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Abstract

Purpose: In brain CT perfusion (CTP), the arterial contrast bolus is scaled to have the same area under the curve (AUC) as the
venous outflow to correct for partial volume effects (PVE). This scaling is based on the assumption that large veins are
unaffected by PVE. Measurement of the internal carotid artery (ICA), usually unaffected by PVE due to its large diameter,
may avoid the need for partial volume correction. The aims of this work are to examine /) the assumptions behind PVE
correction and ii) the potential of selecting the ICA obviating correction for PVE.

Methods: The AUC of the ICA and sagittal sinus were measured in CTP datasets from 52 patients. The AUCs were
determined by i) using commercial CTP software based on a Gaussian curve-fitting to the time attenuation curve, and ii) by
simple integration of the time attenuation curve over a time interval. In addition, frames acquired up to 3 minutes after first
bolus passage were used to examine the ratio of arterial and venous enhancement. The impact of selecting the ICA without
PVE correction was illustrated by reporting cerebral blood volume (CBV) measurements.

Results: In 49 of 52 patients, the AUC of the ICA was significantly larger than that of the sagittal sinus (p=0.017). Measured
after the first pass bolus, contrast enhancement remained 50% higher in the ICA just after the first pass bolus, and 30%
higher 3 minutes later. CBV measurements were significantly lowered when the ICA was used without PVE correction.

Conclusions: Contradicting the assumptions underlying PVE correction, contrast in the ICA was significantly higher than in
the sagittal sinus, even 3 minutes after the first pass of the contrast bolus. PVE correction might lead to overestimation of
CBV if the CBV is calculated using the AUC of the time attenuation curves.
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Introduction the area under the curve (AUC) of the tissue time—attenuation
. ) ) ) o ) ) curves to the AUC of a reference curve is the most widely used
CT perfusion (CTP) is used in the diagnosis of acute ischemic method and the focus of this study. The AUC of the first pass bolus

stroke to non-invasively measure tissue perfusion parameters[1-5]. of the AIF is used to calculate the CBV by taking the ratio of the
Although relative perfusion parameters such as relative cerebral tissue and AIF AUC’s (Eq 1.) after correction for difference in
blood volume (rCBV), obtained by normalization to the contra- hematocrit[11].

lateral hemisphere, are successfully applied in stroke imaging[6-8],
the absolute CBV is a more accurate measure for delineating the
infarct core[9]. Accurate absolute perfusion values would also be
desirable to improve the comparability between different CTP
modalities and allow for better comparison within large patient
groups or databases. The latter allows for establishment of
accurate correlations between C'TP parameter values and clinical
prognostic information.

CBV =4 Uclis.\'uecurve/ A UCre/érencecurve (Eq 1)

Hence, the AIF should ideally be taken as the reference curve in
Eq 1. However, the amplitude of the AIF is commonly
underestimated as a result of small-diameter (MCA and ACA)
vessels and limited spatial resolution (defined by the in-plane axial
image resolution and slice thickness[12—15]). Since underestima-
tion of the AUC of the AIF results in overestimation of the CBV
(see equation 1), correction for this partial volume effect (PVE) is
necessary and typically performed using the venous output

Calculation of CTP maps requires selection of an arterial input
function (AIF) which is typically measured in the middle cerebral
artery (MCA) or anterior cerebral artery (ACA). While several
methods exist to calculate CBV, including the impulse residue
function approach [10], the determination of CBV by comparing
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function (VOF)[16-22]. This correction is based on two assump-
tions: first, that the centre pixels of a large vein like the superior
sagittal sinus (SSS) or the straight sinus, is unaffected by PVE: and
second, that without PVE (i.e. an ideal imaging situation), all AIFs
and VOF should have equal AUCs. Thus, to perform a correction
for the PVE, the VOF is taken as the reference curve in Eq.1. This
current clinical method to correct for PVE in the arteries has been
necessary for lack of an alternative, and although it is commonly
used clinical validations have not been published.

Recent development of C'T' scanners with larger scan coverage
allows selection of the internal carotid artery (ICA) as the AIIF
reference artery. The large diameter of the ICA, 4.8 mm on
average in adult humans[23] and orientation (perpendicular to the
slices) potentially allows for direct measurement of the inflow
without the need to apply a PVE correction derived from the
venous outflow. This is desirable as it reduces potential for user
variability, anatomical variations, and measurement errors.

The purpose of this study is to investigate the suitability of
selecting the ICA to measure the reference curve for calculation of
CBYV, and to examine the assumptions behind the clinically used
method of PVE correction using the venous time-attenuation
curve.

Materials and Methods

Patients

An initial group of 80 patients were retrospectively selected from
participants in a multicentre stroke trial (the DUtch acute Stroke
Trial; (DUST) ClinicalTrials.gov Identifier: NCT00880113).
DUST is a prospective study on the prognostic value of CTP
and CTA in patients with acute stroke symptoms. The DUST
study has been approved by the Medical Ethics Review
Committee of the University Medical Centre Utrecht, and all
subjects gave written informed consent. Inclusion criteria for this
sub-study were as follows: (1) admission scan on a 256-slice
scanner (Brilliance iC'T, Philips Healthcare, Best, the Nether-
lands), to ensure a uniform quality of data; (2), CTP with an
extended acquisition protocol (detailed below), in thin-slice mode.
This initial group of patients was visually assessed by an expert
reader to ensure no movement was observable after motion
correction, and the ICA was included in the scan coverage. This
resulted in 28 patients being discarded and a final patient cohort of
52 patients.

CTP data

All data were acquired and reconstructed using an extended
clinical protocol: 150 mAs/rot, 80 kVp, 512x512 matrix,
200 mm field of view, 0.39x0.39 mm pixels, 81 reconstructed
slices with thickness/spacing of 1.0/0.8 mm and a rotation time of
0.33 seconds. The in plane image resolution, measured with an
image quality phantom with a 10 um tungsten wire, was 1.46 mm
(FWHM). The geometry of the cone beam with a large field of
view meant that the data sets were restricted to 6.5 cm axial
coverage. The thin 1 mm slice thickness is required to ensure the
absence of PVE in the AIF taken from the ICA should it cross the
slice plane at an oblique angle [24,25]. Forty millilitres of nonionic
contrast agent (Iopromide, Ultravist, 300 mg iodine/ml; Schering,
Berlin, Germany) was injected into the cubital vein (18-gauge
needle) at a rate of 6 ml/s followed by a forty millilitres saline flush
at a rate of 6 ml/s by using a dual power injector (Stellant Dual
CT injector; Medrad Europe, Beek, the Netherlands). An initial
acquisition series of 25 time-frames at 2-second intervals was
immediately followed by a second series of acquisitions with six
time-frames at 30 second intervals. The initial acquisition
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constitutes the standard stroke C'TP protocol used in our institute,
the total CT dose (C'TDI-vol) including the extended acquisition
was 185 mGy.

Measurement of arterial and venous AUC's

The AUC of the arterial and venous contrast bolus first-pass was
measured at the ICA and SSS. These AUCs were measured using
both commercial software employing a Gaussian fit and an
alternative method using Trapezoidal Integration (Table 1).

Measurement of AUC using commercial software

Direct measurement of the AUC of the ICA and SSS was
performed using clinical software (EBW 4.0, Brain Perfusion
Package, Philips Healthcare, Best, the Netherlands). The ICA and
SSS were selected to be approximately perpendicular to the slice
plane[19,24]. Circular ROIs were manually drawn on the blood
vessel locations on the maximum intensity projection of the patient
data. The software selects the pixel within the circular ROI’s with
the time-attenuation curve (TAC) that has the maximum
enhancement over time. Subsequently, the software estimated
the AUCs by fitting a Gaussian curve to the TAC[5]. A Gaussian
curve fit distinguishes the firstpass bolus from the recirculation
(Figure 1). The AUC of the bolus is therefore defined as the area
under the Gaussian shape. This measurement included correction
for background, defined as the average HU value before bolus
arrival. All post-reconstruction image filtering/smoothing was
disabled to minimize any additional averaging of the vessels with
the surrounding structures that could influence the partial volume
effect. Image registration was performed by the software. For each
patient, 4 (+/—1) vessel locations were selected on the ICA in the
lower slices at the cavernous sinus portion and ten or more vessel
locations were selected in SSS.

Measurement of AUC analysis using trapezoidal
integration

Measuring the TAC at the pixel with maximum enhancement,
although common in clinical software, may theoretically introduce
a bias towards artificially higher TACs owing to noise. Further-
more, fitting a Gaussian curve to the TACs may introduce an
under- or over-estimation to the AUC. To avoid potential bias due
to these two factors, an independent set of measurements was
carried out on the same vessels without using the commercial
software.

Since the vessel centre is the least affected by partial volume
from surrounding tissue, the TACs of the vessels were measured at
the pixel determined to be at the vessel centre (VC) using a
threshold technique applied to the average of all frames of the
CTP[26]. Trapezoidal integration of these vessel TACs over the
time interval between the bolus arrival and 6 seconds after the
peak value was recorded. The bolus arrival time and peak value
were determined independently for the arteries and veins, to avoid
influence of delayed bolus arrival in the veins on AUC
measurement. Prior to this analysis motion correction was applied
by a 3D rigid image registration technique[27]. Background
correction was also applied by subtracting the average HU value
of the frames before arrival of the contrast bolus in the same way
as the commercial software.

Analysis of AUC during first passage of the contrast bolus

In order to compare the results between patients, the average
AUC measured in the ICA measurements of each patient was
divided by the average AUC of the SSS measurements in that
patient (Figure 2): r4¢=AUC;ca/AUCggs. This can be consid-
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Table 1. Outline of AUC measurement methods and analysis.
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First pass of contrast bolus

AUC method ROI definition

Pixel choice

Gaussian fit (Philips EBW 4.0) Manual (circle)

Trapezoidal Integration Manual (circle)

Maximum enhancement within ROI

Center of vessel

After first pass of contrast bolus

Method ROI definition

Pixel choice

Temporal ratio of ICA and SSS Manual (circle)

Center of vessel

doi:10.1371/journal.pone.0097586.t001

ered to be an inter-patient normalization. The ratio 747 was
independently calculated for the AUCs found with the clinical
software and with trapezoidal integration described above.

Contrast enhancement after first passage of the bolus

The frames from the extended acquisition were used to examine
the change in contrast enhancement after the first pass of the bolus
(Table 1). The ratio of r(t) =AIF(t)/VOF{(t) produces a curve that
represents how the enhancement in the average of all the ICA
(AIF) compares to the average of all the SSS (VOF) throughout the
extended acquisition on a single patient. This ratio does not
describe the total amount of contrast in the system, merely the
relative enhancement over a time period of 3 minutes. This ratio
was calculated independently and based on at least 3 arterial
TAGs and venous TACs for each patient.

For the calculation of r(t), the first the peak enhancement of the
TACs were aligned with respect to their timing to correct for the
delay of the venous signal relative to the arterial signal. This was
done as it was thought that it may be inaccurate to compare a
contrast enhancement at a particular time in the vein to that of the
artery when the same concentration of contrast had passed though
the artery a few seconds earlier. This temporal alignhment was
accomplished with linear interpolation of the tails so that the 30
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=usGaussian fit
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Figure 1. Gaussian fitting of the first pass of the bolus in the
ICA time-attenuation curve.
doi:10.1371/journal.pone.0097586.9001
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second temporal resolution of the extended protocol would not be
an issue when comparing time points on the AIF and the time-
shifted VOF. A Wilcoxon signed-rank test was used to determine
whether there was a statistically significant difference in 7(2) at the
beginning of the extended scan (t =60 s) and near the end of the
scan (t=180s). This difference could indicate a trend or
convergence towards equilibrium.

CBV analysis

To illustrate the impact of AUC variations on CBV calculations,
on all 52 patients white matter ROI’s (6-8 cm?) in the frontal lobe
were manually drawn and three average tissue CBV’s for each
patient were calculated according to equation 1, where the
AUC(reference curve) was taken from i) the MCA (AIF is MCA
with no PVE correction), ii) SSS (AIF is MCA with VOF based
PVE correction) and ii1) ICA (AIF is ICA with no PVE correction)
respectively. All CBV measurements were performed using the
Philips EBW 4.0, Brain Perfusion Package Software.

Results

From the data 52 patients a total of 202 ICA and 674 SSS
locations were selected and measured. Examples of ICA and SSS
TACs are shown in Figure 2 A/B. In Figure 2C, the SSS curve has
been shifted on the time axis to align the peak of the ICA and SSS

curves.

Analysis of AUC during first passage of the contrast bolus

Figure 3 shows a standard-type boxplot, with excluded outliers,
of 74y for all 52 patients. In 49 of the patients the AUC of the
ICA was larger than that of the SSS for both measurement
methods. The average r4¢ was 1.12 when measured with the
clinical software and 1.26 when measured by the simple
integration method.

Contrast enhancement after first passage of the bolus

Figure 4 Shows 7.4 (1) over the duration of the extended scan.
This plot is the result of averaging the 7(¢) curves from each of the
52 patients. At 30-second intervals a box plot representing all 52
patients illustrates the spread of the data across all patients at that
point in time. The Wilcoxon signed-rank test comparing the
distribution of the 52 measurements at 60 s to those at 180 s
showed a drop in the mean value of the ratio over 3 minutes to be
significant, with a p-value of 0.0014 indicating a significantly
decreasing trend.
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ICA time-attenuation curves
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SS time-attenuation curves
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Figure 2. Examples of acquired time-attenuation curves from one patient. The time-attenuation curves were separated into ICA (panel A)
and SSS (panel B) measurements. Averaging of these groups gives a typical time-attenuation curve for each vessel, the SSS is then shifted in time to
correct for the delay of bolus arrival time in the veins (panel C). The curves are then interpolated to allow a ratio to be calculated in the frames of the

extended protocol (panel D).
doi:10.1371/journal.pone.0097586.9g002
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Figure 3. Standard boxplots (with outliers) showing the
average ratio rAUC=AUCICA/AUCSSS of all 52 patients. The
measurements shown are the AUC determined by the clinical Gaussian
fitting at the pixel at the vessel centre (VC) and by integration of the
curve at the pixel with maximum enhancement (ME).
doi:10.1371/journal.pone.0097586.g003
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CBV analysis

The CBV measurements from each patient, using the MCA,
SSS and ICA in turn as the reference vessel are shown in a
standard-type boxplot in Figure 5. On average the CBV in white
tissue was 2.33 ml(blood)/100 ml(tissue) when calculated using
only the MCA, 1.81 ml/100 ml when calculated using the SSS to
correct for PVE, and 1.62 ml/100 ml when only the ICA was
used without partial volume correction. The differences between
the CBV measured in the ICA and VOF corrected measurements
were shown to be statistically significant with a Wilcoxon signed-
rank test p-value of 0.017.

Discussion

Modern scanners with large-volume coverage allow for inclu-
sion of the ICA in the CTP scan volume. The large size of the ICA
gives the potential for AIF selection without the necessity to correct
for partial volume, ie. without selecting a VOF. This study
demonstrates that the ICA is large enough to be unaffected by
partial volume on thin slices, implied by the ICA having
consistently higher AUC than the VOF in the SSS. This makes
PVE correction redundant when calculating CBV from the AUC
of the TAC.

May 2014 | Volume 9 | Issue 5 | 97586



3.2r

2.6fF

2.2F

AIF (Y VOF (1)
P

PVE on Arterial Inflow Functions in Brain CTP

n 14
]
[
0.6F
02 L L L L L L L L L L L L L J
60 90 120 150 180
Time (s)

Figure 4. The ratio of the ICA to the SSS over the duration of the extended scan. Each point on the black line is an average of 52 time-
ratios. At 30 second intervals a box plot (Solid line is the median value at that time point) representing all 52 patients illustrates the spread of the data

across all patients at that point in time.
doi:10.1371/journal.pone.0097586.9g004

Our finding is also contrary to assumptions underlying the
clinically applied VOF correction and implies that the ICA is the
only viable location to measure the inflow unaffected by PVE
when using this clinical protocol and CT scanner. Other scanners
may have additional options for AIF selection unaffected by PVE,
particularly if they have better image resolution. It is important to
recognize from this study that if the VOF is used to correct for
PVE it is likely that the CBV will be overestimated.

The CBV measurements illustrate the direct relationship
between the AUC measured and the CBV calculated using those
AUC. The CBV results using the ICA and SSS reflect the
difference found in the more extensive measurement of the AUC
of the vessels. The CBV values reported in this study do not
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PVE correction

MCA with SS based
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Figure 5. Standard boxplots (with outliers) showing the CBV
measurements of ROl drawn on white matter in the 52
patients. Each box represents 52 CBV values calculated from identical
ROl but with different vessels selected as the reference vessel.
Differences in the CBV between the vessels are therefore directly
related to the AUC of the vessel used, and reflect the result found in the
direct measurements of the AUC of the vessel time-attenuation curves.
doi:10.1371/journal.pone.0097586.g005
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represent typical CBV values for healthy brain tissue, the patient
group includes patients who have suffered acute stroke of varying
severity. No attempt was made to avoid diseased tissue when
drawing ROI’s to measure the CBV since the only relevant point
is how a given ROI returns different values of CBV when the ICA
and sagittal sinus are used.

In this study care was taken to avoid biases induced by curve
fitting and noise. This was done by measuring the vessels in several
independent ways: first, using a curve fit at the pixel with
maximum enhancement; second, by simple integration of the
curve at the pixel at the centre of the vessel. Additional indications
that measurement errors do not underlie our findings can be taken
from Figures 2 and 4. These figures present the relative values of
the arterial TAC to the venous TAC and show that the venous
TAC is lower than the arterial TAC in the frames from the
extended protocol. These measurements do not incorporate any
curve fitting or integration.

It was observed that at the end of the extended protocol, three
minutes after start of contrast administration, the ratio 7, (?) had
dropped steadily to a value of 1.3, as compared with a value of 1.5
after one minute. This decline was found to be statistically
significant. A similar effect, measuring similar ratios at one and
three minutes, was also observed by Lapin et al[28]. With an even
longer scan duration Lapin found that it took nearly ten minutes
before the enhancement in the arteries and veins was equal,
however our clinical protocol does not allow for such a long
acquisition period so we are not able to confirm this last finding.

Since a different ratio 747¢ is found with the commercial
software and integration method, it is reasonable to assume that
one or both of these methods may have a bias due to the
measurement method. Methods measuring the AUC of the first
pass of the contrast bolus may have bias due to potential sources of
error, such as differentiating the first pass from the recirculated
contrast or imperfect curve-fitting.

As mentioned in the methods section, trapezoidal integration
over a set time period may induce a bias considering the dispersion
in the TAC of the vein. However, given that this bias would derive
from missing about one second of enhancement on the edge of the
shape of the bolus (measured with a temporal resolution of 2
seconds) it is unlikely that it accounts for the large difference
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(~25%) between the AUC of the ICA and SSS measured with this
method. However we do acknowledge that some of this difference
may be due to dispersion.

The third measurement, examining the enhancement after the
first pass of the bolus, is an uncomplicated measurement where no
assumptions are made in terms of integration or curve fitting.
However, all three measurements agree that the average
enhancement in the ICA is higher than the SSS, at least 12%
higher using the commercial software, and possibly 50% higher
when observing the contrast enhancement after the first pass of the
bolus.

This last result is the most surprising as it is expected that the
contrast, and hence the enhancement, in the entire vascular
system should quickly approach an equilibrium after the first
passage of the bolus. However, what is observed is that the
enhancement in the vessels does not go to an equilibrium for the
entire 3 minute duration of the extended scan. The enduring
difference in enhancement between artery and vein, observed in
all three of the measurements, cannot be explained by calcification
in the ICA wall as this is filtered out by the background correction
applied by subtracting the average HU value of the first 6 frames
before contrast arrival. The difference may be a result of a
difference in the hematocrit values between arteries and veins
[28,30]. This hematocrit difference could explain the difference in
enhancement observed in the ICA and SSS in the extended
frames, while also allowing for the amount of contrast in the entire
vascular system to be in equilibrium.

However the possible difference in hematocrit is not sufficient to
explain the declining ratio observed in the extended protocol. It
has been documented that the high osmolarity of CT contrast
agents can acutely increase the blood volume, causing red blood
cell crenation[30]. This process may further change the hemat-
ocrit value in a way that it is dependent on the size of the red blood
cells and the pressure in the vessel, both of which are different in
arteries and veins[29]. The hematocrit may thus be dynamic due
to the changing concentration of contrast in the blood, thereby
explaining our results. However, this explanation is merely a
theory, and further study is required to explain why the contrast
enhancement remains higher in the ICA long after the system has
reached equilibrium.

At present, most commercial CTP software uses thicker slices
(3-5 mm) to enhance speed and simplicity of the CTP analysis.
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effects[24]. In particular measurements from vessels not perpen-
dicular to the slice plane may suffer from partial volume effects,
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5 mm CTP data using the small ACA or MCA as arterial input
and venous sinus as compensation for the partial volume effects of
these small arteries[9]. Our results show that the AUC of the ICA
is higher than the VOF in 94% of the cases on thin-slice data and
therefore using the VOF will likely underestimate the arterial
inflow and subsequently overestimate the CBV. More accurate
CBYV results using thin slice ICA as input may therefore require
reassessment of thresholds defining the infarct core.

One technical limitation to this study must be acknowledged.
Subtle movement of the subject between time frames that cannot
be detected visually could affect consistent measurement of TAC,
although this can to some extent be corrected for by image
registration. This would lower values in the arterial inflow (due to
the smaller vessel diameter of the ICA relative to the SSS) more
than in the venous outflow, hence finding the AUC of the ICA to
be larger than the VOF is in spite of this limitation and not as a
result of it.

In conclusion, increased spatial coverage and thin-slice C'TP
data allows for measurement of the ICA inflow unaffected by
partial volume effects. Our results cast doubt on the reliability of
the widely used method of partial volume correction that uses the
AUC of the venous outflow, since the AUC the large ICA was
larger than that of the veins, contrary to the common assumption
that both AUCs are equal in the absence of PVE. Selecting a
smaller artery, requiring correction for partial volume effect using
the VOF, will probably underestimate the AUC of the arterial
inflow and therefore overestimate the CBV if calculated using the
AUC of the time attenuation curves.

Author Contributions

Conceived and designed the experiments: AR EB JWD BV MV EJS
HWAMde]. Performed the experiments: AR EB. Analyzed the data: AR
EB JWD. Contributed reagents/materials/analysis tools: AR EB. Wrote
the paper: AR EB JWD BV MV EJS HWAMde].

from True “At-Risk” Ischemic Penumbra, but Thresholds Vary by Postproces-
sing Technique. AJNR Am J Neuroradiol 33: 545-549.

9. Wintermark M, Flanders AE, Velthuis B, Meuli R, van Leeuwen M, et al. (2006)
Perfusion-C'T assessment of infarct core and penumbra - Receiver operating
characteristic curve analysis in 130 patients suspected of acute hemispheric
stroke. Stroke 37: 979-985.

10. Wu O, Oystergaard L, Weisskoff RM, Benner T, Rosen BR, et al. (2003) Tracer
arrival timing-insensitive technique for estimating flow in MR perfusion-
weighted imaging using singular value decomposition with a block-circulant
deconvolution matrix. Magn Reson Med 50: 164-174.

11. Rempp KA, Brix G, Wenz F, Becker CR, Guckel F, et al. (1994) Quantification
of Regional Cerebral Blood-Flow and Volume with Dynamic Susceptibility
Contrast-Enhanced Mr-Imaging. Radiology 193: 637-641.

12. Kalender WA (2000) Computed Tomography. Fundamentals, System Tech-
nology, Image Quality, Applications. New York, NY: Wiley.

13. Barrett JF, Keat N (2004) Artifacts in CT: Recognition and avoidance.
Radiographics 24: 1679-1691.

14. Prokop M, Galanski M (2003) Spiral and multislice computed tomography of the
body. New York, NY: Thieme.

15. Cianfoni A, Colosimo C, Basile M, Wintermark M, Bonomo L (2007) Brain
perfusion C'T: principles, technique and clinical applications. Radiologia Medica
112: 1225-1243.

16. Wintermark M, Reichhart M, Thiran JP, Maeder P, Chalaron M, et al. (2002)
Prognostic accuracy of cerebral blood flow measurement by perfusion computed

May 2014 | Volume 9 | Issue 5 | 97586



20.

21.

23.

tomography, at the time of emergency room admission, in acute stroke patients.
Ann Neurol 51: 417-432.

. Kudo K, Sasaki M, Ogasawara K, Terae S, Ehara S, et al. (2009) Difference in

Tracer Delay-induced Effect among Deconvolution Algorithms in C'T Perfusion
Analysis: Quantitative Evaluation with Digital Phantoms. Radiology 251: 241~
249.

. Wintermark M, Albers GW, Alexandrov AV, Alger JR, Bammer R, et al. (2008)

Acute stroke imaging research roadmap. Stroke 39: 1621-1628.

. van der Schaaf I, Vonken EJ, Waaijer A, Velthuis B, Quist M, et al. (2006)

Influence of partial volume on venous output and arterial input function. AJNR
Am ] Neuroradiol 27: 46-50.

Lee T, Stewart E (2007) Scientifc basis and validation. In: Cuenod CA, Miles
KA, Multidetector computed tomography in oncology: CT perfusion imaging.
London, England: Informa Healthcare. pp. 15-46.

Aviv RI, d’Esterre CD, Murphy BD, Hopyan ]JJ, Buck B, et al. (2009)
Hemorrhagic Transformation of Ischemic Stroke: Prediction with C'T' Perfusion.

Radiology 250: 867-877.

. Konstas AA, Goldmakher GV, Lee TY, Lev MH (2009) Theoretic Basis and

Technical Implementations of CT Perfusion in Acute Ischemic Stroke, Part 2:
Technical Implementations. AJNR Am ] Neuroradiol 30: 885-892.

Krejza J, Arkuszewski M, Kasner SE, Weigele J, Ustymowicz A, et al. (2006)
Carotid Artery Diameter in Men and Women and the Relation to Body and
Neck Size. Stroke 37: 1103-1105.

PLOS ONE | www.plosone.org

30.

PVE on Arterial Inflow Functions in Brain CTP

. Riordan AJ, Bennink E, Viergever MA, Velthuis BK, Dankbaar JW, et al. (2013)

CT Brain Perfusion Protocol to Eliminate the Need for Selecting a Venous

Output Function. AJNR Am J Neuroradiol 34(7):1353-8.

. van der Schaaf I, Vonken EJ, Waaijer A, Velthuis B, Quist M, et al. (2006)

Influence of partial volume on venous output and arterial input function. AJNR

Am ] Neuroradiol 27: 46-50.

5. Hoffmann KR, Nazareth DP, Miskolczi L, Gopal A, Wang Z, et al. (2002)

Vessel size measurements in angiograms: A comparison of techniques. Med Phys
29: 1622-1633.

. Thevenaz P, Ruttimann UE, Unser M (1998) A pyramid approach to subpixel

registration based on intensity. IEEE Trans Image Process 7: 27-41.

. Lapin GD, Allen CV, Groothuis DR (1994) Noninvasive Measurement of

Arterial Blood-Plasma Concentration of Iodinated Contrast Agents from CT
Scans of Human Brain. J] Comput Assist Tomogr 18: 363-369.

. Mchedlishvili G, Varazashvili M, Kumsishvili T, Lobjanidze I (2003) Regional

hematocrit changes related to blood flow conditions in the arterial bed. Clin
Hemorheol Microcirc 29: 71-79.

Aspelin P (1978) Effect of Ionic and Nonionic Contrast-Media on Whole-Blood
Viscosity, Plasma Viscosity and Hematocrit Invitro. Acta Radiologica-Diagnosis
19: 977-989.

May 2014 | Volume 9 | Issue 5 | 97586



