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Liposomal Gd-DTPA: Preparation
and Characterization of Relaxivity!

Gadolinium diethylenetriamine-
pentaacetic acid (DTPA) has not
proved particularly useful for hepa
tosplenic magnetic resonance imag-
ing. However, by entrapping the
Gd-DTPA within lipid vesicles, one
may exploit the ability of the reticu-
loendothelial system to endocytose
particulates, permitting passive de-
livery of contrast agent to the liver
and spleen while decreasing the rate
of clearance of Cd-DTI'A from the
vasculature. Liposomes of 70-400
nm diameter containing Cd-DTPA
were prepared by a freeze-thaw ex-
trusion process. These exhibited
high trapping efficiencies and excd-
lent stability during storage. For all
sizes of liposomes, the relaxivity of
the entrapped Gd-DTPA was less
than that of free Gd-DTPA. Relaxi-
vity varied linearly with the sur-
face-area-to-volume ratio of the li-
posomes; the smaller the liposomes,
the greater the relaxivity. Lipo-
somcs containing cholesterol had a
lower relaxivity than liposomes
without cholesterol. The authors
suggest this reflects the decrease in
the water permeability coefficient
caused by the presence of cholester-
ol in the liposome membrane.
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netic resonance (MR), contrast media
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HE paramagnetic contrast agent

gadolinium diethylenetriamine-
pentaacetic acid (DTPA) functions as
an effective extracellular fluid con-
trast agent for magnetic resonance
(MR) imaging (1,2), but early experi-
ence with Gd-DTPA as a contrast
agent for imaging the liver has been
disappointing (3). Its utility as a liver
and spleen contrast agent is dimin-
ished by rapid equilibration between
intrac and extravascular fluid com-
partments. If Gd-DTPA could be con-
fined to the intravascular space and
targeted to liver and splenic tissue,
its efficacy as a hepatosplenic and
blood pool contrast agent should be
improved. In our previous work we
showed that Gd-DTPA entrapped in
liposomes caused increased enhance-
ment of the liver and blood pool (4).
The enhancement caused by liposo-
ma Cd-DTPA in 400-nm-diameter
vesicles in vitro was less than that
caused by free Gd-DTPA. This obser-
vation presumably is explained by
shielding of the paramagnetic ccn-
ters from adjacent water by the lipo-
somal membrane. In this study we
detail the preparation of liposomal
Gd-DTPA and characterize the prepa
rations with regard to in vitro stabil-
ity and relaxivity.

MATERIALS AND METHODS

Preparation of Lipid Vesicles
with Entrapped Cd-DTPA

Vesicles were prepared by extrusion
through polycarbonate filters under mod-
erate pressure (5). Vesicles were com-
posed of egg phosphatidylcholine (PC),
either alone or with 40 mole percent cho-
lesterol. Egg PC was obtained from
Avanti Polar Lipids (Birmingham, Ala)
and cholesterol from Sigma (St Louis);
both were used without further purifica-
tion. Typically, 3.6 mmol (2.83 g) of egg
PC and 2.4 mmol (0.93 g) of cholesterol
were dissolved together, in a minimum
volume of chloroform, in a 250-mL
round-bottom flask to which was added
50 uL hydrogen-3 dipalmitoyl phosphati-

dylcholine (DPPC) stock solution (250
#Ci[9.25 MBQ]/2.5 mL toluene; New En-
gland Nuclear, Mississauga, Ontario,
Canada). The H-3 DPPC provides a means
of quantifying the lipid concentration.
The chloroform was removed by rotary
evaporation under reduced pressure to
leave a thin film on the walls of the flask;
the contents were then held under re-
duced pressure (<0.1 mm Hg) for at least
2 hours to remove residua solvent. The
lipid was dispersed by vigorous shaking
at room temperature in 20 mL of 0.67
mol/L Cd-DTPA, pH 7 (sodium sdt), to
which was added 5 uL. of carbon-14 inulin
(250 pCi[9.25 MBq)/2.5 mL water, NEN)
or 2 uCi[0.074 MBq] of Cd-153 DTPA.
The C-14 inulin (or Cd-153 DTPA) serves
as an aqueous marker and permits facile
determination of the trap volumes of the
vesicles. The multilamellar vesicles
formed upon dispersion were transferred
to cryovids and then quench frozen in
liquid nitrogen. The cryovias were then
placed in warm water until the lipid sus-
pension had completely thawed. This cy-
cle of freezing and thawing was repealed
four more times. The frozen and thawed
vesicles were then sized by ten passes un-
der nitrogen pressure (<100 ps) through
two stacked 0.4-um polycarbonate filters
(Nuclepore, Pleasanton, Calif) with use of
the extruder device (Lipex Biomem-
branes, Vancouver, British Columbia,
Canadd). A portion of this sized prepara
tion was then passed ten times through
two stacked 0.2-um filters. A portion of
this latter preparation was then passed an
additional ten times through either two
stacked O.-.or 0.05-um filters. An aiquot
of each of the sized preparations was re-
moved for scintillation counting to deter-
mine the content of H-3 DPPC and C-14
inulin.

For each of the sized vesicles, externa
untrapped Cd-DTPA was removed by ex-
haustive dialysis at 4°C against 4 L of sa
line buffer (10-mmol/L 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid,
6-mmol/L KCI, 139-mmol/L NaCl; pH

Abbreviations: dpm = disintegrations per
minute, DPI'C = dipalmitoyl phosphatidylcho-
line, DTPA = diethylenetriaminepentaacetic
acid, PC = phosphatidylcholine, PBS = phos-
phate buffrrrd saline, TE = echo lime, TR =
repetilion time.
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Table 1

Characteristics of Egg PC/Cholesterol (6:4) Vesicles

Diameter (nm)* Lipid
(Mean & Trap Concen- Trapping Lipid Relaxivity
Standard Volume trationt [Gd)ers Efficiencyt Dose’ Percentage! (sec™!.
Deviation) (uL/pmol) (umol/mL) (umol/mL) (%) (mg/kg) Retention mmol/L™Y)
Free Cd-DTPA NA NA NA NA NA NA 2.79
400 4 40 1.95 181 236 35 95 100 0.42
200 + 30 1.17 175 137 20 140 94 0.51
100 20 0.87 185 108 16 214 100 1.05
70+ 20 071 169 79 12 267 100 1.60

Based on quasielastic light scattering.

t Lipid concentrations are typical values for preparations used in this study.

¥ Trapping efficiency = ([Gd}es - 100)[Gdline. In this study, [GdJine Was 670 umot/mL.
§ Thisis the lipid dose required to give a{GdJey of 0.2 mmol/kg. For egg PC/cholesteral (6:4) mixtures, the average molecular weight was taken as 626.
I Percentage retention of internal contents after 4 months storage in saline buffer at 4°C.

7.4). The externa dialysis medium was
changed a total of eight times (8 X 41)
over 2-3 days. The sizes of the diayzed
particles were determined by quasielastic
light scattering with a Nicomp (Goleta,
Calif) model 270 particle sizer operating
at 634.2 nm by standard cumulants analy-
sis. The entrapment efficiencies of the
vesicles were determined by means of
chromatography of an diquot of the dia
lyzed vesicles on a Scphadex G50 F(Phar-
macia, Uppsala, Sweden) equilibrated
with saline buffer. Vesicles with en-
trapped C-14 inulin eluted in the void
volume, whereas nonentrapped C-14 inu-
lin was retained on the column. A sample
of the eluted vesicles was teken for dual-
label scintillation counting as before. Ves
icles were stored at 4°C until further use.
Trap volumes were calculated as follows:
The amount (in umol) of lipid euted
from the column L is given by the equa
tion L = V/A, the volume (in uL) trapped
in the vesicles eluted from column by V =
(C/B) X 100, and the trapped volume T(in
uL/umol) by T = VIL, where A is the spe-
cific activity of lipid suspension before
gel filtration (H-3 DPPC disintegrations
per minute (dpm)/umol), B is the C-14 in-
ulin dpm in 100 pl of initid lipid suspen-
sion before gel filtration, C is the C-14 in-
ulin dpm in 100 uL of vesicles euted
from column, and V is the H-3 DPPC
dpm in 100 puL of vesicles euted from col-
umn.

An implicit assumption in this cacula
tion is that the entrapment of C-14 inulin
is representative of the entrapment of Gd-
DTPA. We have prepared other batches of
vesicles with Cd-153 DTPA as an agueous
marker and have obtained similar entrap-
ment values, indicating that this assump-
tion is reasonable.

Preparation of Phantoms

We define the effective concentration
of Gd-DTPA in the vesicle preparations to
be the agueous concentration of Gd-
DTPA that would result if al the vesicles
in suspension were to be disrupted and
their contents released. On this basis the
effective concentration of Cd-DTPA
{{Gd].) may be caculated from the rcla
tionship {Gd]ee = (T X [L] X [Gd]int}/1.000,
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(2) I/T1 (sec™?) versus concentration of Cd-DTPA (mmol/L) for free Gd-DTPA

(®) and Gd-DTPA entrapped in egg PC/cholesterol (6:4) vesicles with average diameters of
70 (0), 100 (A), 200 (¢), and 400 (v) nm. 0 = Cd-DTPA in 100-nm egg PC vesicles. (2) Relax-
ivity (sec™!-mmol/L™!) versus surface-area-to-volume ratio for Cd-DTPA entrapped in egg

PClcholesterol (6:4) vesicles.

where T = trapped volume (pL/umol), [L]
= lipid concentration (umol/mL), and
[Gd]ine = concentration of Cd-DTPA in-
sde the vesicles.

It is assumed that (Gd)iw is equivalent
to the initid concentration of GD-DTPA
used to disperse the lipid film to form
multilamellar vesicles.

Phantoms were prepared by diluting
the vesicle preparation with Dulbecco
phosphate buffered saline (PBS) (Gibco
Laboratories, New York) so as to obtain
severd samples for each vesicle prepara
tion with [Gd}ws in the range of 0.2-2
mmol/L. Approximately 10 mL of each
dilution was placed in 20-mL plastic sy-
ringes (Becton Dickinson, Rutherford,
NJ), which were sealed with Parafilm
(American Can, Greenwich, Conn) to pre-
vent leakage and placed in a custom-built
acrylic phantom holder that positioned
the syringes with their long axes horizon-
tal within the bore of the magnet.

Imaging

Phantoms were imaged with a Siemens
(Iselin, NJ 1.5-T Magnetom whole-body
imager with use of a body coil. For T1 cal-
culations, images were acquired with
spin-echo sequences with a fixed echo
time (TE) of 17 msec and repetition times
(TRs) of 100,300,450,600, 900, 1,200,
1,800, 2,500, and 3,500 msec. Other pa-
rameters were as follows: four acquisi-

tions, 256 X 256 matrix, 30-cm field of
view, and 10-mm sections. We were care-
ful to include PBS standards in severa
positions within the sample holder, be-
cause field inhomogeneities would be
manifested as variations in the signa in-
tensity of the standards. T1 values were
cdculated with a least-square fit to the re-
lation AL - exp{—M(!)/B]l, where M(t) is
the intensity for successive times ¢= TR.

Vesicle Stability

In vitro stability of the vesicle prepara-
tions in saine was determined at various
times after preparation by means of diay-
Sis (Spectrapor [Spectrum Medical Indus-
tries, Los Angeles] 10-mm tubing; molec-
ular weight cutoff, 12,000-14,000) over
120 hours against five 1-L changes of nor-
mal sdine a 4°C. The sability was calcu-
lated on the basis of either the percentage
of Gd-153 DTPA activity remaining in-
side appropriately labeled vesicles or by
determining the H-3 DPPC/C-14 inulin
ratio by scintillation counting.

RESULTS

Table 1 shows various parameters
associated with the vesicles used in
this study. The trap volumes of the
vesicles are an intrinsic property of
the vesicles prepared by this method,
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whereas the effective concentration
of Cd-DTPA, and hence the trapping
efficiency, depend on the lipid con-
centration. The lipid dose required to
achieve a given value for [Gd]eg iSin-
versaly related to the trapping effi-
ciency. Increase the trapping effi-
ciency twofold, and the lipid dose
will decrease by asmilar factor. Ta-
ble 1 also shows that the vesicles ex-
hibit excellent retention of their in-
ternal contents after prolonged stor-
agein saine at 4°C.

The relaxivity of free Cd-DTPA
and Cd-DTPA entrapped within lip-
id vesicles isindicated in Figure 1.
There are three points to note. First,
in al instances, the relaxivity of en-
trapped Cd-DTPA was less than that
of free Gd-DTPA. Second, the smaller
the vesicle, the greater the relaxivity.
Last, 100-nm egg PC vesicles exhibit-
ed arelaxivity approximately 40%
greater than that of 100-nm egg PC/
cholesterol (6:4) vesicles. Thereis an
approximately linear relationship be-
tween the rclaxivity of the egg PC/
cholesterol (6:4) vesicles and their
surface-area-to-volume ratio, as
shown in Figure 2. Our relaxivity
vaue of 2.79 sec™! . mmol/L~! for
free Gd-DTPA is lower than the val-
ue of approximately 5 sec™!- mmol/
L-! reported for higher field
strengths by Villinger et a (6). The
fact that Tl values were measured us-
ing an imaging device rather than a
spectrometer may in part explain this
disparity. However, for the purpose
of comparing the relaxivities of vesi-
cles of differing size, it is the relative
changes in relaxivity that are impor-
tant rather than the absolute values.

DISCUSSION

Gd-DTPA causes a concentration-
dependent decrease in tissue Tl and
T2, with a relatively greater decrease
for tissues with longer values of Tl
and T2 (eg, tumor) than for tissues
with shorter relaxation times (eg, he-
patic parenchyma). Since Tl is longer
than T2 for biological tissues, the ab-
solute changes in Tl are greater than
those in T2. Hence, contrast enhance-
ment is better observed with TI-
weighted sequences, for example,
spin-echo sequences with short TE
and medium TR values.

In practice, the use of Gd-DTPA for
the enhancement of hepatic metasta-
sesis complicated by several factors.
There is no mechanism for the active
uptake of Cd-DTPA by the liver;
hence, the contrast enhancement ob-
tained is dependent on the plasma
concentration of Gd-DTPA, and since
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all contrast agents are to various ex-
tents toxic, there is clearly alimit to
how much Gd-DTPA can be adminis-
tered (3,7).

For imaging with Tl-weighted se-
guences, a decrease in T1 will lead to
an increase in the relative signal in-
tensity whereas a decrease in T2 will
decrease the relative signal intensity.
At low concentrations of Gd-DTPA
there will be an increase in signal in-
tensity via T1, but at concentrations
above approximately -2 mmol/L
(see Appendix), T2 effects dominate
and there is a decrease in signd in-
tensity. Thus, the change in signa
intensity produced by Gd-DTPA ex-
hibits a maximum as a function of
concentration (8). This presents diffi-
culties with regard to early postbolus
imaging, since Gd-DTPA can readily
cross hiological membranes, thereby
equilibrating with the extracellular
space, and is also rapidly excreted by
the kidneys (2,3,7); these conditions
produce concomitant changes in tis-
sue concentration and hence, signa
intensity. Another consequence of
this rapid equilibration is that the
Gd-DTPA, if uniformly distributed
across tumor and parenchyma, would
obscure rather than enhance contrast
by decreasing the longer T1 of tumor
more than the shorter T1 of paren-
chyma. This is graphically illustrated
in another study described in this is-
sue (9), in which free Gd-DTPA was
observed to decrease the contrast be-
tween in situ liver metastases and the
surrounding tissue. For enhancement
of contrast what is required is a
means to direct contrast agent to pa-
renchyma, rather than tumor, so as to
maximize the T1 differences between
the two tissues.

The rationale for using lipid vesi-
cles to deliver contrast agent to the
liver and spleen is twofold. First, it is
well documented that the Kupffer
cells and hepatocytes are able to en-
docytose particulates, including lipid
vesicles (10). Vesicles therefore pro-
vide a carrier vehicle ‘for the delivery
of contrast agent, in this instance Gd-
DTPA, to the target organs, liver and
spleen. Second, because the contrast
agent is preferentially delivered to
the reticuloendothelial system, the
total dose of contrast agent that need
be given should be less than that for
the free contrast agent, assuming
both to be equally effective at equiva-
lent concentrations within the target
organ. The use of lipid vesicles
should therefore ameliorate any tox-
icity due to bolus infusion of the free
contrast agent, although it is possible
that the lipid itself may cause toxicity

either directly or by altering the
clearance of the Gd-DTPA. In addi-
tion, intercellular dechelation of the
Gd-DTPA complex may occur, thus
liberating the highly toxic gadolini-
urn ion. This possibility may be ad-
dressed by a combination of nuclear
MR (NMR) dispersion experiments
and dual-label (Gd-153 DTPA and
Gd-[carbon-14]-DTPA) biodistribu-
tion and clearance studies; these
studies are currently in progress.

The expectation, then, is that if the
vesicles survive in the circulation
sufficiently long to deliver the Gd-
DTPA to the reticuloendothelia sys-
tem, the contrast agent will be deliv-
ered to the Kupffer ceils and, de-
pending on the size of the vesicle,
also to the hepatocytes. Necrotic tis-
sue within a tumor will not endocy-
tose the vesicles, hence the basis for
the differential contrast, athough
the degree of vascularization of a tu-
mor and blood pool enhancement
will aso be important in determin-
ing the degree of differentia contrast
between tumor and surrounding tis-
sue. In the absence of experimental
results in a suitable animal modd it
is difficult to ascribe the relative sig-
nificance of uptake versus blood pool
effects, however, it should be noted
that since lipid vesicles have limited
exit routes from the circulation (ie,
via fenestrated epithelia) (10) the
washout problems observed with
free Gd-DTPA should be ameliorat-
ed, with liposomal Gd-DTPA serving
as a better marker of vascularity. Once
endocytosed, the Gd-DTPA will de-
crease the T1and T2 of the water
within the cell, causing the parenchy-
ma to appear hyperintense relative to
tumor on Tl-weighted images.

Once endocytosed, the vesicles
need not be physically degraded for
the entrapped Gd-DTPA to act as an
effective contrast agent. To afirst ap-
proximation we may assume that the
ability of the entrapped Gd-DTPA to
interact with the cell water can be
represented by the three-dimension-
al solution for the Fick diffusion
equation from a point source, that is,
d = J6DT, where d is the average dis-
tance a water molecule with diffu-
sion coefficient D can diffuse in time
T. With reasonable assumptions for
the diffusion coefficient of water (3
X 1073 cm?-sec™!), on the NMR
timescale of approximately 107° sec, a
water molecule will diffuse 4 X 103
cm. For Gd-DTPA entrapped within a
[00-nm-diameter vesicle, the relative
volumes potentially accessible (d3)
and internal (r?) is of the order [(4 X
10-5)/(5 X 10~8))? or -500.
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Alternatively stated, when approx-
imately only 0.2% of the total volume
of the solution is occupied by the in-
ternal volume of the vesicles, al of
the water in solution will be affected
by the Gd-DTPA entrapped within
the vesicles. We may calculate from
the lipid concentrations and trap vol-
umes that at the lowest [Gd])er Used
for the TL measurements (0.25 mmol/
L), the percentage of the total volume
of the solution occupied by the inter-
nal volume of the lipid vesicles was
approximately 0.04%. For al of the
vesicles, the relaxation data fitted,
with a high correlation coefficient
(>.95), to a single exponentid at the
lowest [Gdlesr used, indicating the va-
lidity of these order of magnitude
calculations, despite the simplicity of
the model.

The relaxivity of the entrapped
Gd-DTPA was always less than that
for free Gd-DTPA. This fact is pre-
sumably a simple consequence of a
decrease in the exchange rate be-
tween bulk water and the entrapped
gadolinium nucleus due to the per-
meability barrier imposed by the in-
tervening vesicle membrane. The lin-
ear variation of relaxivity with the
surface-area-to-volume ratio follows
directly from a consideration of the
water flux across the vesicle mem-
brane. For a lipid vesicle of area A
and volume V containing n mole-
cules a concentration C, the flux |
across the membrane per unit time t
is defined as follows: [« [dn(t)/dt]-
(1/A)=[dC(t)/dt] . (VIA). That is, the
flux of water is linearly dependent
on the surface-area-to-volume ratio
of the vesicles. At a given lipid con-
centration, the smaller the vesicle,
the larger the surface-area-to-volume
ratio and the greater the flux across
the membrane per unit time. If it is
assumed that it is the water transport
across the membrane that is rate lim-
iting, the relaxivity would be expect-
ed to exhibit a similar linear depen-
dency. Last, 100-nm egg PC vesicles
exhibit a relaxivity approximately
40% greater than do 100-nm egg PC/
cholesterol (6:4) vesicles. Clearly, in
this comparison, surface-area-to-vol-
ume ratio is not the significant vari-
able; rather, the differences in relaxi-
vity most probably reflect the pres-
ence of cholesterol, which has been
shown to decrease the permeability
coefficient for water in model mem-
brane systems (11). In addition, dif-
ferences in the observed relaxivity
could reflect differences in the trans-
mission of bulk susceptibility effects
across the bilnyer (6). In the absence
of T2 measurements we cannot ex-
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clude this possibility, but if T2* ef-
fects were dominant, 1 /Tl (or 1 /T2)
should increase as the square of the
radius of the vesicles (12). In fact, we
observed (Fig 2) that 1 /T1 scales as
the inverse of the vesicle radius (sur-
face area/volume « I/R); thus, the
observed functional dependence of
the relaxivity is inconsistent with a
T2*-dominated relaxation process.

CONCLUSION

We have shown that Gd-DTPA en-
trapped within lipid vesicles can
function as an effective relaxation
agent. Both vesicle size and composi-
tion affect the relaxivity. At a given
concentration of lipid and entrapped
Gd-DTPA, smaller vesicles exhibit
greater relaxivity. The relaxivity is
approximately linearly dependent on
the surface-area-to-volume ratio of
vesicles 70-400 nm in diameter.

It is well established that vesicle
size, lipid dosage, and vesicle compo-
sition dl influence the pharmacody-
namics of liposomes injected intrave-
nously (10) and hence their effective-
ness as contrast agents. While one
liposomal formulation may be de-
signed to maximize hepatosplenic
uptake and contrast enhancement of
these organs, another might be de-
signed to minimize such uptake, to
be stable in the circulation, and
hence to serve as a blood pool con-
trast agent. Subsequent stages of this
work will investigate these various
possibilities and address the issues of
biodistribution and toxicity in appro-
priate animal models. In addition, we
are currently investigating alternate
methods for the encapsulation of Gd-
DTPA to improve the trapping effi-
ciency of the vesicles.

APPENDIX

We calculated as follows the concentra-
tion of Cd-DTPA for which the signal in-
tensity is a maximum with a spin-echo
pulse sequence. We seek an extrenum to

M o a- e(TB—TR)/Tl)e—TEITZI

where TE, TR, T1, and T2 have the usua
meanings. Let TE =k;, TR =k3,1/T1=1x,
and 1/T2=ksx:

M=(1- c(k,—kz)x)c—k,k,x.
Thus,

r;M =1- c(k,-—k,)x) x _klksc—k,k,x + hiks
X
(ky=ky)x

X —(ky = ky)e
= —kpkge T 4 (kyky = Kk, + K)o
This exhibits an extrenum when

In(k,kq) = In(k kq = ky + k)
x=1/Tl= n(kyks) (kyky =k + k)

(kyky — kaka)

The concentration of Gd-DTPA for maxi-
mum signal is given by the equation {Gd-
DTPA]=(1/T1 —1/T14)}/R, where 1/Tl
is the reciprocal of the T1 relaxation time
for water in the absence of contrast agent
and R is the relaxivity of the contrast
agent. Using a vdue of 1/T1,, of 0.22 and
R of 2.79 sec™!- mmol/L™}, one may cal-
culate a maximum signal intensity at ap-’
proximately 2 mmol/L Gd-DTPA for TE
and TR vaues used in this study. =
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