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ABSTRACT
BACKGROUND AND PURPOSE: C-arm ﬂat detector CT parenchymal blood volume imaging allows functional assessment of the brain parenchyma in the neurointerventional suite. This study aimed to determine the optimal C-arm ﬂat detector CT parenchymal blood volume thresholds
for demarcating irreversibly infarcted brain parenchyma by using areas of restricted diffusion on MR imaging as a surrogate marker for infarction.
MATERIALS AND METHODS: Twenty-six patients with delayed cerebral ischemia following aneurysmal SAH underwent research C-arm
CT parenchymal blood volume scans by using a biplane angiography system and contemporaneous MR imaging. Infarct and peri-infarct
tissue VOIs and their homologous VOIs in the contralateral uninvolved hemisphere were delineated on the basis of the review of DWI,
PWI, and ADC images. Voxel-based receiver operating characteristic curve analysis was performed to estimate the optimal absolute and
normalized parenchymal blood volume values for demarcating the infarct voxels.
RESULTS: For 12 patients with areas of restricted diffusion (infarct volume, 6.38 ⫾ 7.09 mL; peri-infarct tissue volume, 22.89 ⫾ 21.76 mL)
based on the voxel-based receiver operating characteristic curve analysis, optimal absolute and normalized parenchymal blood volume
thresholds for infarction were 2.49 mL/100 g (area under curve, 0.76; sensitivity, 0.69; speciﬁcity, 0.71) and 0.67 (area under curve, 0.77;
sensitivity, 0.69; speciﬁcity, 0.72), respectively (P value ⬍ .01). For the moderate-to-severely ischemic peri-infarct zone, mean parenchymal
blood volume values of the involved hemisphere VOIs were lower compared with the uninvolved hemisphere VOIs (P value ⬍ .01).
However, for the mild-to-moderately ischemic peri-infarct zone, there was no statistically signiﬁcant difference between the mean
parenchymal blood volume values of the involved and uninvolved hemisphere VOIs (P value ⬎ .05).
CONCLUSIONS: C-arm ﬂat detector CT parenchymal blood volume maps in conjunction with optimal thresholds are sensitive and
speciﬁc for the estimation of irreversibly infarcted parenchyma. Parenchymal blood volume maps allow reliable detection of moderateto-severe ischemia; however, the potential for underestimation of mild-to-moderate ischemia exists.
ABBREVIATIONS: DCI ⫽ delayed cerebral ischemia; FDCT ⫽ ﬂat detector CT; PBV ⫽ parenchymal blood volume; ROC ⫽ receiver operating characteristic

F

lat detector equipped C-arm angiographic systems used in the
neurointerventional suite are now capable of measuring parenchymal blood volume (PBV) by using a specially designed scan
protocol.1 Initial reports document agreement between C-arm
flat detector CT (FDCT) PBV and CT perfusion– derived cerebral
blood volume in both canines and humans.2,3 The availability of
PBV maps in the interventional suite is an important develop-
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ment and has potential implications in the management of patients with ischemic cerebrovascular disease and their selection
for revascularization procedures.4
Areas of reduced PBV on the initial C-arm FDCT PBV maps
have been shown to correlate with the infarct volume on follow-up imaging in patients with acute middle cerebral artery occlusion.4 C-arm FDCT PBV and the CTP-derived CBV are not
identical. However, an equivalence between the 2 is usually inferred
if a steady-state contrast concentration is achieved in the cerebral
vasculature during the C-arm FDCT PBV scan; in the absence of an
ideal steady-state, the PBV may have combined CBF and CBV
weighting or even preferential CBF weighting.1,5 For CTP, although
debate exists as to which perfusion parameter best defines irreversible
infarction, thresholds for various parameters corresponding to acute
DWI abnormality and infarct core have been reported.6-8 No such
thresholds have so far been investigated for C-arm CT PBV.

The aims of this study were: 1) to determine the optimal Carm CT PBV thresholds for irreversibly infarcted parenchyma by
using contemporaneous MR DWI in patients with delayed cerebral ischemia (DCI) following aneurysmal subarachnoid hemorrhage, and 2) to investigate whether the C-arm CT PBV values in
the peri-infarct ischemic zone allow reliable demarcation of the
ischemic tissue.

MATERIALS AND METHODS
With local research ethics committee approval, a series of patients
(n ⫽ 26) with aneurysmal SAH meeting the inclusion and exclusion criteria was enrolled in this prospective study. Inclusion criteria were patients older than 18 years of age with documented
aneurysmal SAH who subsequently developed symptoms and
signs suggesting DCI and requiring confirmatory imaging. The
diagnosis of DCI was based on clinical assessment by the multidisciplinary neuro–intensive care unit team and was defined as
clinical deterioration (focal neurologic deficits or reduced level of
consciousness) lasting 2 hours or longer with no evidence of rebleed or hydrocephalus on NCCT of the head and no other medical causes such as infections or metabolic disturbances. Exclusion
criteria were the following: a history of allergy to iodinated contrast medium, renal impairment, pregnancy, or contraindications
to MR imaging. All recruited patients had undergone aneurysm
repair by endovascular coil embolization. Written informed consents were obtained from patients or, if they were unable to complete the consent process, from a family member or a designated
surrogate as defined by the research ethics committee guidelines.
All recruited patients underwent an MR imaging examination
concurrent with the research C-arm CT scan by using the intravenous PBV protocol. The imaging protocols and postprocessing
steps for the 2 imaging studies are described in the following
sections.

C-Arm FDCT Imaging
C-arm FDCT scans were obtained on a flat panel– equipped biplane angiography system (Axiom Artis dBA; Siemens, Erlangen,
Germany) in the neurointerventional suite. The imaging protocol
included 2 rotational acquisitions: mask and contrast-enhanced
runs. Projection data for each run were acquired by using the
following parameters: 419 projection images, 0.5° frame angle,
210° angular scan range, 8-second acquisition time, 0.36-Gy radiation dose per frame. The contrast-enhanced dataset was acquired following manually triggered intravenous injection of radiographic contrast material, iopamidol (Niopam 370; Bracco,
Milan, Italy) by using a power injector (Medrad, Indianola, Pennsylvania). The injection parameters were the following: contrast
concentration, 370-mg iodine/mL; volume, 80 mL; injection rate,
4 mL/s administered through the antecubital vein; injection pressure, 300 psi; and injection duration, 20 seconds. Passage of contrast material through the cerebral vasculature was monitored on
2D fluoroscopic images (2 frames/s), and the contrast-enhanced
run was triggered when maximal opacification of the superior
sagittal sinus was observed, as described previously by Struffert
et al.3
Postprocessing of the data to generate color-coded PBV maps
was performed on a dedicated research workstation (Leonardo;

Siemens) by using prototype software. The steps involved were
the following: 1) coregistration of the 2 volumes, mask and contrast-enhanced; 2) subtraction of the mask volume from the contrast-enhanced volume; 3) normalization of the subtracted data
with an input function automatically estimated from the histogram analysis of vascular tree; and 4) color-coding with a standard
color look-up table to generate the color-coded PBV maps for
visualization and interpretation. The final PBV values were expressed in units of milliliters/1000 mL of cerebral tissue. PBV
values for volume-of-interest analysis were converted to more
commonly used units of milliliters/100 g by using a simple conversion factor that takes into account the cerebral tissue density
(1.05 g/mL).

MR Imaging
A standard MR image protocol comprising sagittal T1-weighted,
axial T1-weighted, axial T2-weighted, diffusion-weighted, perfusion-weighted, and time-of-flight MR angiography sequences was
performed on an Achieva 1.5T MR imaging unit (Philips Healthcare, Best, Netherlands). Details for the diffusion- and perfusionweighted sequences and the parameters used for these sequences
are briefly discussed below.
DWI. DWI parameters were the following: TR, 2897 ms; TE, 73
ms; FOV, 174 ⫻ 249 mm; reconstruction matrix, 144 ⫻ 144;
sections, 25; section thickness, 5 mm; voxel size, 1.74 ⫻ 1.73 ⫻ 5
mm; b-values, 0, 1000; EPI factor, 51; scan duration, 34 seconds.
PWI. Perfusion data were acquired by using the dynamic susceptibility contrast technique with the following parameters: T2*weighted gradient-echo echo-planar sequence: TR, 2000 ms; TE,
44 ms; FOV, 248 ⫻ 248 mm; reconstruction matrix, 256 ⫻ 256;
voxel size, 0.98 ⫻ 0.98 ⫻ 4 mm; sensitivity encoding factor, 2.1;
bandwidth, 806 Hz/pixel; scan duration, 1 minute 46 seconds.
Paramagnetic contrast material was administered intravenously
with an MR imaging– compatible power injector (Medrad, Indianola, Pennsylvania) at 5 mL/s followed by a 10-mL saline flush.
Fifteen sections covering the whole brain were acquired at 50 time
points following the injection of 0.2 mmol/kg of gadoteridol (ProHance; Bracco).
Postprocessing of the perfusion data was performed by using
commercially available software (nordicICE perfusion package;
NordicNeuroLab, Bergen, Norway). After motion correction of
the raw data, we created perfusion maps by using the singular
value deconvolution technique. The arterial input function to deconvolve the dynamic tissue response curve was automatically
determined, and singular value decomposition regularization was
achieved with the truncated singular value deconvolution approach (cutoff fraction, 0.20) and iterative thresholding (target
oscillation index, 0.10). Semiquantitative output perfusion maps
for clinical interpretation included cerebral blood flow, cerebral
blood volume, mean transit time, and time to peak.

Postprocessing and Quantitative Image Analysis
C-arm CT PBV, PWI, apparent diffusion coefficient, and DWI
were further processed by using the fMRI of the Brain Software
Library tools.9 The Brain Extraction Tool (http://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/BET) was used to delete the nonbrain tissues
AJNR Am J Neuroradiol 36:1748 –55
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contralateral normal hemisphere, mirrored homologous tissue VOIs were then
created corresponding to the affected
hemisphere infarct core and peri-infarct
ischemic tissue VOIs. In a small subset of
patients for whom bilateral areas of ischemia or infarction existed, substitute
VOIs with comparable volume in the uninvolved adjacent parenchyma were created and used for comparison and normalization. All VOIs were subsequently
transposed onto coregistered C-arm CT
PBV maps. Figures 1 and 2 illustrate the
VOI masks used for analysis. Mean, median, and SD of the absolute PBV values in
all VOIs were measured by using FMRIB
software maths (http://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/Fslutils) and FMRIB software
stats utilities (http://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/Fslutils). Normalized PBV values were calculated by dividing the absolute PBV value for each VOI by the mean
contralateral hemisphere PBV value obtained by using separate hemispheric
masks.

Statistical Analysis
A paired t test was performed to investigate whether mean PBV in the infarct tissue
VOIs and the mean PBV in the contralateral
uninvolved homologous tissue VOIs were
FIG 1. Binary masks used for VOI analysis. An area of restricted diffusion was identiﬁed on the statistically different and whether the mean
DWI and ADC maps (A and B). Corresponding to the area of restricted diffusion (surrogate for
infarcted tissue), a VOI mask (yellow) was created by a semiautomatic approach, along with a PBV in peri-infarct ischemic parenchyma
mirrored VOI mask (blue) in the contralateral normal hemisphere. Surrounding the VOI mask VOIs and the mean PBV in contralateral
corresponding to the area of restricted diffusion, a peri-infarct tissue VOI mask (gray) was uninvolved homologous tissue VOIs
created on the basis of the review of PWI relative CBF maps. A mirrored VOI mask for the
peri-infarct tissue in the contralateral normal hemisphere was constructed by transposing the were statistically different.
To test the predictive performance of
peri-infarct tissue VOI mask. Hemispheric masks for the ipsilateral (orange) and contralateral
hemisphere (green) were constructed for calculation of normalized PBV values.
C-arm CT PBV maps across various thresholds for demarcating infarcted tissue, we
from the images of interest followed by linear registration of the
performed voxel-based receiver operating characteristic (ROC)
C-arm PBV maps and the MR-PWI, PWI, and ADC images for
curve analysis. Sensitivity and specificity of PBV maps for demarcateach patient to the T1-weighted average structural template brain
ing the infarct voxels (DWI/ADC abnormality) from the noninfarct
volume in Montreal Neurological Institute 152 space with the
voxels across patients as a function of increasing PBV thresholds were
fMRI of the Brain (FMRIB) Linear Image Registration Tool
computed. The accuracy of PBV maps in demarcating the infarct
(FLIRT; http://www.fmrib.ox.ac.uk). 10,11 Alignment of all coregvoxels (DWI/ADC abnormality) from the noninfarct voxels was deistrations was visually confirmed in 3 orthogonal planes. Areas of
termined from the area under curve statistic that ranges from 0.5 (no
infarction were identified on the basis of the review of DWI and
predictive value) to 1 (absolute predictive value). The ROC curve
ADC maps. 3D VOIs corresponding to the infarct core were deanalysis was performed separately for the absolute and the normalfined on the DWI with a semiautomated approach by using
ized PBV values. The final absolute and normalized PBV thresholds
MRIcro software (http://www.mccauslandcenter.sc.edu/mricro/
for demarcating infarcted tissue were calculated as the optimal ROC
mricro/mricro.html).12 In the next step, the infarct core VOIs
curve points with equally attributed weights to sensitivity and speciwere grown to include the peri-infarct ischemic parenchyma
ficity. Statistical analysis was performed by using GraphPad Prism
identified as the region of asymmetrically reduced CBF (⬍95%
software (GraphPad Software, San Diego, California).
relative to the mean contralateral hemisphere CBF) surrounding
the infarct core defined on the DWI. From the grown VOIs that
RESULTS
included both the infarct core and the peri-infarct ischemic tissue,
Study Population Characteristics
Twenty-six patients (mean age, 55 years; 9 men, 17 women) enthe infarct core VOIs were subtracted, thus creating the subtraction VOIs defining only the peri-infarct ischemic tissue. In the
tered the study. Patients’ World Federation of Neurosurgical So1750
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FIG 2. Schematic illustration of the infarct and peri-infarct VOIs. In
the involved hemisphere (L), the infarct VOI (A) corresponds to the
area of restricted diffusion (surrogate for infarction) on DWI and ADC
images. Surrounding the infarct VOI, the peri-infarct zone (B ⫹ C)
corresponds to the region of asymmetrically reduced MR imaging CBF
(CBF of ⬍95% relative to the mean contralateral hemisphere CBF).
The peri-infarct zone (B ⫹ C) was further subdivided into a mild-tomoderately ischemic zone (B; CBF of 75%–95%, relative to the mean
contralateral hemisphere CBF) and a moderate-to-severely ischemic
zone (C; CBF of ⬍75%–95%, relative to the mean contralateral hemisphere CBF). Contralateral homologous tissue VOIs in the uninvolved
hemisphere (R) corresponding to infarct (a) and peri-infarct (b ⫹ c)
zones were created by transposing the involved hemisphere VOIs
across the midline.

cieties grades at the time of admission to the hospital were the
following: grade I in 16 (61%), grade II in 7 (27%), grade III in 2
(8%), and grade IV in 1 patient (4%). The onset of DCI after SAH
varied from day 2 post-SAH to day 12 post-SAH (median, day 7
post-SAH). All patients received standard medical management
according to the institutional protocol. Of the 26 patients, 8
(31%) underwent chemical angioplasty with selective intra-arterial nimodipine administration, 2 (8%) of whom received chemical angioplasty treatment twice. The mean duration between the
C-arm FDCT PBV scan and the MR imaging was 124 minutes. Of
the 26 patients, 12 had areas of restricted diffusion on MR imaging. On these scans, 22 VOIs each for infarcted parenchyma, periinfarct tissue, and their contralateral homologous tissue were defined (total, 22 ⫻ 4 VOIs); The Table describes the patient
characteristics and details of DWI lesions.

Quantitative Image Analysis
For the patients with areas of restricted diffusion on DWI, mean
DWI lesion volume (infarcted parenchyma) was 6.38 ⫾ 7.09 mL

(range, 0.91–26.5 mL) and the mean peri-infarct ischemic tissue
volume was 22.89 ⫾ 21.76 mL (range, 4.18 – 85.61 mL).
Mean PBV values in the infarct VOIs were significantly lower
compared with the mean PBV values in the mirrored contralateral
uninvolved homologous tissue VOIs (paired t test P value ⬍ .01),
as illustrated in the box-and-whisker plot (Fig 3A). Voxel-based
ROC curve analysis was performed for both absolute and normalized C-arm CT PBV volumetric parametric maps, and the resulting ROC curves are shown in Fig 4. The optimal absolute C-arm
CT PBV threshold identifying the infarcted parenchyma by using
DWI abnormality as a marker was 2.49 mL/100 g. The corresponding area under the curve, sensitivity, and specificity were
76.4% (95% CI, 76.1–76.7), 69.4% (95% CI, 68.9 – 69.8), and
70.7% (95% CI, 70.2–71.1) (P value ⬍ .01), respectively. The
optimal normalized C-arm CT PBV threshold was 0.67. The corresponding area under the curve, sensitivity, and specificity were
76.9% (95% CI, 76.6 –77.1), 69.4% (95% CI, 69.0 – 69.7), and
72.2% (95% CI, 71.8 –72.5) (P value ⬍ .01), respectively.
A paired-samples t test conducted to compare the mean PBV
values for peri-infarct ischemic tissue VOIs and the mean PBV
values for corresponding mirrored VOIs in the contralateral uninvolved hemisphere showed no significant difference between
the mean PBV values for the 2 groups of VOIs (P ⬎ .05). Given
this finding, the analysis was extended by dividing each of the
peri-infarct VOIs into 2 segments based on the review of MR
imaging relative CBF maps: 1) moderate-to-severely ischemic
peri-infarct zone with MR CBF of ⬍75% relative to the mean
contralateral hemisphere CBF, and 2) a mild-to-moderately ischemic peri-infarct zone with MR CBF of 75%–95% relative to the
mean contralateral hemisphere CBF (Fig 2). VOIs and binary
masks for the 2 zones were created for both the involved and the
uninvolved hemisphere by following the same approach as used
earlier in the analysis, followed by the application of the binary
masks to the C-arm CT PBV maps. Mean PBV values for the 2 sets
of VOIs corresponding to the mild-to-moderate and the moderate-to-severely ischemic peri-infarct zones were then compared
with their contralateral homologous tissue VOIs by using the
paired-samples t test. For the moderate-to-severely ischemic periinfarct zone, the mean PBV values of the involved hemisphere
VOIs were statistically significantly lower compared with the uninvolved hemisphere VOIs (Fig 3B, P value ⬍ .01). However, for
the mild-to-moderately ischemic peri-infarct zone, there was no
statistically significant difference between the mean PBV values of
the involved and uninvolved hemisphere VOIs (Fig 3C, P value ⬎
.05).

DISCUSSION
This study reports optimal absolute and normalized C-arm CT
PBV threshold values for demarcating irreversibly infarcted brain
parenchyma in the neurointerventional suite.
In determining the PBV threshold for infarcted brain parenchyma, areas of restricted diffusion identified on the review of
DWI and ADC maps were used as a marker for irreversibly infarcted tissue. Although DWI abnormality is not perfectly specific
for infarct core, it is highly accurate and is an accepted standard
for both clinical care and research analysis.13-15 In our analysis, we
used 3D VOIs, defined semiautomatically for the DWI abnormalAJNR Am J Neuroradiol 36:1748 –55
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Demographic, aneurysm, and clinical characteristics of patients and the location of DWI lesions
Patient
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Age
(yr)
47
55
61
49
68
71
46
77
46
50
53
55
55
69
66
45
66
30
39
50
69
39
52
54
58
60

Sex
M
F
F
F
F
F
M
F
M
F
F
M
F
F
M
M
M
M
F
F
M
F
F
F
F
F

Aneurysm
Location
Anterior communicating artery
Left anterior cerebral artery
Right posterior communicating artery
Anterior communicating artery
Right posterior communicating artery
Anterior communicating artery
Right middle cerebral artery
Left anterior cerebral artery
Right posterior communicating artery
Right internal carotid artery
Basilar artery tip
Right posterior communicating artery
Left posterior communicating artery
Left anterior cerebral artery
Anterior communicating artery
Anterior communicating artery
Right middle cerebral artery
Anterior communicating artery
Right posterior communicating artery
Anterior communicating artery
Right posterior communicating artery
Right posterior communicating artery
Right posterior communicating artery
Left posterior communicating artery
Right anterior cerebral artery
Left pericallosal artery

Aneurysm
Size (mm)
6⫻4
12 ⫻ 10
8⫻5
10 ⫻ 7
10 ⫻ 6
6⫻5
4⫻3
6⫻4
4⫻4
3⫻3
7⫻6
5⫻3
4⫻4
11 ⫻ 7
7⫻5
15 ⫻ 8
8⫻3
7⫻4
5 ⫻ 3.5
4 ⫻ 3.5
7⫻4
10 ⫻ 9
5⫻5
8⫻5
5⫻4
12 ⫻ 8

WFNS
Grade
I
III
II
I
II
I
III
I
I
I
II
II
II
I
I
II
IV
I
I
I
I
I
I
I
I
II

Fisher
Grade
3
4
3
3
4
4
3
4
4
3
3
4
4
4
0a
4
4
3
4
4
4
4
4
3
3
4

DWI
Deﬁcits
⫹
⫺
⫺
⫺
⫺
⫹
⫹
⫺
⫺
⫹
⫹
⫺
⫺
⫹
⫺
⫹
⫹
⫹
⫹
⫺
⫺
⫹
⫹
⫹
⫹
⫺

DWI Deﬁcits Distribution
Right frontal operculum; right centrum semiovale
–
–
–
–
Right frontal and left posterior frontal lobes
Bifrontal and posterior left parietal lobes
–
–
Right frontal lobe
Left frontal lobe
–
–
Bifrontal lobes
–
Right parietal lobe and corpus striatum
Right parietal lobe and Sylvian ﬁssure
Left frontal lobe
Right parietal lobe
–
–
Right frontal lobe
–
–
Right frontal lobe
–

Note:—WFNS indicates World Federation of Neurological Societies; ⫹, present; ⫺, absent.
a
NCCT of the head was negative for SAH, which was later conﬁrmed on lumbar puncture.

B

A

C

FIG 3. Box-and-whisker plots showing PBV (mean and SD) in the infarct VOIs—that is, areas of restricted diffusion (A), moderate-to-severely
ischemic peri-infarct VOIs (relative CBF of ⬍75%) (B), mild-to-moderately ischemic, peri-infarct VOIs (relative CBF of 75%–95%) (C), and the PBV
in the corresponding mirrored contralateral homologous tissue VOIs.

ity (infarcted parenchyma), which, along with mirrored contralateral homologous tissue VOIs, were transposed onto the
coregistered C-arm CT PBV maps before performing the ROC
curve analysis. This objective approach toward image analysis reduces any bias that may be introduced due to subjective differences in image display, such as color look-up tables for PBV maps,
window settings, and pixel conspicuity, which can be sources of
error for manual segmentation.7
That any perfusion study represents a “snapshot in time” and
the cerebral hemodynamics and thresholds for ischemic damage
may vary with time are issues well-recognized from CTP imaging
of acute brain ischemia. For acute stroke imaging, this limitation
may be addressed through stratifying data by duration postictus.7 However, unlike acute ischemic stroke, the complex
pathophysiology of cerebral vasospasm and resulting hemodynamic alterations make it difficult to define a specific time-ofonset for DCI secondary to vasospasm. Moreover, the limited
number of patients in our study precluded any such analysis,
1752
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which could theoretically be performed by using an arbitrary
time point such as the development of neurologic deficits in
patients post-SAH.
An important factor that may introduce variability in C-arm
CT PBV measurements and consequently shift the optimal PBV
thresholds for infarction is how well the steady-state assumption
is met. For calculation of C-arm CT PBV, the intravenously administered iodinated contrast material is assumed to have reached
a steady-state concentration in the cerebral vasculature (contrast
concentration in arteries ⫽ contrast concentration in tissues ⫽
contrast concentration in veins), maintained for the duration
of the scan.1 If this assumption is fully met, the C-arm CT PBV
would be equivalent to the CBV derived from dynamic perfusion imaging modalities. However, an ideal steady-state may
not be achieved in practice for the clinical scans, and the
contrast profile in the cerebral vasculature may show intersubject differences due to various factors such as recirculation of
contrast, hemodynamic perturbation effect, and slow bolus

A

B

FIG 4. ROC curves for absolute and normalized PBV. Voxel-based ROC curves for absolute PBV (A) and normalized PBV (B), with near-identical
conﬁgurations. Absolute and normalized PBV thresholds for demarcating the areas of restricted diffusion were chosen by deﬁning the optimal
point on the ROC curve with equally attributed weights to sensitivity and speciﬁcity.

for the clinical PBV scans, which can provide an estimate of how adequately the
steady-state contrast concentration was
achieved during a particular study.
Our results indicate that the measured
PBV values in the peri-infarct ischemic
tissue may or may not show reduction,
depending on the severity of the ischemic
insult. We found that in moderate-to-severely ischemic peri-infarct tissue (relative MR CBF, ⬍75%), the PBV measureFIG 5. A theoretic understanding of C-arm CT PBV at various degrees of ischemia. In the ments showed statistically significant
infarcted tissue (black central zone in A–C), a matched decrease in CBV and CBF with conse- reduction compared with the contralatquent reduced PBV is observed, given its combined blood ﬂow and blood volume weightings. In
mild ischemia (A), CBF is reduced while there is a compensatory autoregulatory increase in CBV; eral uninvolved homologous tissue.
consequently, PBV values may be maintained. In moderate ischemia (B), the CBF reduces further, However, PBV values in the mild-toand despite autoregulation, CBV may not increase; consequently PBV values may be in the lower moderately ischemic peri-infarct parenpart of normal range or begin to show mild reduction. In severe ischemia bordering infarction
chyma (relative MR CBF, 75%–95%)
(C), both CBV and CBF would be decreased with consequent reduction in PBV.
were not significantly reduced relative to
transit in the setting of low cardiac output and multifocal
the contralateral uninvolved homologous tissue. The peri-infarct
vasospasm.16
ischemic zone we identified for analysis is conceptually similar to
Preferential contrast wash-in or washout during the acquisithe penumbra region seen in the setting of acute ischemic stroke.
tion of fill run data for the C-arm CT PBV study (8 seconds) may
These findings are interesting and can be explained by the comresult in variable blood flow weighting to the calculated PBV. In a
bined blood volume and blood flow weighting to C-arm CT PBV.
separate analysis for the same cohort (subject of another publicaCT perfusion reveals that in the setting of acute ischemic stroke,
tion), we found that for clinical examinations, the C-arm CT PBV
the infarcted tissue shows a matched decrease in CBV and
has ⬇60% CBF and 40% CBV weighting, with similar supporting
CBF.18,19 However, the ischemic tissue surrounding the infarct
observations for multidetector CT.5,17 Thus, differences in concore has only reduced CBF, while the CBV may be maintained or
trast dynamics can result in differences in blood flow and blood
elevated secondary to autoregulatory hemodynamics whereby
volume weighting to PBV, which can translate into differences in
precapillary vessels dilate in response to decreased cerebral perfufinal PBV measurements. Assuming identical contrast dynamics
sion pressure.19 In the setting of severe or prolonged ischemia, the
or an ideal steady-state in all patients despite the differences in
autoregulatory mechanisms fail, leading to eventual reduction in
their hemodynamic physiology may overlook the blood flow
CBV. The degree to which the CBF is reduced and whether the
weighting to C-arm CT PBV, particularly in cases in which the
CBV is elevated, maintained, or reduced are thus functions of the
time-attenuation curves depart from the steady-state, thus potenseverity of the ischemic insult. In a separate analysis for the same
tially resulting in overestimation (or underestimation) of irrecohort, we found that with combined blood volume and blood
versibly infarcted parenchyma when using a specific threshold.
flow weighting (subject of another publication), C-arm CT PBV
This limitation can be overcome by a simple ROI-based timeattenuation-curve analysis of the raw C-arm CT projection data
behaves as a composite parameter. Thus, in the irreversibly inAJNR Am J Neuroradiol 36:1748 –55
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farcted tissue, due to an underlying matched decrease in CBV and
CBF, we see a definitive reduction in PBV (Fig 3A). In the periinfarct ischemic region of reduced CBF, PBV would be maintained when the ischemic insult is less severe and the autoregulatory mechanisms are intact and effective in increasing the regional
CBV (Fig 3C). On the contrary, PBV measurements would be
reduced if the ischemia is prolonged or worsens in severity with
consequent impaired autoregulation, ineffective in increasing or
maintaining the CBV (Fig 3B). Therefore, C-arm CT PBV measurements would reliably detect moderate-to-severe ischemia but
can potentially underestimate mild-to-moderate ischemia.
We recognize that C-arm CT PBV imaging cannot replace
DWI, which is highly accurate in the demarcation of irreversibly
infarcted brain parenchyma. However, its availability in the neurointerventional suite is a unique advantage with implications for
management of acute cerebrovascular ischemia. Struffert et al4
proposed that PBV maps may potentially be used to guide revascularization procedures through their ability to monitor the brain
viability. In this regard, a single C-arm CT study can provide both
the anatomic and physiologic data for patients with acute stroke
in the interventional suite without the need to transfer patients to
CT or MR imaging facilities. For example, the C-arm CT softtissue images can reliably exclude intracranial hemorrhage, the
angiographic reconstructions can help evaluate proximal vessel
occlusion, and the PBV maps provide patient-specific physiologic
data that can potentially be used, instead of the more generalized
and nonspecific time criteria, in selecting appropriate patients for
acute stroke interventions, particularly when a significant delay
exists between initial imaging and patient arrival in the angiography suite.4,20 Similarly, in the patients with aneurysmal SAH who
develop delayed clinical deterioration, the PBV maps can be used
to determine the hemodynamic significance of vessel narrowing
detected on catheter angiography and to identify any ongoing
ischemia or established infarcts, thus guiding the angioplasty procedures. For these applications, extended craniocaudal coverage
allowing whole-brain PBV measurements would be particularly
beneficial—for example, the changes related to vasospasm may be
multifocal or global in nature and the acute ischemic stroke may
be in a distribution located outside the traditional supratentorial
coverage of CTP and may thus be better evaluated with extended
craniocaudal coverage of C-arm CT PBV.
For CTP and PWI, thresholds of various perfusion parameters
have been studied to demarcate the irreversibly infarcted parenchyma, and it is widely recognized that the generalizability of any
specific threshold may be limited secondary to marked differences
across different algorithms and postprocessing software.17,21 For
C-arm CT PBV measurement, currently only 1 commercially
available application (syngo Neuro PBV IR; Siemens) exists. It is
conceivable that in the future other similar postprocessing platforms will become available, in which case the validation of
thresholds reported in this study across different platforms would
be imperative.
The mean interval between the C-arm CT and MR imaging
examinations in this study was 124 minutes, a duration during
which the hemodynamics of the parenchymal areas included in
the analysis may have altered; this change could result in an overor underestimation of the reported thresholds. The observations
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in this study should therefore be interpreted allowing for this
limitation. Additionally, optimal PBV thresholds reported in this
study were assessed for whole-brain tissue VOIs. However, differences between the gray and white matter exist regarding cellular
composition, metabolism, the normal perfusion parameter values, and their neurochemical responses to ischemia.22-24 Tissuespecific infarction thresholds may thus be more informative in
predicting the tissue outcomes in the setting of cerebrovascular
ischemia.25 In our cohort, the limited number of patients and
DWI lesions precluded such tissue-specific analysis to explore the
differential variability of gray and white matter to ischemia. Future studies, including a larger number of patients with cerebral
ischemia, may help in addressing this issue.

CONCLUSIONS
This study reports the following: 1) the optimal absolute and normalized C-arm CT PBV threshold values for demarcation of the
irreversibly infarcted parenchyma in the neurointerventional
suite; and 2) C-arm CT PBV maps reliably detect moderate-tosevere ischemia but can potentially underestimate the mild-tomoderate ischemia with intact autoregulatory mechanisms, likely
related to its combined blood flow and blood volume weighting.
Optimal C-arm CT PBV thresholds for infarction have not been
studied previously and are of value in providing an objective criterion for the demarcation of irreversibly infarcted parenchyma.
An accurate assessment of the brain viability thus obtained has
implications for the management of acute brain ischemia.
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