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ABSTRACT 

Background: Three-dimensional (3D) quantitative coronary angiography 
(QCA) requires two angiographic views to restore vessel dimensions. This 
study investigated the impact of acquisition angle differences (AAD) of the 
two angiographic views on the assessed dimensions by 3D QCA.  
Methods: X-ray angiographic images of an assembled brass phantom 
with different types of straight lesions were recorded at multiple 
angiographic projections. The projections were randomly matched as pairs 
and 3D QCA was performed in those pairs with AAD larger than 25º. The 
lesion length and diameter stenosis in three different lesions, a circular 
concentric severe lesion (A), a circular concentric moderate lesion (B), and 
a circular eccentric moderate lesion (C), were measured by 3D QCA. The 
acquisition protocol was repeated for a silicone bifurcation phantom and 
the bifurcation angles and bifurcation core volume were measured by 3D 
QCA. The measurements were compared with the true dimensions if 
applicable and their correlation with AAD was studied.   
Results:  50 matched pairs of angiographic views were analyzed for the 
brass phantom. The average value of AAD was 48.0±14.1º. The per cent 
diameter stenosis was slightly overestimated by 3D QCA for all lesions: A 
(error 1.2±0.9%, p < 0.001); B (error 0.6±0.5%, p < 0.001); C (error 
1.1±0.6%, p < 0.001). The correlation of the measurements with AAD 
was only significant for lesion A (R2 = 0.151, p = 0.005). The lesion 
length was slightly overestimated by 3D QCA for lesion A (error 
0.06±0.18 mm, p = 0.026), but well assessed for lesion B (error -
0.00±0.16 mm, p = 0.950) and lesion C (error -0.01±0.18 mm, p = 
0.585). The correlation of the measurements with AAD was not significant 
for any lesion. 40 matched pairs of angiographic views were analyzed for 
the bifurcation phantom. The average value of AAD was 49.1±15.4º. 3D 
QCA slightly overestimated the proximal angle (error 0.4±1.1º, p = 
0.046) and the distal angle (error 1.5±1.3º, p < 0.001). The correlation 
with AAD was only significant for the distal angle (R2 = 0.256, p = 0.001). 
The correlation of bifurcation core volume measurements with AAD was 
not significant (p = 0.750). Of the two aforementioned measurements 
with significant correlation with AAD, the errors tended to increase as AAD 
became larger. 
Conclusions: 3D QCA can be used to reliably assess vessel dimensions 
and bifurcation angles. Increasing the acquisition angle difference of the 
two angiographic views does not increase accuracy and precision of 3D 
QCA for circular lesions or bifurcation dimensions. 
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4.1 INTRODUCTION 
      Over the past decades, the continuous developments in coronary 
visualization and quantitative systems have been motivated by the 
increasing need to better assess coronary atherosclerosis and by the on-
line need for support of coronary interventions in cardiac catheterization 
laboratories. Recently developed three-dimensional quantitative coronary 
angiography (3D QCA) systems [1-5] aimed to combine two angiographic 
views from either biplane or monoplane angiograms to restore true vessel 
dimensions and hence, to resolve some of the well-known limitations of 
the conventional two-dimensional (2D) quantitative analysis [6-7], e.g., 
vessel foreshortening and out-of-plane magnification [8]. It has been 
shown that 3D QCA can better assess vessel segment length [2, 9] and 
bifurcation angles [10], as well as enabling the subsequent automated 
determination of optimal viewing angles for the subsequent stent 
deployment and positioning [11]. However, to the best knowledge of the 
authors, the impact of acquisition angle difference (AAD) of the two 
angiographic views on the 3D quantitative assessments has not been 
studied.  

This study investigated the impact of AAD on the assessments of 
vessel dimensions including diameter stenosis, lesion length, bifurcation 
angles, and bifurcation core volume for phantoms with known dimensions.  

 
4.2 MATERIALS AND METHODS  

4.2.1 Assembled brass phantom 

At the Leiden University Medical Center (Leiden, The Netherlands), X-
ray images of an assembled brass phantom with different types of lesions 
was acquired by an X-ray angiogram (Infinix, Toshiba Medical Systems, 
Tokyo, Japan) at multiple viewing angles. Images were recorded at a 
resolution of 1024×1024 pixels and stored in DICOM (Digital Imaging and 
Communications in Medicine) format. The distance from the X-ray source 
to the image intensifier was set as 1000 mm for all acquisitions. For the 
entire acquisition procedure, the angulation angle (Cranial/ Caudal) of the 
C-arm was changed to 25 Caudal, 15 Caudal, 0º, 15 Cranial, and 25 
Cranial, while the rotation angle (LAO/RAO) was changed to 45 LAO, 30 
LAO, 15 LAO, 0º, 10 RAO, 20 RAO, 30 RAO, and 40 RAO. The 
angiographic image was recorded at each combination of rotation and 
angulation angles. 

A total of 40 angiographic views with different acquisition angles were 
recorded. A computer program was used to randomly select each time two 
angiographic views with at least 25º in AAD and match the two views as a 
pair for the subsequent analysis. The AAD of the matched pair was defined 
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by the angle between the two central projection beams that were 
determined by the combination of rotation and angulation angles for each 
angiographic view, respectively. All analyses were performed by an 
experienced analyst using a recently developed 3D QCA software package 
(prototype version, Medis medical imaging systems bv, Leiden, 
Netherlands) [2, 9, 11].  The software package excluded matched pairs 
that resulted in a perspective viewing angle (PVA) of less than 5º for the 
entire segment of interest. The PVA was defined as the angle between the 
epipolar line, being the projection of the X-ray beam directed towards a 
particular point on one of the projections onto the second projection, and 
the tangent of the vessel at the corresponding position [9]. Figure 4-1 
shows an example of an excluded matched pair: The first angiographic 
view was acquired at 45 LAO, 25 Cranial and the second angiographic 
view at 45 LAO, 15 Caudal. In this case, the epipolar line was almost 
parallel to the vessel with an eccentric lesion at the corresponding marker 
position.  

 
Figure 4-1. The excluded matched pair for 3D angiographic reconstruction. Left 
angiographic view at 45 LAO, 25 Cranial and right angiographic view at 45 LAO, 15 
Caudal. The perspective viewing angle is almost zero for all three lesions. A is a 
circular concentric severe lesion; B is a circular concentric moderate lesion; and C is 
a circular eccentric moderate lesion. 
 

For each included matched pair, the diameter stenosis and lesion 
length were assessed on 3 different types of straight lesions in the brass 
phantom, i.e., a circular concentric severe lesion (A), a circular concentric 
moderate lesion (B), and a circular eccentric moderate lesion (C). In 
addition, the reference diameter was also assessed on lesion B and 
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compared with the true dimension. Figure 4-1 shows the three types of 
lesions with known dimensions: A and B have circular concentric cross-
sections with 80% and 60% diameter stenosis, respectively; C has circular 
eccentric cross-sections with 60% diameter stenosis; All three lesions 
have the same length (10.0 mm) and the same reference diameter (5.00 
mm).  

 
Figure 4-2. An analyzed matched pair of angiographic views and the 3D QCA 
assessed dimensions. Left angiographic view at 45 LAO, 15 Caudal and right 
angiographic view at 20 RAO, 15 Cranial. Diameter stenosis and reference diameter 
were reported at the MLD position. 
 

Due to the angiographic isocenter offset introduced by gantry sag and 
other system distortions at different acquisition angles, one or two 
landmarks were used in the software package to correct the isocenter 
offset for each matched pair [9]. In the next step, lumen contours were 
detected automatically after specifying the proximal and distal positions 
for the segment of interest, followed by 3D reconstruction and 
quantifications. The position of the minimum lumen diameter (MLD) was 
automatically detected by the software package and diameter stenosis 
and the reference diameter were reported at that position. For lesion 
length assessment, the analyst moved the caliper markers to the lesion 
borders in one of the angiographic views, blinded to the measurement 
result. Since the repositioning of a marker in different views in the 
software package was supported by the fact that there existed a point 
correspondence between the 2D and 3D views, therefore, the caliper 
markers in the 3D view were synchronized to the lesion borders and the 
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3D lesion length was reported. Figure 4-2 shows an example of one 
analyzed matched pair and the 3D QCA assessed dimensions. In this case, 
the lesion has a length of 10.06 mm, diameter stenosis of 60.0%, and 
reference diameter of 5.08 mm. 
    The analyses on lesion B for the first 15 included matched pairs were 
repeated by the same analyst two months later, and by a second 
experienced analyst, both blinded to the earlier measurement results. 
From these measurements, intra- and inter-observer variabilities in the 
assessments of diameter stenosis, lesion length, and reference diameter 
were derived. 

4.2.2 Silicone bifurcation phantom 

At the Aarhus University Hospital, Skejby (Aarhus, Denmark), a 
silicone bifurcation phantom (Via Biomedical, CA, USA) with known 
dimensions was filled with iodinated contrast media (Visipaque 320, GE 
Healthcare, WI, USA) and scanned by an X-ray angiogram (AlluraXper, 
Philips Medical Systems, Best, The Netherlands). Images were recorded at 
a resolution of 1024×1024 pixels and stored in DICOM format. For the 
entire acquisition procedure, the angulation angle (Cranial/ Caudal) was 
changed to 20 Caudal, 0º, 20 Cranial, while the rotation angle (LAO/RAO) 
was changed to 45 LAO, 30 LAO, 15 LAO, 0º, 10 RAO, 20 RAO, 30 RAO, 
and 40 RAO. The angiographic image was recorded at each combination of 
rotation and angulation angles. 

A total of 24 angiographic views with different acquisition angles were 
recorded. The same computer program was used to randomly select pairs 
of angiographic views with at least 25º in AAD. All analyses were 
performed by an experienced analyst using the same software package, 
blinded to the true bifurcation dimensions.  For bifurcation analysis, the 
software package excluded those matched pairs that resulted in a PVA of 
less than 5º for either the entire main vessel or the entire sidebranch.  

For each included matched pair, the bifurcation angles and bifurcation 
core volume were assessed. Two bifurcation angles, i.e., the proximal 
angle between the proximal main vessel (PMV) and the distal main vessel 
(DMV), and the distal angle between the DMV and the sidebranch (SB) 
[12], were measured. Figure 4-3 shows one angiographic view of an 
analyzed matched pair and the reconstructed bifurcation in 3D. In this 
case, the PVA was about 30º for the main vessel and 80º for the 
sidebranch. Hence, the matched pair was included for the subsequent 
analysis. The bifurcation core was separated by 3 delimiters: The proximal 
delimiter at the most distal position of PMV; The distal delimiter at the 
most proximal (carina) position of DMV; and the side delimiter at the most 
proximal (carina) position of SB. The cross-section of the bifurcation core 



The Impact of Acquisition Angle Differences on 3D QCA│ 55 

 

Chapter 

4 

was of bean shape, as corresponded to the green contours that were 
superimposed onto the 3D bifurcation core in Figure 4-3. The size of the 
bifurcation core L was automatically determined by the combination of 
reference diameters of DMV and SB at the carina position. Therefore, the 
size of bifurcation core varied with the individual reconstructed bifurcation 
and more importantly, it was independent from the extent of lesion 
severity at the bifurcation core. Three directional vectors were estimated 
by applying linear regression algorithms on the sub-segments of PMV, 
DMV, and SB, respectively, with the same size of the bifurcation core. The 
proximal angle was defined by the angle between vector 1 and vector 3, 
while the distal angle was defined by vector 2 and vector 3. The 
bifurcation angles and bifurcation core volume were automatically 
calculated and reported by the software package. The true proximal and 
distal angles for the bifurcation phantom are 135º and 45º, respectively. 

The analyses for the first 15 included matched pairs were repeated by 
the same analyst two months later, and by a second experienced analyst, 
both blinded to the earlier measurement results. From these 
measurements, intra- and inter-observer variabilities in the assessments 
of bifurcation angles and bifurcation core volume were derived. 

 

 
Figure 4-3. Angiographic view at 30 LAO, 20 Caudal of the silicone phantom and the 
reconstructed bifurcation in 3D. The 3D bifurcation core was separated by 3 
delimiters (circular cross-sectional markers). The proximal angle was defined by the 
angle between vector 1 and vector 3, while the distal angle was defined by vector 2 
and vector 3. The perspective viewing angle (PVA) was about 30º for the main 
vessel and 80º for the sidebranch. 
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4.3 STATISTICS 
    The results of 3D QCA measurements except for bifurcation core 
volume (unknown true dimension) were compared with the true 
dimensions by using paired t-test. The accuracy and precision were 
presented as measurement error and variability. Quantitative data were 
presented as mean difference ± standard deviation and the correlations 
were assessed by using Pearson’s correlation coefficient, providing the 
correlation coefficient (R2). If the correlation was significant, the equation 
of the regression line was provided. A 2-sided p-value of <0.05 was 
considered to be significant. All statistical analyses were carried out by 
using a statistical software package (SPSS, version 16.0; SPSS Inc; 
Chicago, IL, USA). 
 
4.4 RESULTS 
    A total of 52 matched pairs of angiographic views with AAD larger 
than 25º were generated for the brass phantom. Two matched pairs were 
excluded due to a small PVA for the entire vessel of interest. Therefore, 
3D QCA was performed on the 50 remaining matched pairs. The values of 
AAD in the remaining matched pairs ranged from 27.1º to 85.5º, with an 
average value of 48.0±14.1º. The results of the 3D QCA assessments are 
given in Table I. In short, the per cent diameter stenosis was slightly 
overestimated by 3D QCA for all lesions: A (error 1.2±0.9%, p < 0.001); 
B (error 0.6±0.5%, p < 0.001); C (error 1.1±0.6%, p < 0.001). The 
intra- and inter-observer variabilities were 0.15±0.54 and 0.33±0.55, 
respectively. The lesion length was slightly overestimated by 3D QCA for 
lesion A (error 0.06±0.18 mm, p = 0.026), but well assessed for lesion B 
(error -0.00±0.16 mm, p = 0.950) and lesion C (error -0.01±0.18 mm, p 
= 0.585). The intra- and inter-observer variabilities were 0.08±0.11 and 
0.04±0.14, respectively. The reference diameter (only measured in lesion 
B) was slightly overestimated by 3D QCA (error 0.07±0.03 mm, p < 
0.001). The intra- and inter-observer variabilities were 0.01±0.01 and 
0.01±0.01, respectively. Figure 4-4 and 4-5 show the scatter plots of the 
errors in measuring the diameter stenosis and lesion length, respectively. 
The correlation of the diameter stenosis measurements with AAD was 
significant for lesion A (R2 = 0.151, p = 0.005, linear regression equation: 
Error = 0.025 × AAD – 0.019), but not for lesion B (R2 = 0.012, p = 
0.440) and lesion C (R2 = 0.025, p = 0.275). The measurement error for 
lesion A tended to increase as AAD became larger. The correlation of the 
lesion length measurements with AAD was not significant for any lesion: A 
(R2 = 0.002, p = 0.747); B (R2 = 0.002, p = 0.772); C (R2 = 0.000, p = 
0.959).  
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Figure 4-4. Diameter stenosis assessment by 3D QCA. The correlation of the3D QCA 
measurements with AAD was significant for lesion A, but not for lesion B and lesion 
C. 

    A total of 45 matched pairs of angiographic views with AAD larger 
than 25º were generated for the silicone bifurcation phantom. Five 
matched pairs were excluded due to the small PVA for either the entire 
main vessel or the entire sidebranch. Therefore, 3D QCA was performed 
on 40 remaining matched pairs. The values of AAD in the remaining 
matched pairs ranged from 25.8º to 85.0º, with an average value of 
49.1±15.4º. The results of the measurements are given in Table I. In 
short, 3D QCA slightly overestimated the proximal angle (error 0.4±1.1º, 
p = 0.046) and the distal angle (error 1.5±1.3º, p < 0.001). The intra- 
and inter-observer variabilities for the proximal angle were 0.33±1.03 and 
0.45±0.89, and for the distal angle were 0.84±1.02 and 0.26±0.78, 
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respectively. Figure 4-6 shows the scatter plot of the errors in measuring 
the bifurcation angles. The correlation with AAD was not significant for the 
proximal angle (R2 = 0.012, p = 0.502), but significant for the distal angle 
(R2 = 0.256, p = 0.001, linear regression equation: Error = 0.043 × AAD 
– 0.590). The measurement error for the distal angle tended to increase 
as AAD became larger. The bifurcation core had an average volume of 
29.5±1.11 mm3. The intra- and inter-observer variability was 0.13±1.55 
and 0.01±0.90, respectively. The correlation with AAD was not significant 
(R2 = 0.003, p = 0.750).  

 
Figure 4-5. Lesion length assessment by 3D QCA. The correlation of the3D QCA 
measurements with AAD was not significant for any lesion. 

 
Figure 4-6. Bifurcation angle assessment by 3D QCA. The correlation of the3D QCA 
measurements with AAD was significant for the distal angle, but not for the 
proximal angle. 
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4.5 DISCUSSIONS 

Quantitative coronary angiography was first developed to quantify 
vessel motion and the effects of pharmacological agents on the regression 
and progression of coronary artery disease [13]. It has developed 
substantially over the past decades and has been applied worldwide for 
research and clinical purposes, in both off-line and on-line situations [7]. 
Although QCA techniques have been evolving with its wide applications 
[14-16], it remains as a limitation for 2D analysis that proper calibration, 
e.g., catheter calibration, needs to be performed for every analysis. If the 
vessel of interest is not in the calibration plane, the so-called out-of-plane 
magnification error will occur and hence, result in inaccurate 
measurements of absolute vessel dimensions. In addition, due to the 2D 
representation of the 3D vascular structures, the assessments of segment 
length and bifurcation angles depend to a great extent on vessel tortuosity 
and the angiographic viewing angle [11]. 3D QCA was motivated to 
overcome such limitations and to provide more support for coronary 
interventions in catheterization laboratories. By combing two angiographic 
views and the geometry of X-ray projections, 3D QCA was able to 
reconstruct vessel centerline and restore more details of the luminal 
cross-sections [1,9,18]. The continuous efforts in the DICOM 
standardization have made the automatic calibration procedure in 3D QCA 
feasible for most modern X-ray angiograms. Rapid improvements in 
computer hardware have also enabled real time 3D reconstruction on a 
conventional PC [2].  

Despite the recent progresses, 3D QCA has been used in limited 
number of studies. One of the main reasons is the lack of standard 
operation procedures or protocols for performing 3D QCA. So far there is 
no official guideline for the angiographic acquisition dedicated for 3D QCA 
in a broad clinical setting. In general, the analyst selected two of the 
available angiographic views that were acquired during coronary 
angiography and used those two views for the subsequent 3D analysis. 
The optimal selection criteria remain unclear. Particularly, the impact of 
AAD of the two selected angiographic views on the 3D reconstruction and 
quantitative assessments has not been studied. This study showed that 
AAD did not have significant impact on 3D QCA for circular moderate 
lesions. For assessing bifurcation dimensions, the correlation between AAD 
and 3D QCA was only significant for the distal bifurcation angle. The 
correlation was weak and it indicated that the measurement error tended 
to increase as AAD became larger. One possible explanation is that as 
AAD increased, there were more overlaps between the DMV and the SB at 
their proximal parts. Therefore, the computer detected DMV centerline at 
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the proximal part could be slightly shifted toward the SB, resulting in an 
increase in the angle between the DMV and SB directional vectors, i.e., 
the distal angle. 

 Although this study showed that larger AAD did not increase accuracy 
and precision of 3D QCA in assessing circular lesions and bifurcation 
dimensions, non-circular lesions with asymmetric cross-sectional 
geometry are frequently encountered when assessing significant coronary 
stenoses in vivo [17]. Performing 3D QCA on two angiographic views with 
larger AAD may reveal more details of the luminal cross-sections and 
result in better luminal area assessment. However, larger AAD could 
potentially introduce more isocenter offset, as well as increasing the 
chance of vessel overlapping in the angiographic views and impair the 
assessments, especially for bifurcations where there tend to be more 
overlaps between the DMV and the SB as AAD increases. In other words, 
there are pros and cons of using larger AAD for assessing non-circular 
lesions in vivo and the optimal value may depend on individual 
vessel/bifurcation and the coronary anatomy. The actual impact of AAD on 
3D QCA to assess lesions with asymmetric cross-sections still requires 
proper validations.  It may be of interest to note that 3D QCA software 
packages generally calculate lesion length based on the approximated 
healthy vessel centerline, i.e., the so-call reference centerline, which 
calculates the length of the centerline in the vessel as if there is no 
obstruction [2]. Therefore, it is reasonable to expect that the impact of 
AAD on 3D QCA length assessment will be limited for vessels with non-
circular lesions as well.  

In this phantom study, the two angiographic views that were used for 
the 3D angiographic reconstruction were randomly selected by a computer 
program. As a result of this, 2 out of 52 matched pairs were excluded 
from the subsequent analyses for the brass phantom due to a small PVA 
(the angle between the epipolar line and the tangent of the vessel) for the 
entire vessel, while 5 out of 45 matched pairs were excluded for the 
silicone bifurcation phantom. When the PVA is 0º, there exist a huge 
number of feasible solutions which could satisfy the projection data. 
Figure 4-7 shows an example of different vessels that could generate the 
same lumen contours in the projection views, i.e., projection A and B. In 
this case, using projection A and B for the 3D angiographic reconstruction 
will result in a PVA of 0º for the entire vessel. In other words, the 
reconstruction of vessel centerline from projection A and B is not unique, 
since the PVA of the two projections is 0º for the entire vessel. In 
principle, the density information could be incorporated to decrease the 
feasible solutions; however, such solutions are hampered by the general 
quality of angiographic images in routine clinical practice, especially when 



The Impact of Acquisition Angle Differences on 3D QCA│ 61 

 

Chapter 

4 

there are overlaps from other vessel segments. It implies that in practice 
using two angiographic views with larger PVA is preferred for 3D 
angiographic reconstruction and quantitative analysis. It is important to 
note that two angiographic views with larger AAD do not necessarily 
generate larger PVA, and vice versa. In theory, the PVA is determined by 
the tangent direction of the individual vessel and the geometry of the two 
angiographic views including acquisition angles and the distance from the 
X-ray source to the image intensifier. If one projection is already acquired, 
the practical approach to generate larger PVA for a specific vessel is to 
rotate the C-arm around the principal direction of the vessel to acquire the 
second projection. More specifically, the acquisition angle can be adjusted 
by changing the rotation angle (LAO/RAO) or the angulation angle 
(Cranial/Caudal) of the C-arm. If the first projection visualizes the lesion 
properly, and if the vessel of interest is positioned along the Cranial-
Caudal direction, then changing the rotation angle to acquire the second 
projection will result in a large PVA. On the contrary, if the vessel of 
interest is positioned along the LAO-RAO direction, changing the 
angulation angle to acquire the second projection will result in a large 
PVA. For bifurcation cases, a trade-off between the main vessel and the 
sidebranch should be made so that both branches have relatively large 
PVA.   

 
Figure 4-7. Different vessels that could generate the same lumen contours in the 
projections: Projection A and B have a perspective viewing angle (the angle 
between the epipolar line and the tangent of the vessel) of 0º for the entire vessel. 

 
4.6 LIMITATIONS 
    Only lesions with circular concentric and circular eccentric cross-
sections were investigated in this phantom study. The phantom studies do 
not account for the full complexity of angiographic acquisition artifacts in 
vivo, including angiographic system distortions, cardiac motions and 
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patient’s respirations. In support of the findings, methods for the 
correction of such artifacts have been implemented in the software 
package.  
 
4.7 CONCLUSIONS 
    3D QCA can be used to reliably assess vessel dimensions and 
bifurcation angles. Increasing the acquisition angle difference of the two 
angiographic views does not increase accuracy and precision of 3D QCA 
for circular lesions or bifurcation dimensions. 
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