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Abstract

Measurements of cerebral blood flow (CBF) with arterial spin labeling (ASL) MRI are challenging
primarily due to a poor signal-to-noise (SNR) ratio. Therefore, methods that improve SNR and
minimize measurement errors can play a significant role for better estimations of CBF. The purpose
of this work was to develop an ASL method for measurements of CBF at high magnetic field strength.
In the proposed multislice ASL method, using in-plane double inversion for labeling, stationary spins
are kept at equilibrium to avoid T4 relaxation effects, while blood water is labeled using a lower
magnetic field gradient. Improvement for CBF measurements is demonstrated on subjects and by
comparison with other multislice ASL MRI methods at 1.5 Tesla. Furthermore, echo-planar imaging
(EPI) and Turbo-FLASH (TFL) at 4 T MRI are compared for mapping CBF in human brain using
various postlabeling delay times. CBF maps were obtained and analyzed within region-of-interests
encompassing either gray matter or white matter. Elimination of T, dependence of stationary spins
in conjunction with avoidance of magnetization transfer mismatch between labeling and control scans
lead to improved CBF measurements. Although measurements of CBF in brain tissue are feasible at
4 T using either EPI or TFL, TFL reduced contaminations from an intravascular signal and
susceptibility-related artifacts, providing overall more robust CBF measurements than EPI.
Therefore, the proposed ASL method in combination with TFL should be used for measuring CBF
of human brain at 4T.
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l. INTRODUCTION

Measurement of cerebral blood flow (CBF) in human brain is challenging with most imaging
techniques for various reasons, including positron emission tomography (PET), dynamic
susceptibility contrast (DSC) magnetic resonance imaging (MRI), and arterial spin labeling
(ASL) MRI. A main problem of ASL-MRI is a relatively poor signal-to-noise ratio (SNR),
because only endogenous blood water is used as the tracer, which comprises only a few percent
of the total brain tissue blood water.L In addition, the ASL signal is rapidly being diminished
due to T, relaxation during the arterial transit time (ATT) until blood reaches the capillary bed
in brain tissue.Z Once the spin labels diffuse into the brain, additional signal loss can occur due
to interactions of the labels with brain tissue. CBF mapping using echo-planar imaging (EPI)

is further complicated by signal loss due to transverse relaxation rate (RZ) which is higher in



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jahng et al.

Page 2

brain tissue than in arterial blood.3 Since & rates are higher in white matter than gray matter
and also increase proportionately with magnetic field strength,4 the sensitivity of ASL suffers
particularly at higher magnetic fields in white matter, although prolonged T, relaxation at
higher magnetic field strength benefits the ASL signal.5 Moreover, magnetization transfer
(MT) effects between myelin and free water, causing noise and imaging artifacts, can further
aggravate problems with CBF mapping, since image voxels may contain different amounts of
myelin.

Labeling methods also play an important role for ASL sensitivity. While continuous ASL
methods generally provide the highest SNR,6 they can induce strong magnetization transfer
(MT) effects’ due to the long duration of the radio frequency labeling pulse. In contrast, pulsed
ASL methods, such as flow-sensitive alternating inversion recovery (FAIR),8 or proximal
inversion with a control for off resonance effects (PICORE),9 employ much shorter labeling
pulses and thus induce much weaker MT effects, 10 though they may still be measurable. When
stationary spins are inverted in both control and labeled schemes as in the FAIR method, they
become subject to Tq relaxations, which may result in subtraction errors. Ideally, stationary
spins should remain in equilibrium during ASL in both labeling and control scans to avoid
errors related to Tq relaxation. To maintain stationary spins at equilibrium, the methods of
uninverted FAIR (UNFAIR),11 or equivalently extra-slice spin tagging (EST),:L2 were
proposed. However, UNFAIR and EST—as initially designed—are limited to single slice
selection and moreover work effectively only at exact MR resonance frequency, i.e., for slice
in the magnet center.

The overall goal of this study was to improve CBF measurements in human brain by developing

pulsed ASL-MRI without T, relaxation problems for labeling and reduced dependence on &>
and MT. Specifically, the objectives were (1) to design a pulsed labeling scheme which
maintains equilibrium of stationary spins in both labeling and control scans and compensates
for MT effects while providing multislice imaging capabilities; (2) to combine the proposed
ASL scheme with Turbo-Fast low angle shot (FLASH)(TFL) imaging to reduce signal loss
due to R>; (3) to compare the sensitivity of TFL with that of EPI to measure CBF of human
brain at a high magnetic field strength.

IIl. METHODS AND MATERIALS

IILA. Proposed arterial spin labeling method

A labeling method, which maintains stationary spins in equilibrium and minimizes MT effects,
is shown in Fig. 1. Labeling is achieved by in-plane slice-selective double inversion for both
the control and the labeling scans, termed IDOL. For the control scan [U in Fig. 1(a)], two
inversion pulses [flip angle=r in Fig. 1(a)] of equal amplitude (B1) and bandwidth are applied
in the presence of amagnetic field gradient maintaining equilibrium magnetization for the spins
within the imaging region [area 2 in Fig. 1(b)], identical to the spins outside the imaging region
[area 1 in Fig. 1(b)] which were not perturbed by labeling. For the labeling scan [L in Fig. 1
(a)], again two inversion pulses of equal amplitude (B1) and bandwidth are applied in the
presence of magnetic field gradients, but one of the inversion pulses is now transmitted in the
presence of a lower magnetic field gradient. The amplitude of the lower magnetic field gradient
is set to excite a slab larger than the imaging region. As a result, spins within the imaging region
experiencing double-inversion pulses remain in equilibrium, while spins outside the imaging
region, experiencing only a single inversion pulse, are inverted and thus can be differentiated
from other spins as they flow into the imaging region. A mismatch of MT is avoided because
all inversion pulses are transmitted at the same resonance frequency. Furthermore, since
stationary spins within the imaging region remain at equilibrium and therefore are not subject
to T relaxation, multislice imaging can be performed across this region without T4 modulation.
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In the absence of T, modulation, the control scan yields effectively a proton density image
which could be employed in variety of ways, including simultaneous measurements of the
blood oxygenation level dependence (BOLD).9 Moreover, since both control and labeling
scans employ slice-selective rf pulses, the velocity dependence of the ASL signal is the same
for control and labeling scans, thus reducing velocity modulations upon subtracting the two
scans as shown later below [area 3 in Fig. 1(b)].

II.B. Comparisons between IDOL and UNFAIR or FAIR

IDOL was combined with a multislice gradient-echo EPI sequence, implementedona 15T
MRI system (Siemens, Vision) and tested on five healthy volunteers. Figure 1(c) shows the
schematic drawing of the pulse sequence. Following labeling with IDOL after a period TI1,
14 periodic saturation pulses were applied within a 20 mm band distal to the imaging region,
as shown in Fig. 1(b), to destroy any magnetization trailing the inflowing labeled blood, thus
avoiding dilution of the ASL signal from unlabeled spins during imaging.13 Following the
saturation pulses, a multislice gradient-echo EPI sequence (seven slices, each 8 mm thick with
a2 mm gap between slices; 4x2 mm? in-plane resolutions) with a sinc-shaped rf pulse for slice
excitation (90 deg) was used for perfusion-weighted imaging (PW1). For comparison, labeling
with IDOL was replaced by UNFAIR/EST and FAIR ASL methods while the rest of the
sequence remained the same. TR/TE=3000/15 ms was used in all experiments. Two principally
different conditions were tested: (1) Labeling without subsequent periodic saturation for a total
postlabeling delay (T1,) of 1600 ms; (2) Labeling followed after 800 ms (T1;) by period
saturation pulses for a total postlabeling delay of again 1600 ms. Scan time for 32 averages
was 3 min.

II.C. Comparisons between EPI and TFL for IDOL

IDOL was combined with either gradient-echo EPI (EPI-IDOL) or TFL (TFL-IDOL) for
mapping CBF in human brain. The sequences were implemented on a4 T MRI system (Bruker/
Siemens, MedSpec) and tested on eight healthy volunteers (mean age=48 years, range 27 to
57 years, six men and two women). To test the effect of arterial transit delays on CBF mapping,
ASL images were acquired at different postlabeling delay times (Tl,) varying from 1200 to
3000 ms in steps of 300 ms. The acquisition parameters of EPl were TR=3500 ms, TE=9 ms,
matrix=48x64, voxel size=4x4x6 mm with 1.5 mm gap, number of slices=9, number of
measurements=60; and those of TFL were TR=155 ms (time from the first excitation pulse to
the last acquisition), TE=2.28 ms, flip angle=10 deg with centric reordering and rf spoiling,
bandwidth=320 Hz/pixel, and ascending slice order. The rest of the parameters for IDOL
preparation were the same in EPI and TFL. Measurement times for each image frame were
3.34 min for EPI-IDOL and 4.30 min for TFL-IDOL. IDOL labeling and control scans were
subtracted to obtain PWI data. The PWI data were converted into parametric CBF maps for
each Tllﬁ delay time using a single compartment and instant equilibrium model for a blood
tracer,

AM=2M, - CBF - % TI - TR/ E, "

Here, AM is the perfusion weighted signal, M is the control scan signal, CBF is in units of
ml/100g/min. (0.95) and A(mI/100 g) describe the labeling efficiency and the tissue-to-blood
partition, respectively. For simplicity, it was assumed that both parameters are unity. Tl; (800
ms or 0.013 min) is the interval between the middle of the inversion pulse and the start of the
periodic saturation pulse train and Tly(ms) is the period between the inversion pulse and the
excitation pulse. By definition, Tl, is a function of the slice order as blood flow advances from
the labeling gap to the distal slice position in the brain, hence Tly(n)=Tl,+n*Tx. Here, n is the
slice order and Tx is the imaging time of EPI or TFL. Tq,(ms) is the longitudinal relaxation
time of blood. E is a correction factor to account for potential scaling of longitudinal relaxation
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times of brain tissue (Ty;) and blood (T1p,) as a consequence of rapid rf pulse readout of the
ASL signal. Hence, E is dependent on the sequence. Initially, E=1 is assumed (see Sec. IV for
further details on E).

II.C.1. Postprocessing—Processing of the ASL data was performed off-line and included
the following steps using the Statistical Parametric Mapping version 2 (ssw2) software
[http://www.fil.ion.ucl.ac.uk/spm/software/spm2/]:

Step 1 (Alignment): The 60 PWI data sets of each Tl, were aligned to each other and
amean image generated, separately for each subject and sequence (EPI or TFL), using
rigid body affine registration to minimize motion artifacts between measurements.

Step 2 (Calculation of PWI and CBF maps): Home-written code in waras software
was used to convert each mean PWI set from step 1 to a parametric CBF map,
according to Eq. (1). The first two data points of each Tl set had to be ignored in the
calculation because of artifacts due to T;.

Step 3 (Co-registration): For each sequence, the mean PWI sets of each subject were
then co-registered to the corresponding anatomical MRI data [three dimensional (3D)
T1-weighted images with 1x1x1 mm resolution, 2 s inversion time] of each subject

using a mutual information technique available in SPM.

Step 4 (Spatial normalization): Nonlinear spatial normalization of the CBF maps was
achieved by first registering the anatomical T1-weighted images of the volunteers to
a T1 brain template and then applying the same transformation parameters, adjusted
for resolution, to the CBF maps of each subject. Finally, the CBF maps were resliced
and interpolated to 2x2x2 mm voxel size for region of interest analysis (ROI).

Step 5 (Regions-of-interest ROI definitions): Three ROIs were selected, each in
anterior (AC) and posterior (PC) cingulate cortex, representing gray matter regions
and another ROI in the central semiovale, representing white matter region. The
spatially normalized anatomical 3D T4-weighted image of all subjects in conjunction
with wmricro SOftware [http://www.sph.sc.edu/comd/rorden/mricro.html] was used to
guide ROI placement. Mean values of signal intensity (SI) of control and labeled
images and CBF values were computed for each ROI, separately for each sequence,
Tl, delay time and subject. S-rLus software (Insightful Corporation, Seattle, WA) was
used for statistical analysis. Comparisons were evaluated using t-tests with
alpha=0.05 as level of significance.

[ll. RESULTS
llILA. Comparisons between IDOL and UNFAIR or FAIR

Figure 2 shows representative PWI data from a volunteer obtained using either IDOL, FAIR,
or UNFAIR without [Fig. 2(a)] and with [Fig. 2(b)] application of periodic saturation pulses.
Similar data were obtained from the other four volunteers. The data show: (1) IDOL vyielded
better image uniformity across slices than UNFAIR [Figs. 2(a) and 2(b)], consistent with
improved labeling scheme using slice-selective double inversions; (2) IDOL also showed less
signal contamination from large blood vessels than UNFAIR and FAIR, as seen in Figs. 2(a)
and 2(b). Furthermore, IDOL in combination with period saturation pulses reduced flow
artifacts in PWI data, presumably because IDOL is less sensitive to velocity variations of
inflowing blood than FAIR [Fig. 2(b)]. Specifically, IDOL was largely immune to changing
the number of saturation pulses, whereas image quality degraded quickly in FAIR when the
number of saturation pulses was reduced. UNFAIR, which uses double inversion similar to
IDOL, was also relatively immune to varying the number of saturation pulses.
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[1I.B. Comparisons between EPI and TFL for IDOL

Figure 3 shows spatially normalized representative CBF maps from a volunteer obtained with
EPI [Fig. 3(a)] and TFL [Fig. 3(b)] readouts at TI,=2400 ms. Note the CBF maps were
calculated for each Tl, value and show a high gray/white contrast. Overall, CBF maps were
less variable with TFL acquisition than with EPI. .

Figure 4(a) shows mean signal intensities (SI) and standard deviations of raw control and
labeled images averaged over all eight subjects as a function of the postlabeling delays time
(T1,), separately for each ROI and for each sequence (EPI or TFL). Mean signal intensities
acquired with EPI were higher than those acquired with TFL for all three ROIs (p<0.0001 for
AC, p<0.0004 for PC, and p<0.0001 for WM by t-tests). As expected, the mean signal
intensities in white matter were lower than those in gray matter for both EPI (p<0.002) and
TFL (p<0.052). For TFL, the mean signal intensity in the posterior cingulate was higher than
that in the anterior cingulate, though the difference was not significant (p=0.38). In contrast,
EPI yielded a substantially lower signal intensity in the posterior cingulate than in the anterior
cingulate (p<0.0001).

Figure 4(b) shows mean CBF values and standard errors from data of the eight volunteers
obtained in three ROIs and calculated for individual TI, time. Note, CBF was computed
separately for each Tl time delay to assess the variability of the CBF measurements, which
should theoretically be independent of Tl, . In EPI, CBF values in the anterior cingulate
systematically varied as a function of Tl times, indicating a measurement bias toward shorter
Tl, . CBF values from EPI were also higher than those from TFL for all three ROls (p=0.0006
for AC, p=0.001 for PC and p=0.048 for WM). TFL yielded higher CBF in the posterior
cingulate than in the anterior cingulate (p=0.043), while EPI yielded the opposite (p<0.023).
CBF values in white matter for both EPI and TFL systematically increased up to T1,=2100 ms
and then flattened or decreased, which may reflect a much longer arterial transit time of white
matter than of gray matter.

Table 1 lists coefficients of variation (CoV, standard deviation divided by the mean) of signal
intensities of control and labeled images in the three ROIs, separately for EPI and TFL. Signal
variability was significantly lower in TFL than EPI in all three ROIs (P<0.0001 for AC,
p<0.0004 for PC, and P<0.0001 for WM). In contrast to signal intensity, the CoV values were
not significantly different between TFL and EPI. CoV values for CBF of white matter were
significantly higher than those of gray matter for both EPI (p<0.0008) and TFL (p<0.0006).

IV. DISCUSSION

We implemented a new ASL method in combination with multislice image acquisition and
demonstrated improved spin labeling properties on a 1.5 and a 4 T MRI system. In addition,
we compared CBF measurements between 1.5 and 4 T as well as between gradient-echo EPI
and TFL imaging at 4 T. Compared to FAIR, IDOL provided more consistent CBF
measurements, likely because of a combination of greater immunity to variations in blood
velocity and elimination of T, differences between control and labeling scans. Compared to
UNFAIR, IDOL was less confounded by signal nonuniformity across slices by improving
balance of rf and gradient pulse between labeling and control scans. However, other ASL
methods, such as pseudo-continuous15 or TILT,16 may also improve MT. In general, it is
expected that perfusion yields a uniform pattern of signal variation for ASL and systematic
modulations are the result of induced artifacts. Therefore, signal nonuniformity across slices
may be a useful indicator for the performance of ASL methods. In this study for example, both
the FAIR and UNFAIR methods yielded a higher signal for bottom and top slices than for
slices in the middle, as seen in Fig. 2, indicating a systematic measurement error. MT effects
and contamination of the perfusion signal from residual intravascular labeled blood water can
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be responsible for signal nonuniformities across slices. An ASL method that yields more signal
uniformity across slices could therefore be considered superior to methods that lead to large
nonuniformity.

IDOL was combined with two different mapping techniques, EPl and TFL, to assess the impact
of R on CBF measurement at higher magnetic field strength. Although EPI yielded a higher
PWI signal than TFL and correspondingly, higher CBF values, measurement variability,
expressed as CoV, was markedly lower for TFL than for EPI. A higher yield of the ASL signal
for EPI, but less measurement variability for TFL, suggests that each method is associated with
a systematic bias. There are several explanations for this outcome: First, the ASL signal
(subtraction of the labeled image from the unlabeled image) may be reduced in TFL because
contributions from blood vessels are better suppressed by the multiple excitation rf pulses of
TFL than by the single excitation pulse of EPI. In EPI, the ASL signal may therefore be more
contaminated by contributions from blood vessels than in TFL, leading to a higher ASL signal
and an overestimation of CBF with EPI. The contamination of the ASL signal may also explain
the low variability of CBF measurements with EPI. Several previous ASL studies showed that
CBF value acquired with EPI tend to increase if no diffusion gradient17 or a long postlabeling
delay18 were used to suppress contributions from large vessels. Second, another explanation
for lower CBF values in TFL than EPI may be related to assumptions made when modeling
CBF. Parametric models of CBF usually assume E=1, in Eqg. (1), ignoring sequence-dependent
scaling of relaxation rates due to rapid rf repetitions. The expression for E is
e ok T) _ 1

E=—pr—,

OR| - TI (2)

where 5R1=R1p-R1app. R16(=1/T1p), R1app(=R1t*+f/A), and Ry are the longitudinal relaxation
rates of blood, brain tissue with flow, and brain tissue, respectively. For rf pulse repetition rates
much higher than 1/T,, the longitudinal relaxation time scales according to

T1=TRg/ (TRﬁ/Tl — In(cos ['BJ)), where Bis the tip angle and TRy is the repetition time between
the S pulses. For TFL of this study, Ty accordingly should shorten to 0.939 s from 1.35 s for
gray matter and to 0.72 s from 0.939 s (Ref. 19) for white matter. Hence, CBF differences

between EPI and TFL should be reduced if the 71 scaling due to rapid rf pulsing is considered.

With consideration of 71, the average CBF values of PC gray matter becomes 55.6+21.9 ml/
100 g/min for EPI and 47.3+16.1 ml/100 g/min for TFL. Similarly, the average CBF value of

white matter with the 71 correction becomes 19.3+9.1 ml/100 g/min for EPI and 16.5+7.5 ml/
100 g/min for TFL. Therefore, when we correct the E-factor, the differences of CBF values
between EPI and TFL acquisitions are reduced. We expected the ratio of CBF of white matter

to gray matter to be higher for TFL than for EPI because signal loss due to 72 decay is more
prominent for EPI than for TFL. However, the ratio of CBF of white matter to gray matter,
i.e., posterior cingulate, was approximately 0.3, regardless of EPI or TFL readouts. The ratio
is similar to that of simulations from another study, but smaller than results from studies using
radioactive tracers.20 In the present study, we used the minimum TE=9 ms with half Fourier
and partial k-space acquisition for EPI. The 72 effect can maximize the TE of about 40 ms at
a4 T MRI. The observation that both EPIl and TFL yielded the same ratio of white to gray

matter CBF implies that higher R; of white matter at 4 T MRI is not the main source of error
for EPI. In addition, white matter CBF values currently obtained with an ASL-MRI technique
are currently of limited use because of intrinsically low SNR in white matter compared to that
in gray matter. New developments of ASL-MRI are necessary to obtain more reliable CBF
values of white matter. Previous ASL-MRI has primarily focused on reproducibility of ASL
in gray matter,21 while few studies investigated reproducibility of ASL in white matter. In the
future, studies on a larger and more heterogeneous group of subjects need to be performed to
determine reproducibility of CBF measurements in white matter using ASL MRI.
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V. CONCLUSIONS

An improved ASL method has been introduced that eliminates dependence of T, fluctuations
of stationary spins and reduces MT artifacts while permitting multislice perfusion imaging.
Compared to other ASL methods, the improved approach is more robust and therefore should
improve accuracy in measuring regional CBF. Feasibility to measure CBF in human brain at
4 T was demonstrated for both EPI and TFL acquisitions. Although EPI yielded a higher ASL
signal, TFL was less confounded by an intravascular signal and more immune to magnetic
susceptibility effects. Therefore, IDOL in combination with TFL is recommended for
measuring brain perfusion at high magnetic fields.
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FIG. 1.

Three types of pulsed arterial spin labeling methods (a) with imaging position (b). (a) Labeled
(L) and unlabeled (U) schemes of FAIR, UNFAIR, and the proposed method (IDOL). A radio
frequency pulse was shown in a curve, representing the inversion pulses with flip angle of 180
deg. A spoiler gradient was applied after rf pulses to minimize a residual magnetization. A
slice-selective gradient was represented by a rectangular shape. The amplitude of the first small
gradient was decided by the size of the used head coil. (b) Locations of labeling by using an
entire head coil (area 1) used in the first slice-selective gradient of the labeling (L) in the IDOL,
imaging (area 2) used in other slice-selective gradient in all three methods, and the periodic
saturation pulse (area 3). (c) The schematic drawing of the pulse sequence. pSAT is the periodic
saturation pulses applied in area 3 in (b).
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FIG. 2.

Inflow dependency and magnetization transfer (MT) effect in perfusion weighted imaging
(PWI) of three pulsed arterial spin labeling methods to evaluate signal fluctuations by varying
the periodic saturation pulses at the total postlabeling delay time Tl, of 1600 msata 15T
MRI. The proposed IDOL method is improved in MT effect and is insensitive signal
fluctuations. (a) PWI acquired without periodic saturation; (b) PWI acquired with periodic
saturation (T1;=800 ms).
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FIG. 3.

A representative cerebral blood flow (CBF) maps obtained from a volunteer acquired with the
proposed method with an echo planner imaging (EPI) sequence and a Turbo-FLASH (TFL)
sequence at the total post labeling delay time Tl, of 2400 ms at a 4 T MRI. CBF values at the
frontal lobe acquired with EPI sequence are systematic errors, but not with TFL sequence. (a)
CBF maps acquired with a gradient-echo EPI sequence. (b) CBF maps acquired with a TFL
sequence.
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FIG. 4.

Mean changes for the three regions-of-interest (ROI) and for the two sequences as a function
of the postlabeling delays time (Tl,) averaged over eight volunteers. Three ROIs are anterior
cingulate (AC), posterior cingulate (PC), and central semiovale (WM). (a) Mean signal
intensities (SI) and the corresponding standard deviation (STD) of raw control and labeled
images for three ROIs over eight volunteers. (b) Mean cerebral blood flow (CBF) values with
the standard errors (STD/square root of number of volunteers) obtained in three ROIs and
calculated for individual postlabeling delay time (Tl,) over eight volunteers.
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