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Implant infections and antibiotic-impregnated silicone
rubber coating
D N RUSHTON*, G S BRINDLEY*, C E POLKEY,t G V BROWNING:

From the Medical Research Council Neurological Prostheses Unit,* the Guy's-Maudsley Neurosurgical Unitt
and the Department ofPathology, AMaudsley Hospital,t London UK

sUMMARY A method is described for coating silicone rubber-encapsulated implant devices with an

outer layer of silicone rubber impregnated with a mixture ofgentamicin sulphate and diethanolamine
fusidate. A coating of this sort provides bactericidal activity lasting for a few days in the film of fluid
surrounding such an implant. When used for coating our implants, the retrospective rate of implant
infections believed to have been introduced at the time of surgery was reduced to 0-7% (coated),
compared with 10-0% (uncoated), a highly significant difference (p < 0001). Systemic perioperative
antibiotic prophylaxis was not shown to confer any such benefit.

Electrical faults and colonisation by micro-organisms
are the two major causes of failure of implanted
stimulator devices such as neurological prostheses,
and the second of these causes of failure is one shared
with other silicone rubber implant devices such as
hydrocephalus shunts.'-3 Electrical failures can gen-
erally be repaired without much delay, if the implant is
well-designed, but an infected implant must be
removed, and it is our experience that a delay of at
least 12 months must elapse before it can be replaced
without fear of recrudescence of infection. Systemic
antibiotic treatment ofinfection established around an
implant is unsuccessful unless the implant is removed,
because the potential space between the implant and
the surrounding connective tissue or fibrous tissue
encapsulation is relatively poorly reached both by
systemic antibiotics and by body defences, and allows
free spread of bacteria in the fluid film.
Of the first 35 devices designed in the MRC

Neurological Prostheses Unit that were implanted
into patients (February 1972 to December 1981), two
became infected (5.7%). It seemed likely that the
organisms causing colonisation were derived from the
patient's skin and implanted at the time of operation,
and that they were able to thrive and cause a serious
infection because of their privileged position at the
implant surface. It appeared that implant infections
never occurred later, unless the implant was exposed
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for some reason; instances where this happened are
discussed below.
For some implant types it has been shown' that

systemic treatment with prophylactic antibiotics at the
time of surgery can reduce the rate of implant
infection, provided treatment is effective during a
"decisive period" of 0-4 h after surgery. Systemic
treatment requires relatively large doses to attain a
bactericidal concentration at the implant surface, with
a correspondingly increased risk of resistance, side-
effects and superinfections. These risks are clearly
more weighty when an antibiotic is being given
prophylactically rather than for an established infec-
tion. For some types of implant (notably hip
replacements and cardiac pacemakers), systemic pro-
phylaxis has been found to be effective in reducing
implant infections by a factor of 356 to 7-7;4 short
courses seem to be as effective as long ones.7 For hip
replacements, gentamicin-impregnated bone cement
has been shown to be significantly better even than a
course of systemic antibiotic,8 reducing the rate from
1 6% (systemic antibiotic) to 0-36% (gentamicin-
impregnated bone cement), a further factor of4-4. For
other implants such as hydrocephalus shunts the
evidence (based on smaller numbers) is so far incon-
clusive.9 Haematogenous infection of implants is
probably rare, except for the case of artificial heart
valves.'" This is because after the formation of the
fibrous tissue capsule around an implant, blood no
longer reaches the vulnerable potential space between
the implant and fibrous capsule, being separated from
it at least by capillary endothelium. For artificial heart
valves, perioperative antibiotic prophylaxis is univer-
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sity used (and almost certainly effective), without a
formal controlled trial having ever been undertaken.'"
We therefore considered ways of generating a

bactericidal concentration ofappropriate antibiotic at
the site where it is required (in the potential space
between implant and tissues), at the time when it is
required (during the first few hours and days after
implantation). Spraying with antibiotic powder dur-
ing surgery may be effective for the parts ofthe implant
that it can reach, but it cannot reach cables or tubes
implanted by pulling through a cannula.
We sought a method for antibiotic impregnation of

the surface layer ofan implant, using agents that could
withstand the processes of implant manufacture,
storage and autoclaving, and which would diffuse out
over a suitable period after implantation. Several
methods have been described" for antibiotic impreg-
nation of a heat-crosslinking rubber used in the
manufacture of hydrocephalus shunts. Bayston and
Milner showed that the method of physical prepara-
tion of the antibiotic and its mixing with the rubber
was often crucial, that gentamicin sulphate, sodium
and diethanolamine fusidates and clindamycin hydro-
chloride were stable through the manufacturing
process for their rubbers, and that when immersed
they diffused out with a bactericidal effect lasting for a
relatively short (gentamicin) or a relatively prolonged
(diethanolamine or sodium fusidate, clindamycin)
period of in vitro testing.

Experience of hydrocephalus shunt infections is
wide,'-3 and the commonest organism is there found to
be Staphylococcus epidermidis followed by S. aureus
and diphtheroids, and occasionally Proteus and
Pseudomonas species. We are not aware of any pub-
lished account of infecting organisms in neuro-
stimulator implants, but our infections included the
same list of organisms as for shunts, in the same order
of frequency. We therefore chose a mixture of
antimicrobial agents appropriate to the range of
organisms likely to initiate infections. Fusidic acid is a
specific antistaphylococcal agent with high activity
and stability. Some resistance is known to occur, and
this agent is only effective against Gram-positive
bacteria, so we also included gentamicin sulphate in
the coating. This is a broad-spectrum antibiotic, with
high activity against most Gram-negative bacteria
including Pseudomonas species. Gentamicin sulphate
is highly heat-stable, but does show some loss of
activity at low pH. It seemed likely that a coarse
particulate form of gentamicin incorporated in the
surface of the rubber would be most effective, since it
had been shown that only incompletely incarcerated
particles would be effective," whereas for diethan-
olamine fusidate the particle size mattered less,
because the drug could diffuse through silicone
rubber.

Rushton, Brindley, Polkey, Browning
We chose to impregnate only a surface coating of

silicone rubber applied to the implant after manufac-
ture was otherwise complete, rather than the full-
thickness method propsed by Bayston and Milner.
There were several reasons for this. Firstly, admixing a
coarse particulate preparation of antibiotic powder is
likely to degrade the physical properties of the rubber,
whose mechanical strength and electrical insulating
properties are important.'2 Secondly, different parts of
the implant are made in different ways at different
times, so coating is simpler. Thirdly, since the diffusion
of gentamicin in particular through rubber is so slow,
antibiotic particles in the depths of the rubber would
be ineffective. Lastly, whereas there is for shunts a
need to protect the lumen as well as the outer surface,3
for stimulators there is no such need.

Methods in vitro

We used air-curing adhesive silicone rubbers, described by
the manufacturers as ("medical adhesive" (Dow-Coming
Type 891), 'adhesive/sealant" (Dow-Corning Type 734) or
"coating" (Dow-Coming Type 3140). Heat or pressure are
not required for their cure, but they all evolve either acetic
acid (891, 734) or methanol (3140) in the curing process. It
was therefore necesary to make in vitro tests of the
antimicrobial effectiveness of implant samples coated with
acid- or alcohol-evolving rubbers impregnated with one or
both of gentamicin sulphate and diethanolamine fusidate.

Samples of implant cable, consisting of silicone rubber
with a number of helically-wound insulated platinum or
platinum-iridium conductors embedded in it ("Cooper-
cable"; see ref 13) were coated with a layer of antibiotic-
impregnated rubber. The manufactured diameter of cables is
19 mm, and the thickness of the impregnated coating
0-125 mm, so that the final diameter is 2-15 mm. The
impregnated rubber was prepared by mixing with a spatula
20 mg ofeither or both antibiotics with each 1 gram of liquid
rubber, mixing quickly and thoroughly until it appeared
uniform, and then applying it to the cable by hand using a
split die.24 Using this method, particle size for gentamicin
sulphate (Nicholas) was about 0001-001 mm, and for
diethanolamine fusidate (Leo) about 0 01-002 mm. After
air-curing the samples were stored for 1 week and then
autoclaved in a steam autoclave (135°C for 5 mins), or else
stored for 6 months and then autoclaved, before being tested
for antibacterial activity.

Tests for antibacterial activity were carried out on lengths
of cable of 1 cm or longer, placed onto petri dishes of
Sensitivity Test agar (Lab M) supplemented with 5% lysed
horse blood (TCS) previously seeded with suspensions of
either Stapyhylococcus aureusNCTC 6571 or Escherichia coli
NCTC 10418. Turbidity was standardised to a McFarland
barium sulphate standard No 1. Some samples were tested
after elution in still physiological saline at 37'C for 1, 3 and 7
days. Widths of zones of inhibition were measured after
incubation for 18 h at 37'C. The width of the contact surface
was narrower than the cable diameter, so the width recorded
was the total width ofthe zone ofinhibition. All samples were
tested in duplicate or more, and the zones were measured by
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Fig 1 Effect ofmixing antibiotics and rubbers. For each
condition the mean width ofthe zone ofinhibition after 18 h
incubation is given, together with the SD and the number of
samples. (a) Effect ofrubber type on antibacterial activity:
diethanolaminefusidate (F). "734" is an acetic acid-evolving
air-curing adhesive/sealant rubber. "3140" is a methanol-
evolving air-curing coating rubber. There is no apparent loss
ofactivity in acetic acid-evolving rubber, (b) Effect ofrubber
type on antibacterial activity: gentamicin (G). There is a
small but statistically significant loss of in vitro antibacterial
activity (see text), (c) Effect ofcombining two antibiotics;
different rubber results are combined. There is no evident
mutual interference between the two antibiotics.

the bacteriologist who was blind to the coating type. Zone
widths of less than 2 mm were counted as zero.

Results in vitro

Results comparing the use of acid- and alcohol-evolv-
ing rubbers are shown in fig 1 a for diethanolamine
fusidate (staphylococcus only) and in fig lb for gen-
tamicin (staphylococcus and E coli results combined).
It should not be surprising that acid-evolution in
curing does not appear to affect the activity of
diethanolamine fusidate, which is an ester and would
be expected to be hydrolysed by acetic acid; fusidic
acid itself is an active antibiotic with enhanced activity
at low pH, although it is less soluble than its ester.
Gentamicin (fig lb), although acid-stable, does have

reduced antimicrobial activity at low pH. It shows a
small loss of activity in acid-evolving rubber which
just reaches significance (unpaired t test;
001 < p < 005). Figure lc shows the widths ofzones
of inhibition for the two antibiotics separately and
together. There is no evidence of significant mutual
interference. Figure 2a, b compares the zones of
inhibition with and without autoclaving. For both
antibiotics there is a slight diminution in activity, and
this is not surprising as the water condensate which is
formed in steam autoclaving would be expected to
leach away some of the most accessible small
antibiotic particles. Figure 2c shows the effect of 6
months aging at room temperature in a plastic box on
the laboratory shelf, followed by steam autoclaving,
compared with non-aged samples. There is no
evidence of loss of activity with time alone. This test
used alcohol-evolving rubber but there is no reason to
expect that acid-evolving rubber would be any
different, as all the acetic acid evaporates from a thin
coating in a few hours.

0 0

0

F+G F+G
1/52 6/12

Fig 2 Effect ofprocessing and storage on in vitro
antibacterial activity (3140). (a) Effect ofautoclaving on
diethanolaminefusidate-loaded (F) coating. A = after
autoclaving. Non-A = without autoclaving. Steam autoclave,
135 deg Cfor 5 minutes. (b) Effect ofautoclaving on
gentamicin-loaded coating. A = after autoclaving. Non-
A = without autoclaving; (c) Effect ofaging on
combination-loaded (F + G) rubber. 1/52 = tested one
week after coating, autoclaved. 6/12 = tested six months
after coating, autoclaved.
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Tests for the persistence of antibacterial al
were performed by blotting and plating sample
1, 3 or 7 days of immersion in 20 ml physiol
saline in a sample tube, at 37°C. It was fel
immersion without continuous agitation woulc
fairly represent the rate of antibiotic leachin
would occur after implantation, as against conti
agitation (too severe) or serial plate transfe
mild). Results are given in fig 3. It is clear t
agreement with Bayston and Milner,'0 who x
different method, fusidic acid remains active for
longer than gentamicin, and after the initial
decline it may reach a plateau or slow decline;
gentamicin activity is near to zero after 3 d
elution.

Methods in vivo

From January 1982 we coated most devices, anc

January 1983 all devices, for implantation into patient
Maudsley Hospital with a mixture of96% by weight s

rubber, mixed with 2% diethanolamine fusidate a]
gentamicin, applied as described for Methods in vitr
total dose contained in each implant so coated is a
imately 40 mg of diethanolamine fusidate and 40 n
tamicin, so at no time after implantation could thei
therapeutic systemic antibiotic level. All implant
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Fig 3 Time-course ofelution ofantibioticsfrom coating in
vitro. (a) Diethanolaminefusidate-loaded (F) coating.
Tested after 0, 1, 3 and 7 days ofelution, (b) Gentamicin-
loaded (G) coating. Tested after 0, 1, 3 and 7 days ofelution.
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sterilised by steam autoclave in theatre immediately before
use.
Many patients with coated or uncoated implants received

systemic antibiotics at the time of implantation or shortly
thereafter, for one reason or another. At some centres this
was routine, while at others (including the Maudsley Hosp-
ital) postoperative (not prophylactic) systemic antibiotics
were given only if there was a specific indication. Of other
centres implanting devices made to our designs, some used
coated and some uncoated implants. Nearly all the surgeons
were assisted in their first two implant operations by one ofus
(GSB).

Results in vivo

Crude infection rate and non-postoperative infections
Table 1 includes all devices designed in the MRC
Neurological Prostheses Unit and implanted into
patients up to March 31st, 1987, and includes all those

d from that became infected. There were 21 of these, ofwhich
ts in the 16 had to be removed completely. In five it sufficed to
silicone remove the part that was known to be infected. Four
nd 2% of these five patients have now had the removed part
ro. The replaced, and their implants are functioning.
ig gen- In table 1 there is a statistically significant excess of
rigbe a infections in implants that had not been coated. Using
;s were Yates's correction for continuity, X2 = 7 5; 0-001 < p

< 0-01. However, this inclusive table does not yield
the best possible measure of the effectiveness of
coating, because there is reason to believe that 11 of
the 21 infections were not introduced at the time of
surgery, so that one would not expect the coating to be
effective against them. Such a statement must be
supported by clinical detail; the 11 are as follows:
(1) One patient with a coated cochlear prosthesis

5 developed cerebrospinal otorrhoea on the 4th day
Ij after implantation. The leak was repaired surgically on

the 10th day. Infection did not become evident until
about the 30th day.

7 (2) One patient with a coated sacral anterior root
stimulator began to leak CSF to the exterior from his
operation wound about the 5th day after implanta-
tion. The leak persisted, and was repaired surgically on
the 22nd day, using a patch of lyophilised dura in
contact with the implant. At the time of repair there
was no evidence of infection, but on the 25th day pus

was present.
(3) In one patient with a coated pain-relieving implant
the wound dehisced as a result of accidental severe

5

Table 1 All implantations 1972-31 March 1987, and all
7 infections

Infection No Infection TOTAL

Coated 6 146 152
Not coated 15 90 105
TOTAL 21 236 257

-
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Implant infections and antibiotic-impregnated silicone rubber coating
Table 2 Implantations and infections excluding infections
that were probably not introduced at operation, and
uninfected cases covered by the same exclusion rules (see
text)

Infection No Infection TOTAL

Coated 1 142 143
Not coated 9 81 90
TOTAL 10 223 233

trauma on the 10th postoperative day. It was
resutured, but infection followed.
(4) In one patient with an uncoated intracranial
pressure sensor there was no sign of infection, and the
implant was working well, 7 months after implanta-
tion. At 16 months the scalp over it became infected,
probably as a result of external injury. The implant
was found to be infected later.
(5) In one patient with a coated penile drug delivery
implant, the wound (which seemed uninfected) dehis-
ced on the 10th postoperative day. It was re-sutured.
From the 5th to the 14th week the implant was in use,
and showed no sign of infection. From the 15th to the
40th week it was not in use because of a mechanical
failure, but still showed no sign of infection. In the 41st
week it was explored surgically for the purpose of
repair, and infection was found.
(6, 7, 8) Of 10 uncoated semen-collecting implants put
into men with spinal injuries, three became infected.
Genital tract infection is so common in men with
spinal injuries that it seems likely that these three
infections arose from long-standing foci in the
epididymis. Therefore the three infected implants and
the seven comparable uninfected ones should be
excluded.
(9, 10) Seven implantations were attempts to repair or

replace an implant that had been partly (six cases) or
wholly (one case) removed because of infection be-
tween 5 and 11 months previously. Among the six
partial replacements, two (one coated, one uncoated)
became infected, probably because of residues of the
previous infection. We think that the two infected
replacements and the five comparable uninfected ones
(four coated, one uncoated) should be excluded.
(11) One uncoated artificial sphincter ulcerated
through the urethra and became infected 12 months
after implantation. It is likely that ulceration preceded
infection.

Rates of true postoperative implant infection
Table 2 shows the implants remaining after making the
above exclusions. The percentages ofinfections proba-
bly introduced at operation are 10-0% for uncoated
implants and 0-7% for coated implants. This
difference is highly significant (chi-square; p < 0-001).

Table 3 shows the implants of table 2 classified by
kind. Implants vary in size, surface-volume ratio,
complexity ofmechanism, and duration ofthe surgical
procedure needed to implant them. The kinds are

arranged in table 3 in rough order of total surface area.
The order of duration of surgical procedure would be
nearly the same, and these two variables seem likely to
be positively correlated with the risk ofinfection at the
time of operation.9 It can be seen that the distribution
of implants between those of large and small surface
area is roughly the same among coated and uncoated.

Table 4 shows the implants of table 2 classified by
date. The distribution in time of coated and uncoated
implants differs because coating was not introduced
until 1982. However, the difference in numbers of
coated and uncoated implants infected remains
statistically significant, even if the 35 implants put in

Table 3 Implant numbers and infections classified by implant type

Number Number
coated uncoated

Type ofimplant (infected) (infected) Ref

Limb controller (both legs (6), one leg (2), or one hand (1)) 4 (0) 5 (1) 15,16
3-channel sacral anterior root stimulator 104 (1) 40 (2) 14
Cerebellar stimulator 0 3 (1) 17
Conditional pudendal nerve stimulator 3 (0) I (1) 18
Visual prosthesis 0 2 (1) 19
Cochlear stimulator I (0) 0 -

Artificial urinary sphincter 0 4 (0) -

Facial nerve stimulator I (0) 0 18
Hypogastric plexus stimulator 4(0) 1 (0) 23
1-channel extradural sacral root stimulator 3 (0) 0 -

Drug delivery implant (penis) 5 (0) 0
Peripheral nerve stimulator for pain relief 0 1 (0) -

Vas deferens cannula and semen capsule (non-paraplegic patients) 2 (0) 17 (2) 20
Replacement of receiver (23), electrode (1) or pump (2) (pts not

previously infected) 16 (0) 10 (1) -

Intracranial pressure sensor 0 4 (0) 21
Scrotal temperature sensor 0 2 (0) 22
Total 143 (1) 90 (9)
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Table 4 Numbers ofcoated and uncoated implants classified by date ofoperation

Number not coated (number infected) Number coated (number infected)

Year Maudsley Other Centres Maudsley Other Centres

1972 1 (0) - -

1975 1 (0) - - -

1976 2 (0) - - -

1977 3 (1) - -

1978 7 (0) - - -

1979 8 (0) - - -

1980 7 (0) - - -

1981 4 (1) 2 (0) - -

1982 3 (1) 1 (1) 5 (0) 4 (0)
1983 - 3 (0) 9 (0) 11 (0)
1984 - 9 (0) 10 (0) 14 (0)
1985 - 19 (3) 8 (0) 25 (0)
1986 - 17 (2) 8 (0) 25 (1)
1987/Jan-Mar - 3 (0) 5 (0) 19 (0)

36 (3) 54 (6) 45 (0) 98 (1)
Total 90 (9) 143 (1)

Table 5 Numbers ofimplants and infections classified by Centre

Not coated Coated TOTAL
Systemic Implants Implants Implants

Centre Antibiotics (infected) (infected) (infected)

Maudsley, London N 36(3) 44(0) 80 (3)
Oxford/Stoke Mandeville N 0 26(0) 26 (0)
St Bartholomew's, London Y 18(2) 4(0) 22 (2)
Cardiff y 12 (2) 2 (0) 14 (2)
Kings College Hospital, London N I (1) 9 (0) 10 (1)
Sheffield Y 6 (0) 4 (0) 10 (0)
Edinburgh Y 0 (0) 9 (0) 9 (0)
Bad Wildungen Y 0 (0) 9 (0) 9 (0)
Christchurch NZ 3 (0) 6(0) 9 (0)
Bad Haring 4(0) 3(0) 7 (0)
Guy's Hospital, London 5 (1) 0 (0) 5 (1)
Copenhagen Y 3(0) 2(0) 5 (0)
Maida Vale/Stanmore Y 0 (0) 4 (1) 4 (1)
Le Mans 0 (0) 4 (0) 4 (0)
The London Hospital 0 (0) 4 (0) 4 (0)
Stoke on Trent Y 1(0) 2 (0) 3 (0)
2 Centres (2 each) 0 (0) 4 (0) 4 (0)
8 Centres (I each) I (0) 7 (0) 8 (0)
TOTAL 90 (9) 143 (1) 233 (10)

during the period 1972-81 are

analysis.
discarded from the

Effect ofperioperative antibioticprophylaxis on the rate
ofpostoperative implant infection
Table 5 shows the implants of table 2 classified by
place of implantation, and also shows which centres
are known to have a policy of perioperative systemic
antibiotic prophylaxis in implant patients; the regimen
varied between centres. Table 6 is derived from table 5,
and shows that for centres with a known policy ofsuch
treatment, 5/76 implants (6-6%) became infected; for
those with no such policy, 4/116 became infected
(3-4%). These rates are not significantly different, and
the small excess of infections in patients with systemic
prophylaxis is attributable to the larger proportion of
uncoated implants in this group. When only the
uncoated implants are considered (table 6, left), it is
seen that the infection rate in patients with systemic

prophylaxis was 4/40 (10%), while for those without it
was 4/37 (10-8%). This difference is also insignificant,
and a much larger series would be required in order to
detect any slight benefit there may be from systemic
prophylaxis.

Discussion

The results show that antibiotic-impregnated silicone
rubber coating of stimulator implant cables and
Table 6 Systemic prophylaxis and infections in coated and
uncoated implants

Systemic
prophylaxis Not Coated Coated
policy? (infected) (infected) Total

Yes 40 (4) 36 (1) 76 (5)
No 37 (4) 79 (0) 116 (4)
Total 77(8) 115(1) 192(9)

Rushton, Brindley, Polkey, Browning228
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Implant infections and antibiotic-impregnated silicone rubber coating
receivers will probably greatly reduce the incidence of
postoperative implant infection. The method des-
cribed is simple, and can be used on any silicone rubber
covered solid implant device, provided it is not allowed
to get onto any part where surface finish or electrical or
mechanical properties (for example plug-and-socket
connectors) are important. Although formal safety
evaluation has not been carried out, we have no
evidence from any patient to suggest any hazard from
implant coating using our method. The method may
not be directly applicable to shunts, where many ofthe
important infections occur on the luminal surface.3
The crucial period for implants not in permanent

contact with the bloodstream is the first hours and
perhaps days after surgery,9 '° and the crucial area to be
protected is the fluid film around the implant. Some
systemic antibiotics may reach this space but coating
can surely achieve a much higher antibiotic concentra-
tion in it. This is reflected in the highly significant
reduction in the rate of postoperative implant infec-
tions obtained using the coating method. No such
reduction is seen in patients given systemic antibiotic
prophylaxis instead of coating.

This work was supported by the Medical Research
Council.
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