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Abstract

Purpose—Hypoxia is one of the main causes of the failure to achieve local control using
radiotherapy. This is due to the increased radioresistance of hypoxic cells. 18F-fluoromisonidazole
(*8F-FMISO0) positron emission tomography (PET) is a noninvasive imaging technique that can assist
in the identification of intratumor regions of hypoxia. The aim of this study was to evaluate the
reproducibility of 8F-FMISO intratumor distribution using two pretreatment PET scans.

Methods and Materials—We enrolled 20 head and neck cancer patients in this study. Of these,
6 were excluded from the analysis for technical reasons. All patients underwent an 18F-
fluorodeoxyglucose study, followed by two 18F-FMISO studies 3 days apart. The hypoxic volumes
were delineated according to a tumor/blood ratio >1.2. The 18F-FMISO tracer distributions from the
two 18F-FMISO studies were co-registered on a voxel-by-voxel basis using the computed
tomography images from the PET/computed tomography examinations. A correlation between

the 18F-FMISO intensities of the corresponding spatial voxels was derived.

Results—A voxel-by-voxel analysis of the 18F-FMISO distributions in the entire tumor volume
showed a strong correlation in 71% of the patients. Restraining the correlation to putatively hypoxic
zones reduced the number of patients exhibiting a strong correlation to 46%.

Conclusion—Variability in spatial uptake can occur between repeat 18F-FMISO PET scans in
patients with head and neck cancer. Blood data for one patient was not available. Of 13 patients, 6
had well-correlated intratumor distributions of 18F-FMISO—suggestive of chronic hypoxia. More
work is required to identify the underlying causes of changes in intratumor distribution before single-
time-point 18F-FMISO PET images can be used as the basis of hypoxia-targeting intensity-modulated
radiotherapy.
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Introduction

Most solid tumors show evidence of hypoxia, presumably as a consequence of tumor cell
proliferation outpacing neoangiogenesis (1-3). To date, three methods have been used to assess
hypoxia in human tumors. These include direct interstitial measurement of the partial oxygen
pressure (pO>) using a polarographic oxygen electrode (Eppendorf GMbH, Hamburg,
Germany). In a study of 28 head and neck cancer patients, Brizel et al. (4) showed that the
average pretreatment median pO, was 11.2 mm Hg (range, 0.4-60 mm Hg), with a lower
median pO, correlating with shorter disease-free survival. A more recent study (5) of 397 head
and neck cancer patients from seven centers showed that a hypoxic fraction defined by a
pO, <2.5 mm Hg threshold was associated with poor overall survival (Kaplan-Meier analysis,
p = 0.006).

Although often considered the benchmark standard, pO, probe measurements are associated
with the following disadvantages: invasiveness; limitation in sampling, because they are
restricted to accessible access sites; and an inability to distinguish between hypoxic and
necrotic tissue.

The second approach is based on immunohistochemical analyses of either endogenous
hypoxia-related proteins or exogenously administered hypoxic cell markers. Koukourakis et
al. (6) studied the relationship between the intensity of hypoxia-inducible factor 2¢ and
carbonic anhydrase 9 staining in head and neck cancer patients undergoing radiotherapy (RT)
and observed a significant inverse association with poor locoregional control (p < 0.0001 and
p =0.0002, respectively) and poor survival (p = 0.0004 and 0.002, respectively). The predictive
value of endogenous, as well as exogenous, hypoxia markers for treatment outcome has been
reviewed by Bussink et al. (7).

The third approach is based on a noninvasive imaging technique. Previous positron emission
tomography (PET) studies using fluorine-18 labeled misonidazole (18F-FMISO) (8) have
demonstrated variable, but significant, levels of hypoxia in soft-tissue sarcomas (4,9-11),
breast cancer (12,13), glioblastoma (14), and cancer of the uterine cervix (10,15). In head and
neck cancer, evidence of hypoxia was found in 40% of cases (16,17).

Rajendran et al. (18) showed the feasibility of this approach using 18F-FMISO PET to detect
tissue hypoxia (corresponding to pO, values of <3 mm Hg) in imaging studies and showed
that 18F-FMISO uptake was directly related to tissue hypoxia (19). Different tumor/blood and
tumor/muscle threshold ratios have been proposed as quantitative criteria for delineating
hypoxic tumor volumes (19-23). To our knowledge, no standard PET criterion for defining
hypoxia has yet been established. In the present study, we elected to adopt the criterion
suggested by Rajendran et al. (19), using a tumor/blood ratio of >1.2 to define the hypoxic
volumes, because our experience confirmed that in all patients <95% of the nontumor voxels
were hypoxic using this criterion.

The effectiveness of local control in RT for head-and-neck cancer can be compromised by the
presence of viable hypoxic cells in the target volume (11,24). Previous studies have shown that
threefold greater radiation doses are required to achieve the same level of cell kill of hypoxic
vs. normoxic cells (25-27). One potential strategy to improve the effectiveness of RT is to
selectively boost the hypoxic volume within the tumor using intensity-modulated RT (IMRT)
(28,29). In this approach, IMRT is used to increase the dose to the “hypoxic tumor volume,”
a subvolume defined within the conventional gross tumor volume, as defined by the tumor
hypoxia images (e.g., 18F-FMISO-PET). However, such a strategy is predicated on the time
invariance of tumor hypoxia as detected by PET tracers. Thus, in this study, we investigated
the reproducibility of the 18F-FMISO distribution in patients with head-and-neck tumors by
performing two PET studies 3 days apart for each patient before RT. The degree of correlation
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between the distributions of 18F-FMISO hypoxic target volumes from the sequential 18F-
FMISO studies was the principal focus of this work.

For simplicity, we have referred to 18F-FMISO as FMISO for the rest of this report.

Methods and Materials

Patient data

We included 20 male head-and-neck cancer patients scheduled for definitive RT in this study.
The Memorial Sloan-Kettering Cancer Center institutional review board (IRB No. 04-070)
approved the study, and all patients provided written informed consent.

All patients underwent a pretherapy fluorodeoxyglucose (FDG)-PET/computed tomography
(CT) scan on Day 0 and FMISO-PET/CT scans on Day 1 (FMISOL1) and Day 4 (FMISO2).
Only 14 patients were included in the analysis. Of the remaining 6, 2 did not show uptake in
either FMISO scan, 1 showed no uptake in the second FMISO scan, and 3 were excluded for
technical reasons. The average age of the 14 included patients was 58 years (range, 46-79). In
one study (Patient 1), the blood sample coagulated; therefore, correlation between FMISO1
and FMISO2 voxels satisfying a tumor/blood (T/B) ratio >1.2 was not performed. Patient age,
primary disease site, and disease stage are summarized in Table 1. The mean tumor volume of
the 14 patients included in this study was ~24 cm? (range, 4-55 cm3).

PET/CT scanner

All scans were performed on a General Electric Discovery LS PET (Advance NXi)/CT
(LightSpeed four-slice) scanner (GE HealthCare, Waukesha, WI). The LightSpeed CT has a
50-cm transaxial field of view, with a slice thickness of 0.63-20.0 mm. The tube current can
be varied between 10 and 440 mA and the tube voltage between 80 and 140 kVp, in increments
of 20 kVp.

The PET Advance NXi scanner is a whole body scanner with a transaxial and axial field of
view of 55 and 15.2 cm, respectively. The scanner has septa for high-resolution two-
dimensional image acquisition; the septa can be retracted for high-sensitivity three-
dimensional imaging. In the present study, PET was done exclusively in the two-dimensional
mode. The intrinsic resolution is 4.2 mm full-width at half maximum.

FMISO imaging protocol

The patients were injected intravenously with an average of 10.4 mCi (range, 9.3-11) of
FMISO. No fasting period before the FMISO injection was required.

The patients were scanned in the supine position on a flat-top couch insert. The head, neck,

and shoulders were immobilized using an Aquaplast mask prepared during the RT simulation
session. To minimize patient misalignment during the multiple studies, marks were drawn on
the flat insert to ensure proper repositioning of the immobilization hardware. In addition, small
CT markers were used on the patient's immobilization mask to assist in the image registration.

Positron emission tomography data were acquired at a mean post-injection time of 162 min
(maximum, 195 and minimum, 117) and 162 min (maximum, 195 and minimum, 126) for the
first (FM1SO1) and second (FMISO2) FMISO scans, respectively. Each of the FMISO studies
covered two PET axial fields of view, with 8 min/field of view. FMISO emission data were
corrected for attenuation, scatter, and randoms, and then iteratively reconstructed using the
standard FDG reconstruction parameters used clinically (28 subsets, two iterations, postfilter,
6.0 mm full-width at half maximum, loop filter, 4.3 mm full-width at half maximum).
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Venous blood samples were obtained immediately before and after the FMISO PET/CT
session. The measured aliquots of each blood sample were counted in triplicate using a
CompuGamma CS Gamma Counter (LKB-Wallac, Turku, Finland), and the net count rates
were converted to activity concentrations (becquerels per cubic centimeter), and then decay
corrected to the time of injection. Blood count data were converted into standardized uptake
value (SUV) units.

Image analysis

All image registration among the two FMISO scans and with the FDG scan were performed
using in-house image registration software, ImgReg (30,31), and was determined using mutual
information between the CT image sets of the respective PET/CT examinations. The following
procedure was used for all 14 patients. The FMISO1 study was considered the reference data
set. The first step of the image registration involved manually aligning the different CT data
sets, using the fiducial markers in the immobilization mask. The target volumes in the FDG-
CT and CT-FMISO2 image sets were then registered rigidly to that in the CT-FMISO1 image
set by maximizing the mutual information in the respective data sets. A sample example of the
accuracy of the CT2-to-CT1 registration is shown in Fig. 1. The transformation matrices were
then applied to the FDG and FMISO2 image sets, thus registering the FDG and FMISO2 target
volumes to the FMISO1 target volume.

The imaging data initially available in units of microcuries per milliliter per voxel were decay
corrected to the time of injection and converted into SUV units. The target volume (TV) was
then segmented according to the FDG-PET/CT images. The FDG TV was defined using the
iterative segmentation technique of Nehmeh et al. (32). The FDG-PET/CT TVs were then
measured. The coordinates and SUV of each pixel in the corresponding volumes in the FMISO1
and FMISO2 images were then extracted to output files using ImageJ software (33).

Statistical analysis

For the convenience of presenting T/B threshold ratios for hypoxia tracer uptake, all values
were converted to SUVs. The blood SUVs were determined using the measured blood aliquots
per unit weight acquired at the PET scan, with decay corrected to the time of injection, divided
by the administered activity per unit body weight.

The relationship between the FMISO1 and FMISO2 distributions within the TV was analyzed
using a voxel-by-voxel SUV correlation between the registered tumor volumes. The
corresponding Pearson correlation coefficient (R) was calculated using two criteria; (1) for all
the voxels included within the TV; and (2) for all the voxels contained within the TV with a
SUV greater than or equal to a T/B ratio of 1.2 for each of the two FMISO image sets. The
goodness of the correlation between the FMISO1 and FMISO2 distributions was defined
according to the following criteria: R <0.5 indicates a weak correlation and R >0.5, a strong
correlation.

The scatter gram of FMISOL1 vs. FMISO2 allowed the data to be partitioned into different
quadrants: (1) if a voxel exceeded the 1.2 threshold in both FMISO1 and FMISO?2, it would
be in the upper right quadrant, perhaps indicative of chronic hypoxia; (2) if a voxel was less
than the 1.2 threshold in both scans, it would be in the lower left quadrant and assumed to be
normoxic; and (3) if the threshold value was exceeded by a voxel in either of the two FMISO
studies, it would be in the upper left or lower right quadrant, perhaps indicating a change in
the hypoxic status between the scans or suggestive of the influence of intermittent or acute
hypoxia.

The fractional hypoxic volume (FHV), using a T/B ratio of 1.2, was defined as
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T/B=12

FDG_TV

FMISO_TV.

where the tumor volume (in the denominator) is defined by the viable tumor volume that shows
FDG uptake.

Figure 2a,b summarizes the blood SUV and maximal tumor SUV, respectively, measured in
the two FMISO scans. The blood SUVs were similar in the studies for all patients, except for
Patients 2 and 11, for which marked discrepancies in the 18F-MISO activities were found.
These values were the average of two blood samples, obtained immediately before and after
the PET scan and reflect serum. Because both samples were consistent, we believe these
differences were associated with genuine differences in blood clearance between the two scans.
The FMISO tumor SUVs were within 20% for the two scans for all patients, except for Patient
2. In Fig. 3, the FHVs are presented for all the patients, with the hypoxic volume defined
according to the number of voxels exceeding a threshold T/B ratio of >1.2 divided by the total
number of voxels included in the tumor volume. For most patients, the hypoxic volumes
derived from the two FMISO image sets were consistent. Four patients (Patients 3, 11, 12, and
13) had differences >20%.

Figure 4 presents the FMISOL1 vs. FMISO2 scattergrams of the corresponding tumor voxel
SUVs for all 14 patients. The scattergrams also show the threshold values defined by a T/B
ratio >1.2, represented by the vertical (for FMISO1) and horizontal (for FMISO2) lines. The
correlation coefficients (R) with and without the T/B threshold applied are summarized in Table
2. The gross tumor volume, maximal tumor SUV and maximal blood SUV scan time after
injection, blood time after injection, and FHVs from the FMISO1 and FMISO2 scans are also
summarized in Table 2. When no T/B threshold was applied, the average correlation coefficient
between FMISO1 and FMISO2 was 0.6 (range, 0.3-0.8); 12 of 14 tumors showed a strong
correlation. When the T/B >1.2 threshold was applied, the mean correlation coefficient between
FMISO1 and FMISO2 decreased to 0.3 (range, 0-0.7); only 6 of 13 tumors showed strong
correlation. The average FHV with the T/B >1.2 threshold applied was 44% (range, ~13% to
~100%) in FMISO1 and 41% (range, ~41 to ~82%) in FMISO2.

Our results also showed a strong correlation between the hypoxic volumes with the tumor
volume. However, the hypoxic volume correlated strongly with the FMISO maximal SUV in
both studies (R = ~0.8 and R = ~0.7 for FMISO1 and FMISO2, respectively; Fig. 4). No
correlation could be established between the FMISO1-FMISO?2 correlation, R, and the tumor
volume, FHV, or SUV.

To show the large variability between the patients' repeat FMISO scans, we illustrated the
diversity of behavior by showing images of the patient with the poorest correlation (Patient 6)
and the best correlation (Patient 5) between FMISO1 and FMISO2 (Figs. 5 and 6).

Discussion

Hypoxia-induced radioresistance can be a significant cause of local tumor control failure after
RT (34) owing to the increased radioresistance in hypoxic cells (35). This can be overcome by
using IMRT to escalate the dose to hypoxic regions within tumors delineated on FMISO PET
images. The determination of the reproducibility of FMISO-PET scans and an understanding
of any intratumor distribution changes (if they occur) is a vital prerequisite to any proposal to
incorporate such images into the RT planning process. The present study explicitly set out to
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determine the degree of variation in the FMISO hypoxia-targeting tracer using a voxel-by-
voxel analysis of the tracer distribution in repeat studies. The selection of a 3-day interval
between FMISO scans was determined from the estimated time from treatment simulation,
plan completion, and a patient undergoing the first RT fraction. Thus, changes between the
FMISO1 and FMISO2 scans would reflect changes in the hypoxia distribution from that at the
PET/CT simulation, the data used for IMRT planning, and the distribution at delivery of the
first planned RT fraction.

In this study, we adopted the criterion suggested by Rajendran et al. (19) of a T/B ratio of >1.2
to delineate tumor hypoxia. Our results included an analysis of the voxel-by-voxel FMISO
voxel uptake within the entire tumor volume from repeat PET studies, with and without
applying a T/B threshold criterion. We found a strong correlation in 12 of 14 patients between
the co-registered data sets when no threshold was used. However, for dose painting, one is
primarily interested in the constancy of the relatively few most-intense voxels between the two
FMISO scans. The inclusion of only hypoxic voxels (T/B ratio >1.2) in the correlation analysis
reduced the correlation coefficient for all patients. Only 7 of 13 patients exhibited R values
>0.5. This shows that most patients have some variation in the location of regional hypoxia as
defined by FMISO PET scans. For example, Patient 11 demonstrated hypoxia in the entire TV
in FMISOL1, but only 44% of the TV fulfilled the criterion of a T/B ratio of >1.2 for FMISO2,
resulting in a reduction in the correlation coefficient from 0.7 to 0.38 for this patient. This
reduction in the correlation coefficient when analyzing PET images after the application of a
threshold is a consequence of the contribution of what is frequently the majority of lower
intensity (less than the threshold) voxels, which could remain well correlated even when a
mismatch occurs in the location of the 18F-FMISO hot spot on the respective FMISO1 and
FMISO2 PET images. Also, several factors can reduce the quality of the correlation, including
statistical noise. With voxel-by-voxel comparison of serial PET images of a phantom (data not
shown), we have observed a correlation coefficient of only ~0.5. This spatial mismatch results
from statistical variation, and it was from these phantom results that we established an R value
of >0.5 as corresponding to “strong” correlation. Although attempts were made to minimize
the PET scan times after injection, different setup times, and thus scan times, might have
reduced the correlations between FMISO1 and FMISO2. The percentage of difference in tumor
SUVs in FMISO1 and FMISO2 correlated well with the percentage of difference in time after
injection between the two studies (R = ~0.5). This confirmed the behavior of the tumor uptake
as a function of time after injection. However, no correlation could be established between
similar measurements from the blood data, possibly because of the relatively slow blood
clearance (i.e., only 10% decrease in blood activity concentration 2-3 h after injection [36]).
Inaccuracies in patient setup and consequent image registration based on mutual information
of the CT component of the two FMISO1 and FMISO2 PET/CT examinations also affects the
strength of the correlation. The error in patient setup has been estimated by Hong et al. (37) in
head and neck cancer patients to be as much as 6.97 mm (i.e., approximately two PET pixels).

Although our data have not proved the ability to use non-invasive PET imaging to identify
regions of acute hypoxia, they do imply the presence of ongoing variations in tumor hypoxia
and that each voxel could consist of a combination of acute and chronic hypoxia components
(38). The size of each PET voxel (~4 x 4 x 4 mm) is much larger than a microenvironment
region of tumor hypoxia, which has dimensions of <100 xm. Thus, each PET voxel might
contain large numbers of microscopic regions of hypoxia detectable by immunohistochemical
analysis of tumor biopsy specimens (7). Thus, the intensity of FMISO within any PET image
voxel likely reflects the composite uptake of a spectrum of microscopic regions, ranging from
well-perfused and normoxic to poorly perfused and hypoxic to nonperfused and anoxic.

The results we have presented are dependent on the choice of a T/B ratio of 1.2 to define regions
of tumor hypoxia. This threshold value was first proposed by Rajendran et al. (19) from the
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University of Washington, who have had the greatest experience with FMISO, using it to image
a number of tumors, including head and neck cancer. This threshold was selected empirically
based on the observation that >95% of normal tissue voxels in FMISO total body PET scans
had a tissue/blood ratio of <1.2. Clearly, the selection of any single threshold value to identify
hypoxic regions has limitations. For example, the use of a 1.2 threshold to delineate hypoxic
volumes resulted in all tumor voxels of FMISO2 in Patient 2 being highlighted for the second
FMISO?2 scan, yielding a FHV of nearly 100%.

Furthermore, we observed that small changes in the threshold level could have a considerable
effect on the FMISO1 vs. FMISO2 correlation. For example, for Patient 5, a T/B ratio of 1.2,
1.3, and 1.4 resulted in widely different correlation coefficients (R =0.7, R=0.8,and R = 0.3,
respectively). Thus, we included the R values for data with and without the threshold (T/B ratio
>1.2) in Table 2. We also investigated the selection of an alternative to blood for the comparison
with tumor, because it was shown for Patients 2 and 11 that significant variations can occur in
the blood SUV. This variation could not be accounted for by differences in injected 18 F-M1SO
activity or the blood sample time after injection. Therefore, the tumor/muscle activity
concentration ratio was also evaluated. However, for our patient cohort, we found no
improvement in the reproducibility of FMISO-based FHVs in the tumor (data not shown).

Conclusion

The results of this preliminary study have shown the considerable variability in the intratumor
uptake that can occur between repeat 18F-FMISO PET scans performed 3 days apart in patients
with head-and-neck cancer. Only 6 of 13 patients had a strong voxel-by-voxel correlation
suggestive of a reasonably stable radiotracer distribution and chronic hypoxia. The other 7
patients exhibited variable degrees of mismatch between the location of the most intense areas
within the tumor between FMISO1 and FMISO2. These findings suggest that additional work
is required to identify the underlying causes of changes in intratumor radiotracer distribution
before 18F-FMISO PET images can be used as the basis of hypoxia-targeting IMRT planning.
Only then, could 18F-FMISO PET/CT-guided dose painting IMRT be used to dose escalate
the hypoxic gross tumor volume within the tumor volume (without compromising normal tissue
sparing) and thus reducing gross tumor volume radiation resistance due to hypoxia and
improving local control.
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Fig. 1.

Transaxial, coronal, and sagittal views depicting accuracy of computed tomography (CT)1-to-
CT2 registration. Red box corresponds to registered volume. Coronal view shows one of the
BBs used to assist in registration (BB diameter, 1 mm).
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Fig. 2.
(a) Blood and (b) tumor standardized uptake values (SUVs) measured in 18F-
fluoromisonidazole (FMISO)1 and FMISO2.
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Fractional hypoxic volumes (FHV), defined as the hypoxic volume (using a tumor/blood [T/

B] threshold >1.2) divided by target volume.
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Fig. 4.

Scattergrams representing pair wise standardized uptake value (SUV) voxel values within
target volume for 18F-fluoromisonidazole (FMISO)1 and FMISO2. In each panel, tumor/blood
ratio of 1.2 presented by vertical (FMISO1) and horizontal (FM1SO2) lines. No threshold could

be established for Patient 1 (P1) because of technical problems with blood sample.
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Maximal standardized uptake value (SUVyax) for tumor vs. hypoxic volume (using tumor/
blood threshold of >1.2) for (a) 18F-fluoromisonidazole (FMISO)1 and (b) FMISO2 studies.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2010 March 12.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nehmeh et al. Page 15

048 9

S & &

FDG/FMISO FDG/FMISO FDG/FMISO1/FMISO

Fig. 6.

Transaxial, coronal, and sagittal views of fluorodeoxyglucose (FDG) target volume (TV), and
hypoxic volumes in 18F-fluoromisonidazole (FMISO)1 and FMISO2 as defined by tumor/
blood (TB) ratio of >1.2. Large variability between patients' repeat FMISO scans illustrated
for patient with poorest (Patient 6, Top) and best (Patient 5, Bottom) correlation between
FMISO1 and FMISO2. Images show transaxial, coronal, and sagittal views.
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Table 1
Patient characteristics
Pt.no. Primary disease Stage Age (y)
1 BOT 1] 79
2 BOT IVA 67
3 Oropharynx 1 48
4 Larynx 11 68
5 Larynx IVA 54
6 BOT IVA 62
7 Oropharynx IVA 60
8  Oropharynx IVA 64
9 BOT IVA 55
10  Oropharynx IVA 60
11 Oropharynx 1l 62
12 BOT IVB 66
13 Oropharynx IVA 56
14 Oropharynx IVA 47

Abbreviations: Pt. no. = patient number; BOT = base of tongue.
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