed vessel-encoded pseudocontinuous ASL sequence,
lowing encoding of the selected arteries (right/left internal carotid
artery, right/left vertebral artery) within the labeling plane on 3D-
TOF-MRA and hence providing artery-specific absolute CBF maps.
For subsequent vessel-encoded pseudocontinuous ASL acquisitions,
8 paired encoding cycles were obtained as previously described.'* >

The total CBF map was calculated by summing the CBF maps
from each artery. A single arrival-time (ASL-arrival time) map, rep-
resenting the time required for the blood to travel from the neck to
the brain tissue, was calculated by summing the arrival-time maps from

each artery, weighted by the relative CBF contributed by that artery.

Data Postprocessing and Analysis
After converting the FPD-CT, DSC-MR imaging, ASL-MR imag-
ing, and TIWI contrast-enhanced DICOM data into NIfTI files
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(FSL, www.fmrib.ox.ac.uk/fsl), we extracted the brain paren-
chyma by using the FSL Brain Extraction Tool (http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/BET). Each dataset was coregistered to the T1-
weighted contrast-enhanced image. Six WM and 2 GM ROIs, which
served as a reference, and corresponding contralateral mirror ROIs
were drawn as masks on the T1-weighted contrast-enhanced image:

Masks 1 and 2 (WM): perinidal (pn = 0.2-1 cm away from the
nidus).

Masks 3 and 4 (WM): vicinity (1-3 cm away from the nidus).

Masks 5 and 6 (WM): remote (>3 cm away from the nidus).

Mask 7 (GM): putamen.

Mask 8 (GM): thalamus.

To minimize partial volume effects, we excluded tissue in the
adjacent 2 mm from the bAVM (Fig 1).

The respective set of masks was overlaid onto each single per-
fusion map. The mean and SD of the masks were evaluated. The
interhemispheric perfusion values (ratios) for each correspond-
ing pair of masks were used for data analysis. Assessment of per-
fusion correlations among all modalities was performed by aggre-
gating each corresponding mask of all patients and analyzed with
the Pearson correlation coefficient (7). The correlation interpre-
tation scheme was the following: none or weak (0.0-0.3), mod-
erate (0.3-0.7), strong (0.7-0.9), and very strong (0.9-1).

RESULTS

The resolution of the FPD-CT proved to be sufficient and artifact-
free on visual assessment, and the masks drawn on T1-weighted
contrast-enhanced imaging showed a good correspondence with
the raw FPD-CT data (Fig 2). The perfusion distribution for all
patients is shown in Fig 3.

Patients 1to 4

The interhemispheric perfusion ratios for FPD-CT, ASL, and
DSC were highest in the pn regions, with decreasing ratios with
increasing distance from the bAVM. The putamen and the thala-
mus (reference), which were both remote from the glomerular
bAVMs, showed similar values in both hemispheres, with inter-
hemispheric ratios close to 1 (Fig 3).

Patient 5

The perfusion ratios of the proliferative bAVM (FPD-CT, ASL-
CBF, and DSC-rCBF) showed a slightly increasing tendency from
the perinidal to the remote brain tissue, with markedly less abrupt
perfusion differences between the adjacent ROIs (Fig 3), whereas
almost no changes between the different WM masks could be
observed for DSC-rCBV.

In patient 5, the thalamus, which was included within the
bAVM, showed a ratio below 1 for FPD-CT, DSC-rCBF, and ASL-
CBF. The ratio of the putamen (not included in the bAVM) was
markedly positive for FPD-CT, slightly positive for DSC-rCBF
and around 1 for ASL-CBF and DSC-rCBV (data not shown).

Data Variability

When we aggregated all masks of patients 1-4 (excluding the only
outlier, pn 1 of patient 3), variability of the perfusion data was by
far higher for FPD-CT than for ASL. FPD-CT data variability was
similar to that of DSC-rCBF and slightly higher than that obtained



FIG 1. Examples of the different WM (pnl/pn2, vicl/vic2, remi/rem2) and GM masks (put, thal) selected on the TIWI contrast-enhanced
sequence. Each mask has been labeled in either of the 2 hemispheres. The set of masks was loaded on each perfusion map separately, which had
previously been coregistered to the TIWI contrast-enhanced dataset. Except for some of the GM masks, almost all masks were drawn as a
volume, which explains their delineation on several consecutive sections. Note the different color for the respective mask in the contralateral
hemisphere, because the software did not allow the use of the same color for the respective opposite mask. pn indicates perinidal; vic, vicinity;

rem, remote; thal, thalamus; put, putamen.

TiwCE FPD-CT

FIG2. When superimposing the red mask representing the ipsilateral
pnl ROI previously drawn in the TIWI contrast-enhanced dataset
(TIwCE; left) on the FPD-CT perfusion dataset (right), a good overlap
without contamination from bAVM tissue could be observed.

from DSC-rCBV (Table). When we compared the perfusion data
of the pn masks only, perfusion data variability was lower for
FPD-CT than for DSC.

Correlations between and within Modalities
The highest correlation was observed between FPD-CT and ASL-
CBF (r = 0.60), followed by a moderate correlation between
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FIG 3. Box-and-whisker plots for patients 1-4. The boxes show the
median, lower, and upper quartiles. Outliers are displayed as red
crosses. The mean and SD across the pixels of each ROI of patient 5
are represented in green. ref indicates reference.
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FPD-CT and DSC-rCBF (r = 0.47). The correlation between
FPD-CT and DSC-rCBV was weak (r = 0.36), and it was negative
between FPD-CT and ASL-arrival time (r = —0.42) (Fig 4).

DISCUSSION

Imaging modalities assessing perfusion around bAVMs have pro-
vided different findings, which may be ascribed to the limitations
of the techniques. The good correlation between parenchymal
blood data from FPD-CT and CBV obtained from CTP has been
demonstrated in ischemia.'*'® However, recently, it has been
shown that in vasospasm, FPD-CT perfusion is both CBV- and
CBF-weighted.'””'® Furthermore, parenchymal blood volume
maps obtained from CTA source images>* have been reported to
be either CBV- or CBF-weighted, depending on the order of CTA/
CTP data acquisition.**

In this study, the glomerular bAVMs showed a perinidal hy-
perperfusion, with a tendency to normalization with increasing
distance from the nidus. The perinidal hyperperfusion would, at
first glance, disagree with the “vascular steal” theory. However, it

Coefficients of variation aggregating all masks, excluding the
outlier (pn 1 of patient 3), across all patients

Modality Coefficient of Variation
FPD-CT 21.2%
ASL-CBF 1.0%
ASL-arrival time 12.3%
DSC-rCBF 21.3%
DSC-rCBV 17.8%

is difficult to believe that a vascular steal is absent in the presence
of a high-flow lesion. Probably, in these glomerular bAVMs, a
certain amount of vascular steal was present but not apparent due
to the ability of the brain to maintain CBF within a certain range
of perfusion pressure.

In contrast, the regionally more extensive hypoperfusion in
the proliferative bAVM suggests that the brain parenchyma may
have already reached a chronic state of hypoperfusion, resembling
cerebral proliferative angiopathy.*®

ASL appeared to be superior to DSC-MR imaging and FPD-
CT, showing the lowest data variability, in addition to its lack of
need for contrast. A higher and similar variability was observed
between FPD-CT and DSC-MR imaging, except in the pn ROI,
where data variability was lower for FPD-CT, presumably due to
magnetic susceptibility artifacts in the perinidal DSC data.

In the proliferative bAVM, in contrast to ASL-CBF, DSC-
rCBV, and DSC-rCBF, the interhemispheric ratio for FPD-CT of
the putamen, which was at some distance from the bAVM,
showed a marked positive interhemispheric ratio. These diver-
gent observations might be attributed to partial volume effects
with FPD-CT, which, in the more remote tissue, might exceed the
MR imaging artifacts, the latter being more pronounced next to
the bAVMs. However, more studies with larger patient pools are
required to explain this finding.

In contrast to FPD-CT studies performed on ischemia
and on vasospasm'”'® in our study on bAVMs, perfusion corre-
lated best with CBF. The strongest correlation was found with
ASL-CBF. This observation is because the start of data collection

is based on the visualization of the supe-
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FIG 4. Correlations between different parameters for all patients. The squares represent the

ratio for a single pair of masks.
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ever, because in our institution patients
with bAVMs are not routinely investi-
gated with CTP, the additional radiation



would not have been justified. Furthermore, for the additional
assessment of ASL-MR imaging, DSC-MR imaging seemed a
more appropriate reference though we are aware that DSC-MR
imaging is not the optimal perfusion reference, either.

Perfusion data obtained with FPD-CT appears to comprise a
variable contribution from flow and volume, depending on the type
of vascular lesion and the trigger time point chosen for data collec-
tion.”® In bAVMs, FPD-CT correlated best with CBF-assessed MR
imaging, and the different perfusion patterns between bAVM sub-
types might be attributed to differences in the angioarchitecture. To
accurately calculate either CBF or CBV with FPD-CT is very chal-
lenging in high-flow lesions. In addition to the heterogeneous char-
acteristics of bAVMs and the high data variability, FPD-CT is not
appropriate for an acceptable perfusion assessment in bAVMs.
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