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Abstract

Purpose Preoperative identification of the artery of
Adamkiewicz can help prevent postoperative spinal cord in-
jury following thoracic and thoracoabdominal aortic repair.
Several studies have demonstrated the feasibility of evaluating
the artery of Adamkiewicz using multi-detector row computed
tomography (CT), but precise visualization remains a chal-
lenge. The present study was conducted to evaluate the use-
fulness of ultra-high-resolution CT for visualizing the artery of
Adamkiewicz with a slice thickness of 0.25 versus 0.5 mm in
patients with aortic aneurysms.

Methods Our institutional review board approved this study.
Twenty-four patients with thoracic and thoracoabdominal an-
eurysms were scanned with beam collimation of
0.25 mm x 128. Images were reconstructed with slice thick-
nesses of 0.25 and 0.5 mm. The signal-to-noise ratio (SNR) of
the aorta and contrast-to-noise ratio (CNR) between the ante-
rior spinal artery and spinal cord were measured. Two inde-
pendent observers evaluated visualization of the artery of
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Adamkiewicz and its continuity between the anterior spinal
artery and the aorta using a four-point scale.

Results No significant differences in the SNR of the aorta or
CNR of the anterior spinal artery were observed between
0.25- and 0.5-mm slices. The average visualization score
was significantly higher for 0.25-mm slices (3.58 + 0.78) than
for 0.5-mm slices (3.13 £ 0.99) (p = 0.01). The percentage of
patients with nondiagnostic image quality was significantly
lower for 0.25-mm slices (8.3%) than for 0.5-mm slices
(33.3%) (p = 0.03).

Conclusion In patients with aortic aneurysms, ultra-high-
resolution CT with 0.25-mm slices significantly improves vi-
sualization of the artery of Adamkiewicz compared to 0.5-mm
slices.

Keywords Aorticaneurysm - Artery of Adamkiewicz - Spinal
cord - Computed tomography - Ultra-high-resolution

Introduction

Spinal cord injury (SCI) is one of the most devastating com-
plications in thoracic and thoracoabdominal aortic repair.
Despite the introduction of many approaches in the operative
procedures for aortic aneurysms, SCI remains a major prob-
lem, with a non-negligible incidence rate ranging from 0.2 to
8% [1-3]. It is known that the underlying cause of SCI is
ischemia related to the anterior spinal artery in most cases.
In the thoracolumbar spinal cord, the main feeder of the ante-
rior spinal artery is the artery of Adamkiewicz (the great an-
terior radiculomedullary artery). Several studies have shown
that identification of the artery of Adamkiewicz permits better
preoperative planning, including modification of the surgical
procedure, and thus may reduce the risk of SCI [4—6].
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Multi-detector row computed tomography (CT) has been sug-
gested as an attractive noninvasive imaging modality for such
preoperative evaluation. Although CT has a high visualization rate
for the characteristic “hairpin turn” configuration formed by the
artery of Adamkiewicz and the anterior spinal artery, it would be
desirable to obtain a clearer understanding of the entire anatomical
course of the artery, including its connections with other vascular
structures. This so-called ““continuity” criterion, which includes
demonstration of the vascular continuity of the anterior spinal
artery, the artery of Adamkiewicz, the radiculomedullary artery,
the segmental artery, and the aorta, remains a challenge in CT.
Indeed, while detection rates in the range from 80 to 90% have
been reported for the hairpin turn configuration criterion, the rates
for the vascular continuity criterion are considerably lower, rang-
ing from 29 to 60% [7—11]. In the identification of the artery of
Adamkiewicz with CT, it is important to distinguish the artery of
Adamkiewicz from the anterior radiculomedullary vein because
this vein is very similar in shape to the artery of Adamkiewicz.
Therefore, diagnosis based on the vascular continuity criterion is
important to differentiate the artery of Adamkiewicz from the
anterior radiculomedullary vein in the clinical setting.

Recently, a 128-detector row ultra-high-resolution CT
scanner with a detector row width of 0.25 mm and a
1024 x 1024 matrix has been introduced in the clinical setting
[12]. The higher spatial resolution of this CT scanner may be
particularly advantageous for the visualization of smaller
structures such as the artery of Adamkiewicz, which is ap-
proximately 1 mm in diameter. Therefore, the present study
was conducted to evaluate the usefulness of ultra-high-
resolution CT for visualizing the artery of Adamkiewicz in
patients with aortic aneurysms.

Materials and methods
Patients

Our institutional review board approved this retrospective study.
A total of 24 consecutive patients (18 men and 6 women; age
range, 44-85 years; mean age, 68.5 years) who underwent ultra-
high-resolution CT angiography for aortic disease between
December 2015 and August 2016 were enrolled in the study.
The indication for CT examination was the preoperative evalua-
tion of thoracic or thoracoabdominal aortic aneurysm. The aortic
diseases included true aortic aneurysms in 15 patients (8 thoracic
descending aortic aneurysms and 7 thoracoabdominal aortic an-
eurysms) and dissecting aortic aneurysms in 9 patients. The pa-
tient characteristics are shown in Table 1. Written informed con-
sent to undergo enhanced CT examination was obtained from all
patients. The exclusion criteria were impaired renal function (es-
timated glomerular filtration rate of < 45 mL/min/1.73 m?) or
allergy to contrast medium, but no patients met either of these
exclusion criteria.
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Table 1  Patient characteristics (n = 24)

Characteristics Values

Age (mean + SD, years)

Male (n)

Body mass index (mean + SD, kg/m?)
True aortic aneurysm (1)

68.5 £ 9.6 [range, 44-85]
18 (75%)
24.7 £ 2.6 [range, 19.6-29.9]

Thoracic descending aortic aneurysm 8
Thoracoabdominal aortic aneurysm
Crawford type |
Crawford type 11
Crawford type I1I
Crawford type IV
Dissecting aortic aneurysm (1)

A o= = =

~

Postoperative status of DeBakey type I
(with dissecting aortic aneurysm in
descending aorta)

DeBakey type I1Ib 2

SD standard deviation

CT data acquisition and image reconstruction

CT angiography was performed using a prototype ultra-high-
resolution CT system for clinical use (Toshiba Medical
Systems Corporation, Otawara, Japan). This prototype scan-
ner was not commercially available at that time, but it had
obtained approval under the Japanese Pharmaceutical and
Medical Device Act (Number: 227ADBZX00062000). The
ultra-high-resolution CT scanner has 128 detector rows with
a 0.25-mm detector row width, supporting image reconstruc-
tion with a 1024 x 1024 matrix.

The scanning parameters were as follows: 120 kV, 400 mA,
beam collimation 0of 0.25 mm % 128, beam pitch factor of 0.625,
rotation speed of 0.5 or 0.75 s, and scanning field of view (FOV)
of 350 mm. Scanning extended from the level of the 7th thoracic
vertebra to the level of the 2nd lumbar vertebra.

Images were reconstructed with 0.25-mm slice thickness,
1024 x 1024 matrix, 200-mm display FOV, and kernel FC 13
using an iterative reconstruction algorithm (Adaptive Iterative
Dose Reduction 3D [AIDR 3D]; Toshiba) at the standard set-
ting (Fig. 1a). Images were also reconstructed with 0.5-mm
slice thickness, 512 % 512 matrix, 200-mm display FOV, and
kernel FC 13 using AIDR 3D at the standard setting for com-
parison with the 0.25-mm slice images (Fig. 1b).

The imaging method for contrast-enhanced CT has been
described in previous reports [8, 9]. A total of 2.0 mL/kg body
weight of high-osmolarity iodinated contrast medium
(iopamidol 370; Bayer, Osaka, Japan) was injected at a rate
of 3.5 mL/s via a 20-gauge intravenous catheter placed in an
antecubital vein using a double-head power injector. The
bolus-tracking method was used to determine the image ac-
quisition timing. A 1-cm-diameter circular region of interest
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Fig.1 Comparison of a 0.25-mm slice image and a 0.5-mm slice image.
Curved planar reformatted images show the artery of Adamkiewicz
(arrow) and full continuity between the anterior spinal artery and the aorta
through the intervertebral foramen (arrowhead). Note the sharpness of the
margins of the vessels in the 0.25-mm slice image. a 0.25-mm slice
image. b 0.5-mm slice image

(ROI) was set in the descending aorta at the level of the 7th
thoracic vertebra. When the attenuation reached 250
Hounsfield units (HU), scanning was automatically started
in the craniocaudal direction. Scanning was performed during
a single breath-hold.

All CT data were transferred to a commercially available
workstation (Ziostation; Ziosoft, Tokyo, Japan) which is able
to process 1024 x 1024 matrix images to generate multiplanar
reformation (MPR) images and curved planar reformation
(CPR) images. The slice thickness and slice interval of the
MPR and CPR images were 0.25 mm for reconstruction of
the 0.25-mm slice images and 0.5 mm for reconstruction of
the 0.5-mm slice images.

Objective evaluation

Objective image evaluation was performed using the 0.25-mm
slice image datasets and the 0.5-mm slice image datasets. For
each of these image datasets, the signal-to-noise ratio (SNR)
of the aorta and the contrast-to-noise ratio (CNR) between the
anterior spinal artery and spinal cord were evaluated accord-
ing to the method described by Nishida et al. [13]. Both the
mean CT number (HU) and standard deviation (SD) for the
aorta and spinal cord were measured using circular ROIs (2
and 1 cm in diameter, respectively) at the same position in the
axial images. The CT number of the aorta was derived by
calculating the mean value in three ROIs placed at the level
of the diaphragm, 3 cm above the diaphragm, and 3 cm below
the diaphragm. The CT number of the spinal cord was mea-
sured as the mean value in three ROIs placed at the levels of

the 8th, 9th, and 10th thoracic vertebral bodies. The artery of
Adamkiewicz itself was too small to permit measurement of
the CT number. Instead, the degree of enhancement was mea-
sured by segmenting the anterior spinal artery at 3 cm in a
sagittal MPR image [13]. This measurement was performed
three times, and the mean value was calculated.

The SNR and the CNR were calculated using the following
formulas: SNR = mean CT number of the aorta/SD of the aorta,
and CNR = (mean CT number of the anterior spinal artery —mean
CT number of the spinal cord)/SD of the spinal cord.

Subjective evaluation

The two image datasets were evaluated by two cardiovascular
radiologists (K'Y and RT) with more than 20 years of experience.
They evaluated the images according to the degree of visualiza-
tion of the artery of Adamkiewicz using the four-point scale pro-
posed by Takagi et al. [11] and Bley et al. [14] with some modi-
fications as follows: 1 point (poor) = the artery of Adamkiewiczis
not visualized, 2 points (fair) = the artery of Adamkiewicz is
partially visualized, but vascular continuity to the extradural seg-
ment is not recognized, 3 points (good) = the artery of
Adamkiewicz is clearly visualized, but vascular continuity is
partially obscured at the intervertebral foramen, and 4 points
(excellent) = the artery of Adamkiewicz is clearly visualized
and full vascular continuity through the intervertebral foramen
is also recognized. Representative patients are shown in Fig. 2. A
score of 3 or 4 points was considered to indicate diagnostic image
quality, and a score of 1 or 2 points was considered to indicate
nondiagnostic image quality. The side and level of the segmental
arteries supplying the artery of Adamkiewicz were also recorded.
Any discrepancies in the evaluation results were resolved by
mutual consensus.

Statistical analysis

All data were expressed as mean =+ standard deviation (SD). The
differences in SNR and CNR were compared using the paired ¢
test. The mean values for the degree of visualization of the artery
of Adamkiewicz for 0.25-and 0.5-mm slices were also compared
using the paired ¢ test. The frequencies of diagnostic versus
nondiagnostic image quality were compared using McNemar’s
test. Interobserver agreement for the visualization scores of the
artery of Adamkiewicz between the two independent reviewers
was assessed using Cohen’s kappa test. A value of p < 0.05 was
considered to be statistically significant. Analysis was performed
using PASW Statistics 21 (SPSS Inc.).

Results

The CT examinations were performed successfully in all 24
patients. The body mass index of the patients was

@ Springer



112

Neuroradiology (2018) 60:109-115

Fig. 2 Representative images (curved planar reformatted images with a
0.5-mm slice thickness) illustrating the four-point scale used to evaluate
the degree of visualization of the artery of Adamkiewicz. a Score of 1
point (poor): the artery of Adamkiewicz is not depicted. b Score of 2
points (fair): the hairpin turn of the artery of Adamkiewicz is visualized
(arrow). However, the caudal side of the artery of Adamkiewicz is unclear
and continuity with the extradural segment cannot be recognized (black
arrowheads). ¢ Score of 3 points (good): the hairpin turn of the artery of

24.7 + 2.6 kg/m>. The radiation exposure expressed as the
dose-length product (DLP) was 1113.0 + 211.7 mGy cm.

Objective evaluation results

The artery of Adamkiewicz was not depicted in 1 patient in
both the 0.25-mm slice images and 0.5-mm slice images. We
did not exclude this patient from the subjective image analy-
sis, because we could measure the degree of enhancement of
the anterior spinal artery.

No significant difference in the SNR of the aorta was ob-
served between 0.25-mm slice images (12.7 + 2.7) and 0.5-
mm slice images (13.8 = 3.0) (p = 0.20). In addition, no sig-
nificant difference in the CNR of the anterior spinal artery was
observed between 0.25-mm slice images (2.3 + 0.9) and 0.5-
mm slice images (2.2 = 0.9) (p = 0.83).

Subjective evaluation results

The results for the degree of visualization in all patients are
summarized in Table 2. The mean value of the degree of
visualization for 0.5-mm slice images was 3.13 £ 0.99
(Table 3). The images obtained in a total of 8 patients

@ Springer
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Adamkiewicz is clearly identified (arrow). However, vascular continuity
from the aorta to the anterior spinal artery is partially obscured by the
bony structures at the intervertebral foramen (black arrowhead). d Score
of 4 points (excellent): the hairpin turn of the artery of Adamkiewicz is
clearly depicted (arrow) and continuity of the vessel is clearly visualized
through the intervertebral foramen to the extradural segment (white
arrowheads)

(33.3%) were judged to be nondiagnostic. The interobserver
kappa score was 0.56 (moderate agreement).

The mean value of the degree of visualization for 0.25-mm
slice images was 3.58 + 0.78, which was significantly higher
than for 0.5-mm slice images (p = 0.01). The images obtained
in only 2 patients (8.3%) were judged to be nondiagnostic,
which was significantly lower than for 0.5-mm slice images
(p = 0.03). The interobserver kappa score was 0.76 (good
agreement).

The branching levels and sides of the segmental arteries
from which the artery of Adamkiewicz originated were as
follows: the left 9th intercostal artery in 5 patients, the left
10th intercostal artery in 4 patients, the left 11th intercostal
artery in 3 patients, the left subcostal artery in 1 patient, the

Table 2 Visualization degree of identification of the artery of
Adamkiewicz

Grade 0.5-mm slice thickness 0.25-mm slice thickness
4 = excellent 12 (50.0%) 17 (70.8%)

3 = good 4(16.7%) 5 (20.8%)

2 = fair 7 (29.2%) 1 (4.1%)

1 = poor 1 (4.1%) 1 (4.1%)
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Table 3 Visualization degree and
percentages of diagnostic versus Measure 0.5-mm slice thickness 0.25-mm slice thickness p value
nondiagnostic image quality
Visualization degree
Score (mean + SD) 3.13+0.99 3.58+0.78 0.01
Interobserver kappa coefficient 0.56 0.76
Patient percentages
Diagnostic image quality 66.7% 91.7% 0.03
Nondiagnostic image quality 33.3% 8.3%

SD standard deviation

right 8th intercostal artery in 3 patients, the right 9th intercos-
tal artery in 3 patients, the right 10th intercostal artery in 2
patients, the right 11th intercostal artery in 1 patient, and the
right subcostal artery in 1 patient. The origin could not be
identified in 1 patient, because the artery of Adamkiewicz
was not visualized. There were 2 patients with duplication of
the artery of Adamkiewicz, and the larger artery was selected
as the artery of Adamkiewicz in these patients. Collateral ar-
teries due to occlusion of the segmental artery were depicted
in 5 patients (21%). We thought that the sources of these
collateral pathways were the muscular branch of the intercos-
tal artery in 3 patients and the thoracodorsal artery in 2
patients.

Discussion

It has been reported that obtaining a clear understanding of the
artery of Adamkiewicz is useful for reducing the risk of SCI
following descending thoracic or thoracoabdominal aortic repair
[4, 5]. Recently, a multicenter prospective study involving 2435
patients demonstrated that preoperative identification of the ar-
tery of Adamkiewicz with adequate reconstruction or preserva-
tion is a useful adjunct to ensure spinal cord protection [6].

Multi-detector row CT is able to depict the artery of
Adamkiewicz. The detection rates for the morphologic hairpin
turn configuration of the artery of Adamkiewicz have been
reported to be in the range from 80 to 90% for 4-detector
row CT, 16-detector row CT, and 64-detector row CT with a
slice thickness of 0.5 to 2 mm [7—11].

However, previous studies have strongly recommended
that the entire course of the artery of Adamkiewicz should
be identified by demonstrating continuity from the anterior
spinal artery to the aorta via the artery of Adamkiewicz, rather
than relying only on demonstration of the characteristic hair-
pin turn configuration [8—10]. This is because the anterior
radiculomedullary vein shows a hairpin turn configuration
which is similar to that of the artery of Adamkiewicz. When
CT is used in the clinical setting, it has been reported that
discrimination between the artery of Adamkiewicz and the
anterior radiculomedullary vein on the basis of morphology
can be very difficult [9]. However, the misidentification of

these two vessels may lead to catastrophic results in aortic
aneurysm surgery. It is therefore strongly recommended that
the artery of Adamkiewicz should be identified by demon-
strating vascular continuity from the anterior spinal artery to
the aorta via the artery of Adamkiewicz.

The visualization of full vascular continuity from the ante-
rior spinal artery to the aorta via the artery of Adamkiewicz
remains a challenge with current CT systems. The demonstra-
tion rate for vascular continuity has been reported to be in the
range from 29 to 50% for 4-detector row CT with a 2- or I-mm
slice thickness [7, 8] and in the range from 25 to 60% for 16-
detector row CT or 64-detector row CT with a 0.5-mm slice
thickness [9—11]. The difficulty in demonstrating continuity
along the entire course of the artery of Adamkiewicz can be
attributed not only to the small diameter of the artery but also
to the fact that it runs in close proximity to the osseous struc-
tures of the intervertebral foramen [9].

In the present report, we have described our initial experi-
ence with a novel ultra-high-resolution prototype CT scanner
with a 0.25-mm detector row width, with the expectation of
improved visualization of smaller structures due to the in-
creased spatial resolution. We investigated the feasibility of
visualizing the artery of Adamkiewicz using 0.25-mm slice
images as compared to “conventional” images reconstructed
with a 0.5-mm slice thickness. A modest but significant in-
crease in the mean value of the degree of visualization was
observed, from 3.13 £ 0.99 to 3.58 £ 0.78 (p = 0.01). The
percentage of images of diagnostic image quality (grade 3 or
4) for 0.25-mm slice images was 91.6%, which was signifi-
cantly higher than for reconstruction with a 0.5-mm slice
thickness (67.7%) (p = 0.03). Furthermore, the results of this
study showed that full vascular continuity between the anteri-
or spinal artery and the aorta (grade 4) could be depicted in
70.8% of patients with a 0.25-mm slice thickness. On the
other hand, the depiction rate was only 50.0% for a 0.5-mm
slice thickness. Similar results (in the range from 25 to 50%)
have been reported by Utsunomiya et al. and Takagi et al.
using 0.5-mm slice images acquired using a conventional
64-detector row CT scanner [10, 11].

In most patients, vascular continuity was obscured near the
intervertebral foramen. The osseous structures around the in-
tervertebral foramen show high attenuation and may cause
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blooming artifacts which interfere with visualization of the
arteries. The improved spatial resolution of 0.25-mm slice
images may make it easier to distinguish small arteries from
bony structures, thus permitting successful visualization of
full vascular continuity (Fig. 3).

In the present study, the images were reconstructed using
an iterative reconstruction method (AIDR 3D) rather than fil-
tered back projection (FBP). It is known that iterative recon-
struction can provide improved image quality by reducing
image noise. Therefore, the use of an iterative reconstruction
algorithm may have also contributed to the observed improve-
ment in the degree of visualization of the artery of
Adamkiewicz. However, Nishida et al. reported that applica-
tion of an adaptive statistical iterative reconstruction algorithm
did not result in a significant improvement in the visualization
score of the artery of Adamkiewicz in comparison with FBP at
a slice thickness of 0.625 mm [13]. Machida et al. also report-
ed similar results [15]. In our study, no significant differences
in the SNR of the aorta or the CNR of the anterior spinal artery
were observed between 0.25-mm slice images and 0.5-mm
slice images. Based on these findings, we think it is reasonable
to compare our findings to previous studies, which mostly
employed FBP reconstruction [7-11].

Fig. 3 A 69-year-old woman with a thoracic aortic aneurysm. Curved
planar reformatted images show the artery of Adamkiewicz. a 0.5-mm
slice image. Vascular continuity is not clearly recognized in the intradural
segment (arrow) as well as the extradural segment at the intervertebral
foramen (arrowhead). b 0.25-mm slice image. Vascular continuity is
recognized in both the intradural segment (arrow) and the extradural
segment at the intervertebral foramen (arrowhead)

@ Springer

On the other hand, more favorable results have been de-
scribed using model-based iterative reconstruction algorithms,
which may facilitate delineation of the artery of Adamkiewicz
[13, 15]. At present, model-based iterative reconstruction is
not yet available for the ultra-high-resolution CT scanner. We
anticipate, however, that the combination of an increased spa-
tial resolution (0.25-mm slice thickness) and model-based it-
erative reconstruction may be particularly powerful for
depicting the vascular continuity of the artery of
Adamkiewicz and could potentially further improve overall
image quality and the degree of visualization. Bone-
subtracted CT angiography has been described as another po-
tentially useful approach which may allow us to more clearly
distinguish between osseous structures and enhanced vessels
in the intervertebral foramen [16]. However, since this proto-
col requires two separate scans, the reported radiation exposure
asreflected in themean DLP was 5238.1+1220.8 mGy cm, which
is much higher than that in our study (1113.0 +£211.7 mGy cm).

The present study has several limitations. The first major
limitation is the small patient population. Although our results
have shown the feasibility of using ultra-high-resolution CT
angiography to visualize the artery of Adamkiewicz, studies
with larger patient populations are needed to confirm our find-
ings. Second, conventional angiography for verification of the
location of the artery of Adamkiewicz was not performed.
However, selective intercostal angiography is difficult to per-
form and is associated with a risk of major procedure-related
complications such as SCI, renal failure, and stroke in patients
with aortic aneurysms [17]. Conventional angiography was
therefore not performed in order to avoid exposing the patients
to unnecessary risk. Besides, we should recognize that our CT
protocol, in which 2.0 mL/kg body weight of high-osmolarity
iodinated contrast medium is injected, has the risk of renal
failure. Third, we did not scan patients twice using both the
novel ultra-high-resolution CT scanner and the conventional
CT scanner with standard spatial resolution. Instead, we re-
constructed the 0.5-mm slice images from the 0.25-mm slice
images. The degree to which these reconstructed 0.5-mm slice
images are representative of directly collimated 0.5-mm slice
images was not evaluated. The fact that the detection rate
obtained using a 0.5-mm slice thickness in the present study
is comparable to that reported in previous studies using 0.5-
mm collimated scanning with conventional 64-detector row
CT [9-11] supports this methodological decision, although
more detailed validation, such as by means of a phantom
study, would be desirable.

Conclusion
The results of this initial feasibility study show that ultra-high-

resolution CT using a 0.25-mm slice thickness significantly
improves visualization of the artery of Adamkiewicz,
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including the depiction of vascular continuity between the
anterior spinal artery and the aorta via the artery of
Adamkiewicz, as compared to a 0.5-mm slice thickness in
patients with aortic aneurysms.
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