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ABSTRACT

BACKGROUND AND PURPOSE: T1-weighted pointwise encoding time reduction with radial acquisition (PETRA) sequences require lim-
ited gradient activity and allow quiet scanning. We aimed to assess the usefulness of PETRA in pediatric brain imaging.

MATERIALS AND METHODS: We included consecutive pediatric patients who underwent both MPRAGE and PETRA. The contrast-to-
noise and contrast ratios between WM and GM were compared in the cerebellar WM, internal capsule, and corpus callosum. The degree
of myelination was rated by using 4-point scales at each of these locations plus the subcortical WM in the anterior frontal, anterior
temporal, and posterior occipital lobes. Two radiologists made all assessments, and the intra- and interrater agreement was calculated by
using intraclass correlation coefficients. Acoustic noise on MPRAGE and PETRA was measured.

RESULTS: We included 56 patients 5 days to 14 years of age (mean age, 36.6 months) who underwent both MPRAGE and PETRA. The
contrast-to-noise and contrast ratios for PETRA were significantly higher than those for MPRAGE (P � .05), excluding the signal ratio for
cerebellar WM. Excellent intra- and interrater agreement were obtained for myelination at all locations except the cerebellar WM. The
acoustic noise on PETRA (58.2 dB[A]) was much lower than that on MPRAGE (87.4 dB[A]).

CONCLUSIONS: PETRA generally showed better objective imaging quality without a difference in subjective image-quality evaluation
and produced much less acoustic noise compared with MPRAGE. We conclude that PETRA can substitute for MPRAGE in pediatric brain
imaging.

ABBREVIATIONS: CC� corpus callosum; ICC � intraclass correlation coefficient; PETRA � pointwise encoding time reduction with radial acquisition

MR imaging is widely used for brain assessment in both adults

and children, enabling the noninvasive and detailed evalu-

ation of morphologic and functional abnormalities.1,2 However,

MR imaging has some drawbacks. Of note, an average scanning

time of 20 –30 minutes is usually required for a routine brain

examination, during which the patient is subjected to loud acous-

tic noise. Consequently, the application of MR imaging is limited

in infants and small children, who often need sedation to undergo

MR imaging.3-5 Even under sedation, the acoustic noise from MR

imaging can make children restless or cause them to awaken, re-

sulting in severe motion artifacts or incomplete examinations.

With the increased use of MR imaging in children, it is impor-

tant to reduce the loudness of MR imaging scanners to ensure that

scans are completed with minimal distress to the child and mini-

mal artifacts on the acquired images. Because the acoustic noise of

MR imaging is produced by the vibration of gradient coils during

the scan, noise reduction can be achieved by decreasing the noise

from these coils. One such method involves sealing gradient coils

in a vacuum chamber.6 More recently, several methods have been

introduced to reduce acoustic noise that do not involve altering

the scanner hardware. These techniques include the use of acous-

tically optimized pulse shapes of the gradient coils to cancel single

frequencies extended by a second frequency,7 ultrashort TE se-

quences such as zero TE,8 sweep imaging with Fourier transfor-

mation,9 and pointwise encoding time reduction with radial ac-

quisition (PETRA).10 Of these, PETRA requires limited gradient

activity, which creates a particularly quiet MR imaging scan.10

Considering that quiet sequences should be useful for reducing

patient stress during the scan, this technique might particularly
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benefit children. PETRA sequencing uses an inversion recovery

pulse to yield T1WI, which is a basic MR imaging sequence that

can be used to assess myelination in children.

In this study, we therefore aimed to compare the measure-

ments of pediatric brain myelination obtained by using a quiet

T1-weighted PETRA sequence with those captured by MPRAGE

to assess the suitability of PETRA for pediatric brain imaging.

MATERIALS AND METHODS
Patients
We performed T1-weighted PETRA in addition to routine MR

imaging in all pediatric patients undergoing brain MR imaging

with sedation from May to October 2013. To avoid unnecessary

delays and to keep scanning times short, we did not perform

PETRA for emergency cases and we excluded older children who

did not require sedation. We added T1-weighted PETRA after

routine MR imaging examinations without additional sedation

for consecutive patients, excluding cases with severe motion arti-

facts. Our institutional review board (Kanagawa Children’s Med-

ical Center) approved this prospective study, and written consent

was obtained from the parents.

MR Imaging
All MR imaging examinations were performed on a 3T clinical scan-

ner (Magnetom Verio; Siemens, Erlangen, Germany) by using a 32-

channel head coil. The routine MR imaging brain sequence included

axial and coronal T2-weighted fast spin-echo, axial MPRAGE, and

axial DWI. In addition, T1-weighted PETRA was performed.

PETRA uses an ultrashort TE sequence that acquires k-space

data in a combination of the central and outer part of the k-space

during different processes.10-12 Particularly, the central part of the

k-space is acquired with pointwise encoding after the first inver-

sion pulse, whereas the outer edge of volumetric k-space is

acquired by using radial projections af-
ter the second and later inversion pulses
(Fig 1). PETRA keeps gradients invari-
able for almost an entire repetition, and
the gradients change only slightly at the
end of each repetition. As a result, PETRA
achieves minimal vibration of the gradient
coils, generating only residual acoustic
noise because of radiofrequency switching.

In this study, we adjusted PETRA se-
quences for clinical use with children.
First, PETRA was set to have the shortest
possible acquisition time while main-
taining sufficient spatial resolution. Sec-
ond, the first TI on PETRA was indi-
vidualized to obtain an appropriate
contrast for the pediatric brain. The first
TI might greatly affect the contrast of the
PETRA image because the central part of
the k-space is acquired with a first inver-
sion pulse in the PETRA sequence (Fig
1) and the T1 value of the brain is
known to be longer in infants and small
children than in older children and
adults.13,14 Therefore, the first TI was set

to a longer value than that used in adult scans. We measured the
T1 value of each child before PETRA sequencing by using double
flip angle FLASH sequences with the following parameters:
TR/TE � 10/1.37 ms; double flip angle � 3°, 19°; FOV � 230 mm;
matrix � 95 � 128; thickness � 4 mm; number of sections � 19;
acquisition time � 26 seconds.

A T1 map was subsequently generated by the MR imaging scan-
ner software. We placed an ROI that corresponded to the contour of
the brain parenchyma at the level of the basal ganglia on the T1 map,
and the T1 value of the brain parenchyma was measured, excluding
values of �3000 ms to remove the CSF space. Then, the first TI on
PETRA was set as the measured T1 value multiplied by 0.7, and we set
the upper and lower limits of the first TI at 1000 and 1800 ms, respec-
tively; if the measured T1 value exceeded these limits, the first TI was
set at 1000 or 1800 ms, respectively. This method was determined by
a pilot study and a study with adult volunteers (N.A., unpublished
data, April 2013). The imaging parameters for PETRA and MPRAGE
are shown in Table 1. The actual MPRAGE parameters varied de-
pending on the child’s head size.

Image Analysis
PETRA images were reformatted in the axial plane in the same

section angulation and thickness as those for MPRAGE. Images

were assessed qualitatively and quantitatively.

Quantitative Analysis
Quantitative analysis was performed by assessing the imaging con-

trast and calculating the contrast-to-noise and signal ratios between

WM and GM on MPRAGE and PETRA. The signal intensity and SD

at the WM and adjacent GM were measured by a neuroradiologist

(M.E., with 8 years of experience in neuroradiology) by ROI place-

ment. This analysis was conducted by selecting a population with

relatively advanced myelination (ie, children older than 7 months of

FIG 1. Pulse sequence diagram for the inversion pulse of the PETRA sequence. The center part of
the k-space is acquired with pointwise encoding after the first inversion pulse, and the outer edge
of the volumetric k-space is acquired with radial projections after the second and later inversion
pulses. Acq indicates acquisition.
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age). ROIs were placed at the following anatomic structures: the cer-

ebellar WM and the adjacent cortex, the anterior part of the posterior

limb of the internal capsule and thalami, the genu and splenium of

the corpus callosum (CC), and the adjacent cerebral cortex. The con-

trast-to-noise and contrast ratios were calculated by using the follow-

ing formulas, where SI is the signal intensity and SD is the standard

deviation:

Contrast-to-Noise Ratio

� (Mean SIWM � Mean SIGM)/[(SDWM
2 � SDGM

2)]1/2

Contrast Ratio � Mean SIWM/Mean SIGM.

The ROI measurement was performed on both the right and

left sides, except for the corpus callosum, and the calculated values

were averaged.

Qualitative Assessment
Qualitative assessments were provided by experienced radiolo-

gists (K.N. and Y.F., who had 20 and 10 years of experience in

pediatric neuroradiology, respectively). The radiologists indepen-

dently rated the degree of myelination on MPRAGE and PETRA

in a random order by using a clinical PACS viewer. The following

2 sections were used for this assessment: section 1, at the level of

the inferior (temporal) horn of the lateral ventricle; and section 2,

at the level of the foramina of Monro. In turn, the following ana-

tomic locations were evaluated at each section: the subcortical

WM in the anterior temporal lobe and the cerebellar WM at sec-

tion 1; and the anterior part of the posterior limb of the internal

capsule, genu, and splenium of the CC, and the subcortical WM in

the anterior frontal and posterior occipital lobe at section 2. Be-

cause myelination appears as a relative hypersignal on T1WI, the

degree of the myelination was assessed by the signal intensity at each

anatomic location in comparison with the adjacent GM. The follow-

ing 4-point scale was used for this assessment: 0, hyposignal; 1,

isosignal; 2, slight hypersignal; and 3, prominent hypersignal.

Acoustic Noise
In addition to the patient study, we also measured acoustic noise

by MPRAGE and PETRA during the scan of a phantom by using a

32-channel head coil. The acoustic noise level of each sequence

was recorded by using a microphone (NL-32; Rion, Tokyo, Japan),

which was placed horizontally at a distance of 2.5 m from the front

panel of the MR imaging scanner. The measurements took 10 sec-

onds to complete, and they were repeated 16 times. The measured

noise values were averaged for each sequence. For comparison, the

ambient sound level was measured 8 times for 10 seconds each.

Statistical Analysis
Statistical analyses were performed by using the MedCalc software

package for Windows, Version 15.4 (MedCalc Software, Mariakerke,

Belgium), and we considered P values � .05 to indicate a statistically

significant difference. The contrast-to-noise and signal ratios for

MPRAGE and PETRA were compared by using paired sample t tests.

Inter- and intrarater agreement for the myelination scores between

MPRAGE and PETRA was evaluated by calculating the intraclass

correlation coefficient (ICC). ICCs were interpreted by using the cri-

teria reported by Landis and Koch15: an ICC of 0.01–0.20 indicated

slight agreement; an ICC of 0.21–0.40, fair agreement; an ICC of

0.41–0.60, moderate agreement; an ICC of 0.61–0.80, substantial

agreement; and an ICC of 0.81–1.0, near-perfect agreement.

Table 1: Parameters of MPRAGE and PETRA

Parameters

MPRAGE

PETRASmall FOV Middle FOV Large FOV
FOV (mm) 150 200 240 285
Orientation Axial Axial Axial Sagittal
First TI (ms) NA NA NA 1000–1800
TI (ms) 800 800 800 700
TR (ms) 1570 1570 1570 3.75
TE (ms) 2.14 2.79 2.77 0.07
Echo space (ms) 5.2 5.2 5.2 3.75
Flip angle (degrees) 9 9 9 6
Section thickness (ms) 1.0 1.0 1.0 0.8
Section oversampling (%) 100 36.4 25.0 0
Matrix 154 � 192 168 � 192 224 � 256 352 � 352
Radial spokes NA NA NA 35,000
GRAPPA 2 2 2 NA
Resolution (mm) 0.98 � 0.78 � 1.00 1.04 � 1.04 � 1.00 0.94 � 0.94 � 1.00 0.81 � 0.81 � 0.81
Scan time (min/sec) 3:27 3:05 3:05 4:20

Note:—NA indicates not available; GRAPPA, generalized autocalibrating partially parallel acquisition.

Table 2: White– gray matter contrast for MPRAGE and PETRA

Assessed Location

Contrast-to-Noise Ratio Contrast Ratio

MPRAGE PETRA P Value MPRAGE PETRA P Value
Cerebellar white matter 4.02 � 0.78 6.48 � 1.75 �.001 1.27 � 0.06 1.26 � 0.01 .82
Anterior part of the posterior limb

of the internal capsule
2.25 � 0.68 3.69 � 0.87 �.001 1.11 � 0.04 1.17 � 0.05 �.001

Corpus callosum
Genu 6.74 � 2.36 8.41 � 3.90 .004 1.46 � 0.12 1.59 � 0.20 �.001
Splenium 6.01 � 1.87 8.17 � 3.07 �.001 1.42 � 0.10 1.45 � 0.12 �.001
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RESULTS
Patients
We added T1-weighted PETRA after routine MR imaging exam-

inations for 76 consecutive patients, of whom 20 were excluded

because of severe motion artifacts. Thus, 56 patients (age range, 5

days to 14 years; mean age, 36.6 months; median age, 25 months)

were enrolled in this study.

MR imaging was performed for the following reasons: devel-

opmental delay (n � 25), autism (n � 4), epilepsy (n � 4), rigidity

of the limbs (n � 3), small head size (n � 2), large head size (n �

1), eye-movement disorder (n � 2), mental retardation (n � 1),

headache (n � 1), follow-up examination of congenital cytomeg-

alovirus infection (n � 2), screening for patients with neurofibro-

matosis type 1 (n � 2) and café-au-lait spots on the skin (n � 1),

agenesis of the CC detected on fetal ultrasonography (n � 1),

phenylketonuria (n � 1), hypoxic ischemic injury (n � 1), car-

diopulmonary resuscitation (n � 1), follow-up examination of

mitochondrial encephalomyopathy, lactic acidosis and strokelike

episodes syndrome (n � 1), encephalopathy (n � 1), folate recep-

tor � deficiency (n � 1), and diabetes insipidus (n � 1).

Image Analysis
The results of the MRIs were as follows: no abnormality (n � 29),

WM volume loss (n � 6), hypogenesis (n � 3) and agenesis (n �

1) of the CC, parenchymal atrophy (n � 3), small cerebellum (n �

3), small cerebellum and brain stem (n � 2), cerebellar dysplasia

and heterotopia (n � 1), patchy T2 pro-

longation in the WM due to congenital

cytomegalovirus infection (n � 2), mul-

tiple foci of T2 prolongation in patients

with neurofibromatosis type 1 (n � 2),

medial temporal sclerosis (n � 1), small

foci of hypoxic change at the watershed

area (n � 1), subacute infarction of the

territory of the left middle cerebral ar-

tery (n � 1), and ventricular dilation

(n � 1). The measured T1 value of the

brain parenchyma ranged from 1273 to

2618 ms (mean, 1816 � 288 ms). Thus,

for the designated interval of 1000 –1800

ms, we set the first TI at a mean of

1283 � 213 ms for PETRA.

Quantitative Analysis
The WM–GM contrast was measured in

49 patients older than 7 months of age.

The ROI measurements could not be

performed at the CC in 4 patients (1 case

of CC agenesis and 3 cases of CC hypo-

genesis). The results of the WM–GM

contrast for MPRAGE and PETRA are

summarized in Table 2. Contrast-to-noise

ratios were significantly higher for PETRA

than for MPRAGE at all the assessed loca-

tions. Contrast ratios were significantly

higher for PETRA than for MPRAGE in

the anterior part of the posterior limb of

the internal capsule and in the genu and

splenium of the CC. Contrast ratios were not significantly different

between MPRAGE and PETRA in the cerebellar WM.

Qualitative Analysis
The assessed myelination scores for each reader are summa-

rized in the On-line Table. Myelination at the CC was not

assessed in 1 case with CC agenesis and another case with CC

hypoplasia. In 1 case with a hypoplastic CC splenium, only the

genu was assessed. Myelination of the CC was assessed in 1 case

with slight CC hypoplasia.

The mean differences in the PETRA to MPRAGE scores for

reader 1 were �0.07– 0.09; the corresponding values for reader

2 were �0.16 – 0.09 (On-line Table). Interrater correlation for

the degree of myelination was substantial or nearly perfect

between MPRAGE and PETRA at almost all assessed locations

(ICC range, 0.80 –1.00; Figs 2–4). The ICC was �0.01 for the

intrarater correlation of the cerebellar WM rated by reader 2,

in which all the cases on PETRA were scored 3, and 51 (91.1%)

cases were scored 3 on MPRAGE (the remaining cases were

scored 2). Interrater correlation was almost perfect (ICC

range, 0.87– 0.99) at most assessed locations. The ICC was also

�0.01 for the interrater correlation for the cerebellar WM on

PETRA, where all the cases on PETRA were scored 3 by reader

2 and 52 (92.9%) cases were scored 3 by reader 1 (with the

remainder scored 2).

FIG 2. Images of a 9-day-old neonate. MPRAGE (A and B) and PETRA (C and D) images show slight
hypersignals in the cerebellar WM and the anterior part of the posterior limb of the internal
capsule (arrows), indicating myelination.
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Acoustic Noise
The mean acoustic noise levels of MPRAGE and PETRA were 87.4

and 58.2 dB(A), respectively, set against an ambient sound level of

53.4 dB(A). Notably, the acoustic noise level of PETRA was only

4.8 dB(A) higher than that of ambient sound.

DISCUSSION
We found that PETRA had a generally better WM–GM contrast

than MPRAGE. In addition, there were relatively small differences

in subjective image quality between MPRAGE and PETRA. Intra-

rater agreement for MPRAGE and PETRA was substantial or

nearly perfect for most of the assessed locations. Although the ICC

for the cerebellar WM score on PETRA was very low for reader 2,

this result may have been because reader 2 rated all the scores as 3

for cerebellar WM myelination. Actually, small differences were

noted in the intrarater and interrater agreement for the cerebellar

WM scores. Thus, although further investigation is clearly war-

ranted, these results suggest that there may be no differences in the

assessment of myelination between MPRAGE and PETRA.

The assessment of brain myelination as an indicator of brain

maturation is one of the main uses of T1WI in pediatrics.16 Newer

3T MR imaging scanners yield lower contrast on spin-echo T1WI

than 1.5T scanners because of T1 prolongation.17 Therefore, gra-

dient-echo sequences such as MPRAGE provide better contrast

than conventional spin-echo T1WI.18 In

addition, volumetric acquisition by us-

ing a 3D gradient-echo sequence pro-

vides greater anatomic detail for patho-

logic assessment than conventional 2D

spin-echo T1WI. Indeed, the use of a 3D

gradient-echo sequence may play a role

as important as T1WI on a 3T MR imag-

ing.19 In a previous study of the produc-

tion of contrast-enhanced images by us-

ing PETRA,11 equal or better imaging

quality was obtained by PETRA com-

pared with MPRAGE for brain tumors.

Our results suggest that PETRA also of-

fers quality comparable with that of

MPRAGE for noncontrast T1WI of the

pediatric brain.

PETRA sequences need to be speci-

fied for the pediatric brain. Therefore,

we set the first TI on PETRA depending

on the individual T1 values, which were

measured before PETRA scanning. In

fast gradient-echo sequences, longitudi-

nal relaxation of the proton is fully

recovered at the first echo, whereas it

is partially recovered at subsequent

pulses, eventually achieving steady-

state. Therefore, several echoes are usu-

ally not obtained at first, which is called a

“dummy pulse.”20 With PETRA, how-

ever, data are collected from the begin-

ning of the echoes after the first TI to

obtain a better signal-to-noise ratio. PE-

TRA acquires data by a pointwise

method at the center of k-space from the first inversion recovery

and from radial projection at the outer edge of the k-space after

subsequent inversion pulses. Thus, setting the first TI might

greatly affect the resulting imaging contrast, so we set the first TI

according to individual T1 values. A longer first TI might lead to a

better contrast on PETRA, but it means prolongation of the ac-

quisition time. Therefore, we set the first TI to the shortest possi-

ble value, preserving the imaging quality for clinical use. The ac-

tual setting of the first TI was determined by a preliminary

volunteer study. Although further assessment will be needed to

determine the appropriate first TI, our results may be appropriate

for PETRA T1WI. On the other hand, this process is complex and

time-consuming. Therefore, we propose that the first TI be set at

1800 ms for infants 4 months or younger and 1300 ms for infants

and children older than 4 months of age for clinical use, according

to the measured T1 value.

Currently, PETRA has some limitations when setting the se-

quence. In the current implementation, patients were only

scanned with PETRA in the sagittal plane, so section orientation

differed between MPRAGE and PETRA. Notably, the parameter

setting and spatial resolution differed between PETRA and

MPRAGE. In addition, a small FOV cannot be applied for

PETRA, and although we set PETRA at a resolution similar to that

FIG 3. Images of a 5-month-old girl. MPRAGE (A and B) and PETRA (C and D) images both show
prominent hypersignals in the cerebellar WM, slight hypersignal in the anterior part of the pos-
terior limb of the internal capsule and the splenium of the corpus callosum, and isosignal in the
cerebral cortex at the genu of the corpus callosum and in the subcortical WM of the occipital
lobe, indicating myelination.
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of MPRAGE, the acquisition time was about 1 minute longer than
that of MPRAGE. This might affect the imaging contrast results
for PETRA compared with MPRAGE in this study.

Generally, radial acquisition needs a large number of total
spokes. However, we used reduced radial spokes on PETRA for
clinical use with children to acquire MR data in a relatively short
time. However, this use resulted in undersampling for a radial
k-space acquisition. To improve imaging quality when working
with undersampled data, we used 2 techniques before the radial
spokes were gridded to the Cartesian grid on PETRA, namely,
adaptation of the attenuation matrix to the attenuation present in
the Cartesian center of the k-space and application of a certain
plateau level at the periphery.10,21,22 On the other hand, these
processes lead to image blurring, which might affect the imaging
analysis in this study.

We found that acoustic noise on PETRA was much less than
on MPRAGE; this difference was attributed to the unique gradi-
ent-pulse sequence of PETRA. PETRA yielded only a slight in-
crease in acoustic noise over background noise, achieving an al-
most silent sequence. Ida et al11 previously measured the acoustic
noise of MPRAGE and PETRA by using a clinical 3T MR imaging
scanner, which resulted in noise levels of 78.1 dB(A) and 51.4
dB(A), respectively. These results are consistent with our results,
indicating negligible acoustic noise when using PETRA, which

should translate to clinical benefit when
performing MR imaging examinations
in children. Although we measured only
a short period for acoustic noise on PE-
TRA, we think that our measurements
contained representative noise levels.

The limitations of this study are as
follows: First, the sample size was rela-
tively small and comprised a heteroge-
neous population. The assessed myeli-
nation process was, therefore, not based
on a normal population. In addition, we
only assessed the individual differences
between MPRAGE and PETRA, and fu-
ture studies will be needed to investigate
the detectability of intracranial lesions
on PETRA, such as ischemic, metabolic,
hemorrhagic, and hamartomatous, and
some neurodegenerative diseases; those
were generally well-visualized on T1WI.

We did not assess the utility of PETRA

for potential pathologic conditions, but

we believe that PETRA could visualize

good imaging contrast for neuropathol-

ogy. On the other hand, detailed morpho-

logic evaluation on PETRA may need

more radial spokes for k-space data ac-

quisition to avoid image blurring. Al-

though a relatively wide age range was
included in this study, we only included
patients who needed sedating agents.
Consequently, it was a large popula-
tion of relatively small children. Thus,
this can introduce a selection bias. Sec-

ond, the qualitative analysis was performed in patients older

than 7 months of age because in infants and small children, it

was difficult to put the ROI in areas where the myelination

showed less progression. Therefore, we only assessed myelina-

tion qualitatively for children 7 months of age and younger. In

addition, image noise was not assessed because of the differences

in the reconstruction methods used for MPRAGE and PETRA.

CONCLUSIONS
Compared with MPRAGE, the use of PETRA generally achieved

better objective imaging quality without a difference in subjective

image quality. In addition, PETRA produced near-silent scanning

conditions. Therefore, PETRA can substitute for MPRAGE when

scanning pediatric patients.
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posterior limb of the internal capsule, genu and splenium of the corpus callosum, and the sub-
cortical WM at the temporal, frontal, and occipital lobes, indicating myelination.
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