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Abstract

Purpose 1t has been reported that the extent of intravascu-
lar thrombi and the quality of collateral filling in computed
tomography (CT) angiography are predictive for the clinical
outcome in patients with acute stroke. We hypothesized that
multi-phase four-dimensional CTA (4D-CTA) allows bet-
ter assessment of clot burden and collateral flow compared
with arterial single-phase CTA (CTA).

Methods In 49 patients (33 female; age: 77+ 12 years) with
acute anterior circulation stroke, CTA and 4D-CTA recon-
structed from dynamic perfusion CT data were analyzed for
absolute thrombus length (TL), clot burden score (CBS),
and collateral score (CS). The length of the filling defect
was also defined on thin-slice nonenhanced CT as corre-
sponding hyperdense middle cerebral artery sign (HMCAS)
when present.

Results There was good correlation (»=0.62, p<0.01) be-
tween the length of HMCAS (1.29+0.62 cm) and TL in
4D-CTA (1.22£0.51 cm). 4D-CTA and CTA significant-
ly varied (p<0.01) in TL (1.42+0.73 cm (CTA) versus
1.11+£0.62 cm (4D-CTA)), CBS (median: 5, interquartile
range: 4—7 (CTA) versus median: 6, interquartile range:
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5-8 (4D-CTA); p<0.001), and CS (median: 2, interquartile
range: 1-2 (CTA) versus median: 3, interquartile range: 2—3
(4D-CTA); p<0.001). Accordingly, CTA significantly over-
rated clot burden and underestimated collateral flow.
Conclusions 4D-CTA more closely defines clot burden and
collateral supply in anterior circulation stroke than CTA,
implicating an additional diagnostic benefit.

Keywords 4D computed tomography angiography -
Stroke - Perfusion imaging - Thrombus - Collateral
circulation

Introduction

Computed tomography (CT) is the most widely used imag-
ing method in patients with acute stroke. Multi-modal stroke
CT protocol (MMCT) typically includes nonenhanced CT
(NECT), arterial single-phase CT angiography (CTA), and
perfusion CT [1]. Besides the pure detection of the site of
cerebral artery occlusion, cerebral hemodynamics gains
more and more attention for both, patient selection for acute
stroke therapy and early prognosis [1, 2].

The use of new-generation multi-section CT scanner
enables the coverage of whole brain with volume per-
fusion CT (VPCT). Besides different perfusion param-
eters like cerebral blood flow, cerebral blood volume,
and mean transit time, a multi-phase four-dimensional
CT angiography (4D-CTA) can be reconstructed from
the VPCT data [3]. On the basis of CTA [4] and NECT
[5, 6], it was found that inferences about the response
to thrombolytic or interventional stroke therapy and the
consecutive clinical outcome can be drawn from absolute
thrombus length (TL) and hyperdense middle cerebral
artery sign (HMCAS) [4-6]. Also, the collateral ves-
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sel status has been detected to be a predictive outcome
parameter [7, 8]. The use of semiquantitative clot burden
score (CBS) and collateral score (CS) in acute ischemic
stroke patients based on CTA gave similar results [9—-12].
However, recently published studies have shown that
absolute TL as well as quality and direction of collateral
flow can be defined more closely in multi-phase 4D-CTA
reconstructed from VPCT data than in CTA [2, 3, 13—-15].
Providing a broad temporal resolution, 4D-CTA images
demonstrate intracranial vessel contrast from nonen-
hanced through arterial and venous phase [16]. This new
time-resolved multi-frame technique raises the question
about the impact on the results of CBS and CS in com-
parison with CTA. We hypothesize that 4D-CTA shows
significantly different results in the assessment of abso-
lute TL, CBS, and CS compared with CTA in patients
with acute anterior circulation ischemic stroke.

Materials and Methods
Study Population

Our study was based on a retrospective analysis of 49
patients with anterior circulation ischemic stroke (mid-
dle cerebral artery (MCA; M1 /M2 segment) + internal
carotid artery (ICA) or Al-segment occlusions) present-
ing from March 2012 to March 2013 with acute stroke
symptoms. Onset of symptoms was <4.5 h. All patients
were treated with intravenous thrombolysis and/or intra-
arterial mechanical thrombectomy. National Institutes of
Health Stroke Scale (NIHSS) at presentation could be
collected in all patients, and median modified Ranking
scale (mRS) was collected at 3 months’ follow-up in 47
patients (96 %). Median NIHSS at presentation was 14
(range: 1-26, interquartile range: 7-18); 3-month mRS
was 3 (range: 0-6, interquartile range: 2—6). All patients
did undergo MMCT, including NECT, VPCT with 9.6-
cm coverage in the z-axis, and bolus-tracked supra-aortic
arterial CTA. Exclusion criteria were incomplete exami-
nations, severe motion artifacts, insufficient coverage of
the intracranial arteries, associated posterior circulation
stroke, and signs of hemorrhage on the NECT. Mean
patient age was 77+ 12 years, with 33 of the 49 (67.3 %)
being female.

The study was performed in compliance with the local
ethics committee. Informed consent of the patient or next of
kin was obtained prior to the examination according to legal
requirements. An explicit consent for this specific study was
not compulsory by the local ethics committee according to
the retrospective nature of this study.
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Scan Protocol

All examinations were performed on a 128-section CT
scanner (Somatom Definition AS+; Siemens, Forchheim,
Germany). Thin-section NECT (section thickness: 0.6 mm)
was followed by VPCT and arterial CTA in all patients. Two
contrast material injections were performed in each patient
(for VPCT and for CTA). We used almost the same recon-
struction parameters for VPCTA and CTA (section thick-
ness: 0.6 mm, increment: 0.4 mm; reconstruction kernel
B20f for CTA and H20f for 4D-CTA).

4D-CTA was reconstructed from VPCT (80 kV, 180 mAs,
collimation: 128 x0.6 mm, rotation time: 0.3 s) acquired
with 9.6-cm coverage in the z-axis from the skull vertex.
A total of 30 ml of iodinated contrast agent (Imeron 400;
Bracco Imaging, Konstanz, Germany) followed by 50 ml
of saline flush was injected via an 18-gauge cannula into a
cubital vein at a rate of 5 ml/s using a double-piston power
injector (Medtron, Saarbruecken, Germany). Pulsed full-
rotation scan beginning 2 s after contrast injection with 35
scans over 60 s was used.

Single-phase arterial CTA was performed in caudocranial
scan direction, with a coverage in the z-axis from the aortic
arch to the cranial vertex (120 kV, 160 mAs, collimation:
128 X 0.6 mm, rotation time: 0.3 s). A total of 60 ml of iodin-
ated contrast agent (Imeron 400; Bracco Imaging, Konstanz,
Germany) followed by 50 ml of saline flush was injected via
an 18-gauge cannula into a cubital vein at a rate of 5 ml/s.
Monitoring started with a delay of 5 s. Bolus tracking was
performed in the ascending thoracic aorta, with a fixed start
delay of 4 s after exceeding 100 HU, resulting in arterial
vessel enhancement. The whole scan duration was 4 s; the
scan duration from the ascending thoracic aorta to the M1
segment was 2.5 s.

Image Reconstruction

Transversal, coronal, and sagittal maximum-intensity pro-
jection (MIP) reconstructions were generated from each
CTA dataset (slice thickness: 25 mm). For 4D-CTA evalu-
ation, temporal MIPs (tMIPs), which combine all 35 spiral
scans and display maximal enhancement over the 60-s scan
time for each voxel, were created through dynamic perfu-
sion CT data (slice thickness: 25 mm).

Image data analysis was performed with commercial soft-
ware (syngo.via CT Dynamic Angio; Siemens, Forchheim,
Germany). All datasets were evaluated separately. Bolus-
tracked single-phase CTA and 4D-CTA tMIP were assessed
for TL by connecting straight lines between the proximal
and distal clot end in axial or coronal planes (given that the
distal end could be defined). HMCAS length was measured
on thin-section NECT using a curved 3D-mode.
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Semiquantitative extent of thromboembolic vessel occlu-
sion was assessed with the CBS; semiquantitative pattern of
collateral filling, the CS.

The CBS is a scoring scheme to define the extent of
thromboembolic vessel occlusion in arterial segments of
the anterior circulation using a scale from 10 to 0. Occlu-
sions of the supraclinoid ICA as well as proximal and dis-
tal M1 segment count 2 points, whereas infraclinoid ICA-,
anterior cerebral artery-, and M2-segment occlusions
count 1 point. If there is thrombotic material found in one
or more of these vessel segments, the corresponding points
are subtracted from 10. The remaining points define the
final score [11].

The CS indicates the collateral supply of the occluded
territory scored from 0 to 3 (CS=0: complete absence of
collateral vessels, CS=1: collateral supply <50% and
>0%, CS=2: collateral supply >50% and <100%, CS=3:
collateral supply 100 %) [11].

Referring to the studies of Smit et al. [2], collateral blood
supply was scored according to the anatomical extent of the
collateral pathways in the territory of the MCA compared
with the contralateral hemisphere at the time point of peak
attenuation of these vessels. 4D-CTA and single-phase arte-
rial CTA were also assessed with respect to timing issues.
The time point of peak vessel opacification in the Sylvian
fissure indicating best collateralization over the 60-s scan
time was visually identified on 4D-CTA and noted.

This time point was compared with the predetermined
delay in single-phase arterial CTA.

Statistical Analysis

For statistical data analysis, commercial software (SPSS
20; IBM, Chicago, IL) was used. The data evaluation was
performed by two raters in consensus, one with 15 and one
with 3 years of experience in acute stroke imaging. Results
are described as mean =+ standard deviation or as median
with interquartile range. To assess the differences in abso-
lute values of TL and delay measurements, the paired two-
sample #-test was performed. The Pearson correlation was
used to investigate the correlation of HMCAS on NECT
and the filling defect in 4D-CTA. For the correlation statis-
tics of ordinal parameters, the nonparametric Spearman’s
rank correlation coefficient was applied. Mean differences
are indicated with standard deviation, p-value, and con-
fidence interval (CI). A p-value of <0.05 was considered
statistically significant. CI was set at 95%. For the com-
parison of ordinal values as described by CBS and CS, the
Wilcoxon signed-rank test as a nonparametric statistical
test was used. Differences in TL and delay measurements
in CTA compared with 4D-CTA were visualized with a
Bland—Altman plot.

Results
Thrombus Length

TL could be defined with single-phase CTA in 24 of 49
patients (49.0%) and with 4D-CTA in 43 of 49 patients
(87.8%). In 24 of 49 subjects (49.0%), TL could be deter-
mined in both CTA methods. Mean TL was 1.11£0.62 cm
on tMIP and 1.42+0.73 cm on CTA. TL was, on average,
0.31£0.33 cm (p<0.001, 95% CI: 0.2-0.5) larger in CTA
compared with tMIP. In five patients of this subgroup (5 of
24,20.8 %), TL was exactly the same on CTA and tMIP. The
results are visualized in Fig. 1.

In 19 of 49 patients (38.8%), TL could be defined on
4D-CTA, but not on CTA. In these cases, arterial-phase
CTA failed to depict the distal end of the thromboembolic
occlusion.

In 6 of 49 patients (12.2%), the exact extent of ves-
sel occlusion could be defined neither with CTA nor with
4D-CTA.

On thin-slice NECT, 30 of 49 patients (61.2 %) showed
an HMCAS. In 26 of these cases, the distal clot end could
be defined on tMIP, with a mean TL of 1.22+0.51 cm. Cor-
responding length of HMCAS of these 26 patients was
1.29£0.62 cm. With p>0.1, there was no significant differ-
ence, but good correlation (n=26, r=0.6, p<0.01) between
HMCAS length and TL on tMIP.

Clot Burden Score
Similarly to TL, measurement of semiquantitative CBS

also varied depending on the CTA method used. Median
CBS was 6 (range: 0-9, interquartile range: 5-8) on tMIP
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Fig. 1 Bland-Altman plot for differences in thrombus length (7L)
between arterial single-phase computed tomography (C7A4) and four-
dimensional computed tomography angiography (4D-CTA4)
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versus 5 (range: 0-9, interquartile range: 4-7) on CTA.
In 24 patients (49.0 %), CBS was lower on CTA than on
tMIP; in 25 patients (51.0%), CBS was identical on CTA
and tMIP. On average, CBS was 1 point (0.98+1.30,
p<0.001) higher on tMIP compared with CTA. Largest
difference was 5 points (1 point on CTA versus 6 points
on tMIP). CBS was never lower on tMIP compared
with CTA.

Figure 2 shows a patient (marked by a black square in
Fig. 3) with considerably different results in TL and CBS
for CTA and tMIP.

Delay Measurements

Mean delay of visualization of the M1 segment after initia-
tion of contrast injection was 23.6+5.2 s for arterial CTA.
Delay of optimum vessel contrast for assessment of collat-
eral pattern on 4D-CTA was 30.0+£7.4 s. Hence, the delay
of visualization of the M1 segment on CTA was, in mean,
6.4+5.5 s shorter than the visually chosen delay of peak
collateral filling on 4D-CTA (p<0.001, 95% CI: 4.8-7.9).
In five patients (10.2 %), the chosen delay on 4D-CTA was
earlier compared with CTA. The results are visualized
in Fig. 3.

Collateral Score

Median CS was 3 (range: 0-3, interquartile range: 2-3;
p<0.001) for 4D-CTA and 2 (range: 0-3, interquartile
range: 1-2; p<0.001) for CTA. CS was higher on tMIP in
32 patients (65.3 %), with the largest difference of 3 points
(0 points on CTA versus 3 points on tMIP). Mean difference
was 1 point (0.9£0.8, p<0.001). CS was never lower on
4D-CTA compared with CTA.

Fig. 2 Comparison of single-
phase arterial computed tomog-
raphy angiography (CTA) and
temporal maximum-intensity
projection (tMIP) for clot burden
score (CBS). CTA with peak
arterial enhancement (a) shows
undefined length of occlusion in
CTA CBS, with a resulting CBS
of 1 point. In contrast, tMIP with
opacification of collateral filling
(b) determined a thrombus length
of 1.2 cm, with a resulting CBS
of 5 points
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Fig. 3 Bland—Altman plot for differences in time between fixed early
arterial phase in single-phase computed tomography angiography
(CTA) and optimized contrast agent phase with peak collateral flow in
four-dimensional computed tomography angiography (4D-CTA4)

Figure 4 demonstrates an example of a patient with a
significant difference in the collateral supply shown in
arterial-phase CTA versus tMIP (CS: 0 versus 2 points).

Correlation Analysis Between CBS/CS and Clinical
Outcome

Generally, we could observe a weak correlation between
CBS and 3-month mRS, and it was almost identical for CTA
(r=—0.31, p<0.05) and 4D-CTA (r=-0.35, p<0.05). Cor-
relation between CS and 3-month mRS was —0.22 (p=0.12)
for CTA and —0.34 (p<0.05) for 4D-CTA.
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Fig. 4 Comparison of single-
phase arterial computed tomog-
raphy angiography (CTA) and
temporal maximum-intensity pro-
jection (tMIP) for collateral score
(CS). CTA with peak arterial
enhancement (a) shows absent
collateral supply in the occluded
middle cerebral artery territory,
with a resulting CS of 0 points. In
contrast, tMIP (b) detects a collat-
eral supply of nearly 100 %, with
a resulting CS of 2 points

Discussion
Thrombus Length

CTA reconstructions of peak arterial phase of 4D-CTA have
been detected to be a feasible alternative to conventional
CTA for the detection of an intracranial arterial occlusion
[1, 17].

Though, similar to the studies by Baxa et al. [13] and
Frolich et al. [14], we could assert that arterial single-phase
CTA significantly overrates TL. In more than one-third of
the examined patients, TL could not even be defined on
CTA, while it could be measured on 4D-CTA tMIP due to
visualization of the distal end of thrombus by opacification
of collateral filling. Through analysis of thin-slice NECT,
it was found that a TL of more than 8§ mm in acute MCA
stroke minimizes the chance of successful recanalization
by intravenous thrombolysis [4]. As previously described,
the filling defect on 4D-CTA—in contrast to arterial single-
phase CTA—shows strong correlation with the length of
the HMCAS on thin-slice NECT [14]. This conforms to our
results and may affirm that 4D-CTA can give a more precise
statement on TL than single-phase arterial CTA. Knowledge
of exact clot extent could help to identify patients, in whom
a systemic therapy or rather an intra-arterial approach might
be successful and could also facilitate the estimation of the
efficiency and assumable complication rate in thrombec-
tomy [18]. Recanalization success decreases significantly
with simultaneously increasing complication rates in occlu-
sions exceeding 10 mm [19]. Baxa et al. [13] recognized a
TL of 12 mm as threshold for favorable recanalization.

Clot Burden Score

Similarly to absolute TL, we found that semiquantita-
tive clot burden is overrated in single-phase arterial CTA

described by lower scores in CBS compared with multi-
phase 4D-CTA. Differences between CTA and 4D-CTA
reached up to 5 points. Nevertheless, the overall difference
in CBS between arterial single-phase CTA and 4D-CTA
was only 1 point, as slightly more than half of the examined
patients showed the same scores in CBS. Aside from other
factors such as clot composition, site of clot impaction,
thrombolytic therapy, or collateral supply, CBS was found
to be an independent predictor of clinical and radiologic
outcomes in patients with acute anterior circulation isch-
emic stroke [11]. CBS >6 on CTA predicts good clinical
outcome and significantly higher recanalization rates with
rtPA than CBS <6 [11]. On the basis of autotriggered arte-
rial-phase CTA, Puetz et al. [10] observed that the chance
of an independent functional outcome increases with higher
scores in CBS and that these patients are less likely at risk
of fatal outcome. This conforms to our results, as we could
assert a negative correlation between CBS and mRS at 3
months for both, CTA and 4D-CTA. However, the results of
Puetz et al. rely on arterial single-phase CTA, and there is no
distinction between low scores in CBS caused by extended
clot length and late collateral filling, e.g., in consequence
of a low ejection fraction of the heart. Time-resolved vessel
imaging reveals the dependency of CBS on hemodynamics
and the striking interaction of CBS and CS.

Collateral Score and Delay to Scanning

Peak enhancement of retrograde collateral flow, in mean,
appeared 6 s after early arterial phase. Accordingly, single-
phase CTA with mainly arterial contrast fails to depict the
timing point of peak collateral supply reliably in the majority
of cases reflected in significant lower scores in CS compared
with 4D-CTA. 4D-CTA, on the contrary, can provide a wide
temporal resolution with intracranial vessel contrast from
nonenhanced through arterial and venous phase visualizing
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the retrograde filling of pial arteries and even allowing a non-
invasive distinction between antegrade flow across incom-
plete vessel occlusions and retrograde collateral flow [1, 15].

Referring to single-phase CTA with a fixed delay of
25 s, Maas et al. [7] found that in-hospital worsening nearly
quadrupled in patients with proximal MCA occlusions and
poor collateral filling. They also suggested that CTA-based
assessment of collaterals could help to cull patients likely to
benefit from intra-arterial therapies or treatments directed at
improving cerebral blood flow such as induced hypertension.

However, these results only refer to a single time frame.
According to our results, we advise a standardized inclusion
of time-resolved CTA in the MMCT, allowing the consider-
ation of delayed collateral filling with precise information
on retrograde filling time, size, and extent of collateral fill-
ing. As we could observe a broad temporal variability of
peak opacification of collaterals, we would not recommend
to generally adjust single-phase protocols by adding 6 s of
delay. The temporal variability of backfilling of pial arteries
might also serve as an indicator of the functional status of
leptomeningeal collaterals or their autoregulatory capacity.

We could observe a significant negative correlation
between CS on 4D-CTA and mRS at 3 months, but there
was no significant correlation between CS on CTA and mRS
at 3 months, which could point to a tendency that CS on
4D-CTA has a higher predictive value for outcome estima-
tions than CS on CTA. However, as we did not consider
the effect of recanalization and the grade of reperfusion as
the most important outcome factors, our data can only be
preliminary.

Study Limitations

Our study has limitations. Firstly, the retrospective design
of the study bears a risk of selection bias. Secondly, the con-
sensus reading obviates inter-rater reliability assessment.
Thirdly, the study lacks a reliable gold standard for the
assessment of TL. Although specificity of HMCAS seems
to be comparable to the filling defect in 4D-CTA, sensitivity
is much worse (61.2 versus 87.8 %), which limits the appli-
cability of HMCAS as a true gold standard for quantifying
clot extent. In five cases, especially in patients with long
clots (>2 cm), HMCAS was measured to be longer than the
corresponding filling defect on tMIP, which might be due
to the curved 3D-analysis of thin-slice NECT. TL could be
defined on CTA in only approximately 50% of cases. On
the one hand, this might be regarded as a limitation of the
study, as a comparison of absolute values of TL on 4D-CTA
and CTA only succeeded in a subset of study patients. On
the other hand, it illustrates that conventional single-frame
CTA fails to depict the collaterals, which allow the defini-
tion of the distal thrombus end in a considerable amount of
cases. Fourthly, the radiation exposure has not been inves-
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tigated in detail in this study. The effective dose is higher
for 4D-CTA than for CTA (4.2 versus 3.3 mSv) [17]. How-
ever, as VPCT is an inherent part of the MMCT, recon-
struction of 4D-CTA from VPCT data causes no additional
radiation dose. A general use of 4D-CTA as a substitute of
CTA in the stroke setting is not advisable, as conventional
CTA can provide valuable information about the extracra-
nial vessel status of the supra-aortic arteries, including the
carotid bifurcation, while 4D-CTA has a limited coverage
in the z-axis. A reasonable consideration could be the use of
4D-CTA in exchange of the intracranial part of CTA, which
would reduce the effective dose of MMCT by approxi-
mately 0.5 mSV (2.8 mSV is allotted to the cervical part
of CTA). Fifthly, our study is hypothesis generating. As the
outcome depends on various parameters, such as patient
age, duration of symptoms or treatment, mRS before admis-
sion, site and composition of the clot, and especially, the
effectiveness of recanalization, we recognize the need for
a future larger prognostic study with a more homogenous
study population and an elimination of potential confound-
ing factors to make significant outcome predictions on the
basis of CS and CBS [10].

Conclusion

Compared with arterial single-phase CTA, the postpro-
cessing of 4D-CTA allows a better assessment of throm-
bus extent and collateral supply in patients presenting with
acute ischemic stroke. 4D-CTA shows significantly higher
scores in semiquantitative CBS and CS, two elaborated
grading systems used for individualized therapy decisions
and estimation of clinical outcome in stroke patients.
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