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ABSTRACT

Tomographic perfusion imaging is a well accepted method for
stroke diagnosis that is available with current CT and MRI
scanners. A challenging new method, which is currently not
available, is perfusion imaging with an interventional C-arm
CT that can acquire 4-D images using a C-arm angiography
system. This method may help to optimize the workflow du-
ring catheter-guided stroke treatment. The main challenge in
perfusion C-arm CT is the comparably slow rotational speed
of the C-arm (approximately 5 seconds) which decreases the
overall temporal resolution. In this work we present a dyna-
mic reconstruction approach optimized for perfusion C-arm
CT based on temporal estimation of partially backprojected
volumes. We use numerical simulations to validate the algo-
rithm: For a typical configuration the relative error in estima-
ted arterial peak enhancement decreases from 14.6% to 10.5%
using the dynamic reconstruction. Furthermore we present in-
itial results obtained with a clinical C-arm CT in a pig model.

1. INTRODUCTION

A stroke is a serious medical emergency that requires fast dia-
gnosis and treatment. The common imaging modalities for
the diagnosis of acute stroke are perfusion CT and perfusion
MRI which quantify the regional blood flow and volume in
the brain tissue. The major aim is to identify tissue regions
that are salvagable and may profit from stroke therapy.

The time window after stroke onset for a successful the-
rapy is very narrow. Intra-arterial thrombolysis has a larger ti-
me window than conventional intra-venous thrombolysis but
needs to be performed in the interventional suite. With CT-
like imaging on a C-arm angiography system (C-arm CT [1])
it is possible to aquire large volume tomographic images du-
ring an intervention. Recently it has been shown that using a
dedicated scan and injection protocol cerebral blood volume
(CBV) can be quantified with C-arm CT [2]. Cerebral blood
flow (CBF) is a parameter that is measured by analyzing a se-
quence of images aquired at short temporal intervals after the
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injection of a contrast bolus. Due to the long C-arm rotation
time it is challenging to measure CBF with current C-arm CT
scanners.

Neukirchen et al. [3] have proposed a dynamic iterative
reconstruction algorithm to compensate the effects of the slow
C-arm rotational speed. A dynamic reconstruction approach
for conventional CT scanners based on filtered backprojection
was presented by Montes et al. [4]. Their approach utilizes a
slowly rotating scanner in order to reduce X-ray dose.

In this paper we present our dynamic reconstruction ap-
proach for CBF measurements. It is adapted to the scan pro-
perties of slowly-rotating C-arm CT scanners. We use nume-
rical simulations to investigate the algorithm under different
scan conditions. Finally, we present first results from CBF
measurements with a clinical C-arm CT in a pig model.

2. MATERIALS

2.1. Dynamic Reconstruction by Temporal Estimation of
Partially Backprojected Volumes

Standard cone-beam reconstruction algorithms require con-
stant attenuation coefficients of the object during the acqui-
sition. This requirement is not fulfilled in perfusion imaging
due to the temporal change of contrast concentration. Howe-
ver, in perfusion CT the scan times are sufficiently short to
assume constant attenuation coefficients during one acquisiti-
on. Current interventional C-arm CT scanners have acquisiti-
on times of several seconds and this assumption is not valid.
Inconsistent data sets (where attenuation coefficients vary du-
ring the acquisition) can generate artifacts when using stan-
dard reconstruction algorithms [5].

In a typical C-arm CT system the C-arm rotates in alter-
nating directions (rotation time 7}.¢) with the view angle in
the interval [0, pax]. A time interval T, is needed between
two successive rotations. The period T, is the time between
the starts of two same-directional rotations (Fig. 1).

Given N, rotations of the C-arm we acquire for each
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Fig. 1. Plot of the view angle «(t) of a C-arm CT scanner
against time ¢. Overall temporal sampling in perfusion ima-
ging can be increased by adding a second multi-rotational se-
quence (dashed line).
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(fan-angle ~, cone-angle ¢) at time points ¢,, (k) with 1 < k <
Niot. To reconstruct a volume at time ¢ we can approximate
a consistent data set by temporal interpolation (with interpo-
lation functions ¢, x(f)) in projection space, assuming that
the contrast-induced temporal enhancement function is suffi-
ciently smooth.
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In C-arm CT scanners the projections may not be acquired
at exactly the same angular position in forward and reverse ro-
tations. To take this into account and to increase computatio-
nal speed the interpolation can also be done in partially back-
projected volumes. We define the operator PEFBP? (x) { Py }
for (partial) filtered backprojection at position x using pro-
jections P,, with « € [y, ap]. For the filtered backprojecti-
on a short-scan Feldkamp-type algorithm [6] can be used. A
normal reconstruction at x is given by the sum of all partial
filtered backprojections
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with Aav = aupax/M where M is the number of angular inter-
vals. In general, the angular intervals A« of the partial back-
projections can also be non-uniform. Dynamic reconstruction
by temporal estimation of partially backprojected volumes is
given by
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Montes et al. [4] have used a similar approach for dynamic
reconstruction of data acquired in the normal CT scan geome-
try. Our extension for C-arm CT scanners uses interpolation
functions ¢4 () for irregular sampled data. They can be im-
plemented e.g. as linear or cubic splines functions which are
computationally fast. Other interpolation methods for non-
uniformly sampled data are available but may be computa-
tionally more expensive [7].

In order to increase the temporal sampling of projecti-
on space an interleaved scanning protocol with Ny, multi-
rotational sequences can be used (Fig. 1 shows an example
with two sequences). A new bolus with identical parameters
is injected for each sequence. The temporal offset between the
start of the sequences (normalized to the time of injection) can
be given as Togset = Tpp/Nseq. The data from this scanning
scheme is used as input to the dynamic reconstruction in (4)
where the interpolation then uses the data from different se-
quences to estimate new partially backprojected volumes.

2.2. Cerebral Blood Flow Quantification

The indicator-dilution theory [8] relates a concentration time
curve ¢;(t) in tissue and a time curve ¢, (t) in a reference ar-
tery by

t
¢(t) = CBF - / co(T)r(t — 7)dT )
0

where the residue function 7(¢) depends on the distribution
of transit times in tissue. The product (CBF - r(¢)) can be
computed by numerical deconvolution using e.g. the TSVD
algorithm [9]. The maximum of r(¢) is one and therefore CBF
can be computed as the maximum of (CBF - r(t)).

2.3. Numerical Simulations

We validated our dynamic reconstruction algorithm using dif-
ferent attenuation time curves. The arterial attenuation time
curve ¢, (t) was modeled as a gamma-variate function [9]
with peak enhancement A and shape parameters a and b.
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u(t) is the step function and ¢, denotes the time of arrival of
the contrast agent in the vessel. We chose literature values of
a =3,b=1.5[9] and set A = 100. The tissue attenuation

time curves were computed using (5) with an exponentially
decaying residue function

r(t) ()

where CBV =4 ml/100g and CBF = [20, 60] ml/100g/min to
represent ischemic and healthy tissue respectively.

We investigated the reconstruction of the peak enhance-
ment in the artery and in tissue as a function of the rotation
time 7}t and set T, = 1s. Each simulation is repeated 10
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times with different scan start times relative to the start of the
attenuation time curves. For the forward projection and re-
construction we took a parallel-beam geometry (apax = 7)
with a vessel centered in the origin. We used a cubic spline
as interpolation function ¢,  (t). We also evaluated the error

100¢ - ground truth |

— M=6

- - -M=1

80

60

40

attenuation /a.u.

20

25 30

20
t/s

35

Fig. 2. Reconstruction of a typical arterial time attenuation
curve using two different numbers M of angular intervals.

in the peak enhancement value as a function of the different
numbers M of angular intervals under the same conditions.

2.4. Experimental Investigation in a Pig Model

We investigated CBF imaging with a clinical C-arm CT (Axi-
om Artis dTA with DynaCT, Siemens AG) in one healthy pig.
The rotation time 7}.,; was 4.3 s followed by 1.25 s wait time
T.- We injected a bolus with 50% contrast concentration at
6 ml/s during 8 s into the aortic arch using a pig-tail catheter.
We used 2 interleaved scans (T,gset = D.55s) and set M = 6
for the reconstruction. Quantitative evaluation of CBF maps
was done with perfusion CT of the same pig with same in-
jection profiles as a gold standard. After registration of the
C-arm CT and CT data, mean CBF values were measured in
6 circular (radius 2 mm) regions of interest (ROI) per slice.

3. RESULTS

A typical reconstruction (scanner settings Tyt = 3s) of the
simulated arterial attenuation time curve at 0.25 s resolution
of the interpolation is shown in Fig. 2. The peak is underesti-
mated for both values of M. The underestimation is obviously
higher for M = 1 than for M = 6. The results for the recon-
structed peak enhancement depending on different numbers
M 1is shown in Fig. 3 (T7ot = 3s). The reconstructed peak
enhancement values are closer to the ground truth value for
M > 1than M = 1. The standard deviation increases for
M > 1.
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Fig. 3. Reconstructed arterial peak enhancement (ground
truth value is 100) for different numbers M of angular inter-
polation intervals. Mean and standard deviations are shown
for simulations that were repeated for different scans start ti-
mes.

The dependency of the reconstructed peak enhancement
values on the rotation time 7. are shown in Fig. 4. The
peaks are systematically underestimated and the peak values
decrease with increasing 7;t. The underestimation is higher
in the arterial time attenuation curve than in the tissue time
attenuation curve. The relative error in the arterial peak esti-
mation decreases from 14.6% (M = 1) to 10.5% (M = 6)
for T, = 4s.

Fig. 5 shows the CBF map from the measurement in the
pig model. The mean CBF values in the ROIs tend to be
overestimated using C-arm CT compared to CT. The Pear-
son r coefficient that is a measure for the correlation bet-
ween the mean CBF in the ROIs in C-arm CT and CT is 0.84
(p<0.001).

4. DISCUSSION AND CONCLUSION

The results in section 3 show that the reconstructed peak en-
hancement values of the attenuation time curves are systema-
tically underestimated. The convolution in (5) smoothes the
tissue time curves such that the interpolation is more reliable
for the tissue than for the arterial time curves which contain
more high-frequency components. If the relative underestima-
tion of the peak value of the reference artery is greater than
the relative underestimation of the peak value of the tissue
time curve then (according to (5)) the CBF value is overe-
stimated. This can explain the overestimation of CBF values
in the measurements in the pig model using C-arm CT (as
compared to the gold standard CT). For M = 1 the dynamic
reconstruction approach reduces to a standard reconstructi-



1.1

|

m

1

<
n |

1.05

peak enhancement /a.u.

=}

0.75 :
2 25 3 3.5 4 4.5 5

Trot /s

Fig. 4. Reconstructed peak enhancement of typical time atte-
nuation curves using a simulated C-arm CT scanner (ART:
artery, [TIS20 TIS60]: tissue with blood flow of [20 60]
ml/100g/min). The values are normalized with the ground
truth. M is the number of angular intervals used for inter-
polation.

on with subsequent temporal interpolation of the time curve.
This standard reconstruction can be interpreted as a sampling
of the input signal convolved with a rectangular function (i.e.
a filtering with a low-pass filter). The peak value reconstructi-
on are significantly closer to the ground truth values using the
dynamic reconstruction approach (M > 1) than a standard
reconstruction approach (M = 1).The standard deviation va-
lues in Fig. 3 show that the times of the scan start relative to
the perfusion signal have a major impact on the peak enhan-
cement reconstruction value.

This works shows that it is possible to reconstruct typical
perfusion time attenuation curves using the scan geometry of
C-arm CT scanners. However the reconstruction accuracy de-
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Fig. 5. CBF parameter maps (unit ml/100g/min) measured in
a healthy pig model using perfusion C-arm CT with the dyna-
mic reconstruction approach and perfusion CT.

pends on the rotational speed of the C-arm and the temporal
characteristic of the perfusion signals. An increase in rotatio-
nal speed of the C-arm and higher detector read-out rates in
current C-arm CT scanners can improve the estimation of si-
gnal characteristics and CBF values.
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