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ABSTRACT Single-doses or short-term administration of /3-lactam antibiotics alone or combined
with aminoglucoside antibiotics have failed to consistently prevent experimental streptococcal endo-
carditis induced by high inocula of bacteria poorly susceptible to killing by these antibiotics. The
optimal duration of administration of antibiotics for successful prophylaxis under these circumstances
has not been established. We therefore tested, in rats with catheter-induced sterile aortic vegetations,
the duration of administration of antibiotic necessary to prevent endocarditis induced by bacterial
inocula 100 to 10,000 times the 90% infective dose of two tolerant viridans-group streptococci and two
Streptococcusfaecalis strains. Multiple-dose regimens of amoxicillin alone or of amoxicillin combined
with gentamicin were studied. Against the two viridans group streptococci, successful prophylaxis was
achieved with multiple doses of amoxicillin alone given over 24 to 48 hr and by the combination of
amoxicillin and gentamicin given for 6 to 24 hr. Against the two S. faecalis strains, multiple-dose
regimens with amoxicillin alone failed, but the combination of amoxicillin and gentamicin was
successful when administered for 48 to 72 hr. Thus, after challenge with high bacterial inocula,
repeated doses of a,f-lactam antibiotic alone were sufficient to prevent viridans streptococcal endocar-
ditis, but multiple doses of a bactericidal combination (,3-lactam plus aminoglucoside), as necessary for
the treatment of established endocarditis, were a prerequisite for successful prophylaxis of S. faecalis
endocarditis.
Circulation 76, No. 2, 376-382, 1987.

STUDIES ON THE PREVENTION of streptococcal
endocarditis both in rabbits and in rats have demon-
strated that prophylaxis can be successfully achieved
with a single dose of cell wall-active antibiotics or of
bacteriostatic antibiotics such as clindamycin and
erythromycin. 1-5 However, this protection was limited
to the minimum bacterial inoculum infecting 90% of
untreated animals (ID90) when the test streptococcal
strain was not killed by the antibiotic.4 6 In contrast,
when the test streptococcus was rapidly killed, protec-
tion was afforded even after challenge with inocula
exceeding by far the ID90.4 Since the majority of viri-
dans streptococci and virtually all strains of Strepto-
coccusfaecalis isolated from patients with endocardi-
tis7-9 are poorly susceptible to bacterial killing by cell
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wall-active antibiotics, single-dose prophylaxis of ex-
perimental endocarditis due to these strains has shown
limited efficacy.4 6

Recent experiments investigating the mode of action
of prophylactic antibiotics in the absence of bacterial
killing in rats have suggested that the prolonged inhibi-
tion of bacterial growth might be an important mecha-
nism of protection, allowing the resting organisms that
have seeded the vegetations to be cleared before
growth starts. In these experiments, repeated adminis-
tration of antibiotics, providing prolonged serum in-
hibitory activity, permitted the circumvention of the
limited efficacy of single-dose prophylaxis that is ob-
served with inocula greater than the ID90 10

Most recent recommendations on the prevention of
bacterial endocarditis in humans have advocated sin-
gle-dose or short-term (one additional dose after 6 hr)
prophylaxis.'1212 However, most failures have been
observed after single-dose or short-term prophylaxis. 13

This might simply be due to the fact that these regi-
mens are those in common use, but is possibly also due
to the magnitude of the bacterial inoculum size. 14 The
purpose of the present study was to investigate whether
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multiple doses of amoxicillin alone or of the combina-
tion of amoxicillin plus gentamicin would successfully
prevent streptococcal endocarditis after challenge with
high bacterial inocula, a condition in which single
doses of amoxicillin alone or the combination of amox-
icillin plus gentamicin have failed.4 6

Materials and Methods
Microorganisms. Four streptococcal strains, two viridans

streptococci (Streptococcus sanguis and Streptococcus interme-
dius) and two S. faecalis strains (S. faecalis 309 and S. faecalis
1209) were used in the present experiments. The strains have
been previously used in experimental endocarditis in rats4' 6 and
in rabbits.2 5

Determination of minimum inhibitory concentrations
(MICs), minimum bactericidal concentrations (MBCs), and
rates of killing. The MICs of amoxicillin and of gentamicin for
the four test strains were determined by a standard broth dilution
technique with an inoculum of 105 organisms from an overnight
culture. 15 The MBCs were determined by subculturing, on peni-
cillinase-containing (Difco Laboratories, Detroit) blood agar
plates, 10-fold and 100-fold dilutions of a 0.1 ml sample from
each dilution of antibiotic showing no turbidity after 18 hr of
incubation. After incubation for 48 hr, the number of colonies
from each subculture on blood agar plates was counted and the
MBC was determined as the lowest dilution of antibiotic that
showed 99.9% killing.
With the use of concentrations of 25 gg amoxicillin per

milliliter (Beecham Research Laboratories, Brentford, Eng-
land), of 8 ,ug gentamicin per milliliter (Schering Corporation,
Kenilworth, NJ), or of both, the rates of killing of the four
strains were determined in tryptic soya broth (TSB, Difco Labo-
ratories) with a 106 inoculum from an overnight culture. These
concentrations of amoxicillin and gentamicin were chosen be-
cause they were similar to peak serum levels obtained in rats 30
min after the injection of 40 mg/kg iv amoxicillin and of 4
mg/kg im gentamicin. In man, these serum levels are achieved 2
hr after an oral dose of 3 g of amoxicillin'6 and 30 min after an
intravenous dose of 1.5 mg/kg of gentamicin. 17 At various times
after the inoculation of the bacteria into the antibiotic containing
broth, 10- , 10-3, and 10-5 dilutions of a 0. 1 ml sample were
subcultured on penicillinase-containing blood agar plates and
incubated for 48 hr for colony counts.
Serum levels of antibiotics and determination of the se-

rum bactericidal activity. Serum levels of antibiotics were
determined 30 min and 1, 2, and 4 hr after the injection of 40
mg/kg iv amoxicillin or 4 mg/kg im gentamicin into groups of
five rats by a standard agar diffusion technique. Bacillus subtilis
was used as the test organism and normal rat serum was used as
the diluent. 18 The serum bactericidal activity 30 min, 1, 2 and 4
hr after the administration of amoxicillin (or of the combination
of amoxicillin plus gentamicin) to rats was determined for each
of the four strains by standard methods with use of an inoculum
of 105 colony-forming units (cfu) from an overnight culture.'9
The serum bactericidal activity was defined as the highest serum
dilution providing 99.9% killing of the initial inoculum after 18
hr of incubation.

Production of endocarditis and natural history of infec-
tion. Sterile vegetations were produced in female Wistar rats
(180 to 200 g) by a modification of a previously described
method.20 In brief, a polyethylene catheter (PP 10, Portex,
Hythe, Kent, England) was inserted through the right carotid
artery across the aortic valve and secured with a silk ligature.
Twenty-four hours after catheterization, rats were injected via
the tail vein with 0.5 ml of saline containing 108 cfu from an

overnight culture of the test organisms. The number of bacteria
injected intravenously was adjusted by counting the organisms
in an hemocytometer, confirmed by colony counts and ex-
pressed in colony-forming units per milliliter.
The ID9% was 106 cfu/ml for S. sanguis, 105 cfu/ml for S.

intermedius, and 104 cfu/ml for both S. faecalis strains. Thus,
the 108 cfulml inoculum size used in the prophylaxis experi-
ments was 100 times the ID90 for S. sanguis, 1000 times the ID90
for S. intermedius, and 10,000 times the ID90 for both S. faeca-
lis strains.

Rats were killed 72 hr after single-dose prophylaxis and 5
days after the last dose of drug when multiple doses of antibiot-
ic(s) were given. The aortic vegetations were excised, weighed,
homogenized in 1 ml of saline, serially diluted, and plated on
penicillinase-containing blood agar plates. The colonies were
counted after 24 and 48 hr of incubation at 370 C. This method
permitted the detection of 102 cfu/g of vegetation.

Prophylaxis of endocarditis with amoxicillin and with
amoxicillin plus gentamicin. In each experiment with one of
the four test strains, amoxicillin was given at a dose of 40 mg/kg
iv and gentamicin at a dose of 4 mg/kg im. The control groups
were given intravenous saline. Depending on the strain tested,
the following prophylactic regimens, including either amoxicil-
lin alone or combined amoxicillin plus gentamicin, were tested:
(1) single-dose antibiotic prophylaxis 30 min before bacterial
challenge, (2) antibiotic prophylaxis 30 min before bacterial
challenge, followed 6 hr later by one additional dose of antibiot-
ic (alone or combined), (3) antibiotic prophylaxis 30 min before
bacterial challenge, followed by four additional doses at 6 hr
intervals (providing antibiotic serum levels for 28 to 30 hr), by
six additional doses (providing serum levels for 40 to 42 hr), by
eight additional doses (providing serum levels for 52 to 54 hr),
or by 12 additional doses (providing antibiotic serum levels for
76 to 78 hr).

Statistical evaluation. For each strain, the incidence of en-
docarditis in the prophylaxis groups was compared with the
incidence in the control group by the chi-square test with the
Yates correction.

Results

MICs and MBCs. The MICs and MBCs of amoxicil-
lin and gentamicin for the four test strains are listed in
table 1. All strains had high MBC values, a phenom-
enon that is common among streptococci when careful
measures to avoid the antibiotic carryover are taken.7' 8

Antibiotic serum levels in rats. The amoxicillin serum
levels (mean ± SD levels of five rats at each time
interval) after the intravenous injection of 40 mg/kg
amoxicillin were 23.7 + 3 ,ug/ml at 30 min, 8.8 + 1
gg/ml at 1 hr, 3.5 ± 0.4 ,ug/ml at 2 hr, 0.6 ± 0.3

TABLE 1
MICs and MBCs of amoxicillin and gentamicin (gg/ml)

Amoxicillin Gentamicin

Strain MIC MBC MIC MBC

S. sanguis 0.016 32 8 32
S. intermedius 0.125 128 1 2
S. faecalis 309 1 128 32 64
S. faecalis 1209 1 128 4 16
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,g/ml at 4 hr, and undetectable at 6 hr. The mean
(-+ SD) gentamicin serum levels (p.g/ml; in five rats at
each time interval) after the intramuscular injection of
4 mg/kg gentamicin were 8 + 2.1 at 30 min, 4.6 +

1. 8 at 1 hr, 1.9 + 0.9 at 2 hr, and undetectable at 4 hr.
Serum bactericidal activity (SBA). After the intrave-

nous injection of 40 mg/kg of amoxicillin to rats, no
SBA (in five animals) against any of the four strepto-
coccal strains could be detected 30 min or later after
injection. After the administration of combined amoxi-
cillin plus gentamicin (4 mg/kg), the SBAs against
both viridans streptococci were 1:4 at 30 min, 1: 2 at 2
hr, and undetectable at 4 hr. Against both S. faecalis
strains, the SBAs of combined amoxicillin plus genta-
micin were 1: 8 at 30 min, 1:4 at 2 hr, and undetectable
at 4 hr.

Rates of killing of the four test strains. Figure 1 shows
the rates of killing of the four test strains by 25 ,ug/ml
amoxicillin with and without the addition of 8 ,vg/ml
gentamicin. With concentrations of 8 ,g/ml of genta-
micin alone, all four test strains showed survival of
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100% or more of the initial inoculum after 24 hr of
incubation (not shown). S. sanguis and S. intermedius
were killed by peak concentrations of amoxicillin
within 24 hr and 48 hr of incubation, respectively.
Neither S. faecalis strains exhibited a significant de-
crease of colony counts within 48 hr of exposure to
peak amoxicillin concentrations. When exposed to the
combination of amoxicillin plus gentamicin at peak
concentrations, killing of more than 99.9% of the
original inoculum of all four test strains was achieved
within 6 hr, thus demonstrating synergism on exposure
to this combination.

Antibiotic prophylaxis of S. sanguis and S. intermedius
endocarditis. The results obtained with the different
prophylactic regimens against each of the two viridans
streptococci are shown in figure 2.

Regimens with amoxicillin alone. Single-dose amoxicil-
lin was ineffective for prophylaxis against endocarditis
induced by 108 cfu of either viridans streptococci. Four
subsequent doses of amoxicillin completely prevented
S. sanguis endocarditis, but failed to protect against
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FIGURE 1. Rates of killing in vitro of four streptococcal strains (1 = S. sanguis; 2 = S. intermedius; 3 = S. faecalis 309; 4 =

S. faecalis 1209) incubated in 25 ,ug/ml of amoxicillin alone (open triangles) or in the combination of 25 gg/ml of amoxicillin
plus 8 ,ug/ml of gentamicin (open squares). The rates of killing of the four test strains by 8 ,ug/ml of gentamicin alone are not
shown, but all four test strains showed 100% survival of the inoculum at 24 hr. The closed circles represent control strains in
tryptic soya broth.
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FIGURE 2. Incidence of endocarditis in control (C) rats and in rats
given amoxicillin (A) or the combination of amoxicillin plus gentamicin
(AG) prophylaxis after challenge with two viridans streptococcal
strains, S. sanguis (top) and S. intermedius (bottom). The bacterial
inoculum used for challenge (108 cfu) represented 100 (S. sanguis) to
1000 times (S. intermedius) the ID9% of the two strains. The total
number of rats per group is indicated at the base of each column. The
number of subsequent doses administered after the prophylactic dose is
indicated under each column, at the base of the figure. ND = not tested
for that strain. p values were calculated by comparing the incidence of
endocarditis after the various prophylactic regimens with that in controls
with the use of chi-square analysis with the Yates correction. The cross
symbolizes p < 10-2; the asterisk symbolizes p < 10-5.

endocarditis induced by S. intermedius. Indeed, eight
subsequent doses of amoxicillin had to be administered
after challenge with the latter strain to successfully
prevent endocarditis.

Regimens with the combination ofamoxicillin plus gentami-
cin. The combination given as a single dose failed to
consistently protect against endocarditis due to either
of the viridans streptococci. Against challenge with S.
sanguis, however, a single dose of amoxicillin + gen-
tamicin was slightly more effective than it was against
S. intermedius. Indeed, one subsequent dose of amoxi-
cillin + gentamicin completely prevented S. sanguis
endocarditis, while four subsequent doses of the com-
bination were required to significantly protect the ani-
mals from S. intermedius infection.

Antibiotic prophylaxis of S. faecalis 309 and S. faecalis
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1209 endocarditis. The results obtained with the differ-
ent prophylactic regimens against each of the 2 S.
faecalis strains are shown in figure 3.

Regimens with amoxicillin alone. Single-dose amoxicil-
lin failed to protect against endocarditis due to either S.
faecalis strains. Eight subsequent doses of the drug had
to be given to significantly protect against S. faecalis
309 (p = .003 when compared with controls), but a
failure rate of 23% was still observed. Against S. fae-
calis 1209, eight doses of amoxicillin alone totally
failed to prevent endocarditis.

Regimens with the combination ofamoxicillin plus gentami-
cin. Single-dose amoxicillin + gentamicin failed to
prevent endocardits due to either S. faecalis strains.
Four subsequent doses of amoxicillin + gentamicin
significantly protected against S. faecalis 309 endocar-
ditis (p = 0.001 when compared with controls), but
the failure rate of 36% was high, while six subsequent
doses of amoxicillin + gentamicin completely pro-
tected the animals. After challenge with S. faecalis
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FIGURE 3. Incidence of endocarditis in control (C) rats and in rats

given amoxicillin (A) or the combination of amoxicillin plus gentamicin
(AG) prophylaxis after challenge with two S. faecalis strains. The
bacterial inoculum used for challenge (108 cfu) represented 10,000
times the ID90 of both strains. The total number of rats in each group is
indicated at the base of each column. The number of the multiple
(subsequent) doses of antibiotic(s) administered after the prophylactic
dose is indicated under each column, at the base of the figure. ND =

regimen not tested for that strain. p values were calculated by comparing
the incidence of endocarditis after the various prophylactic regimens
with that in controls with the use of chi-square analysis with the Yates
correction. The cross symbolizes p < 10-2, the asterisk p < 10 -5.
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1209, even eight subsequent doses of the combination
resulted in a high failure rate (36%); endocarditis
induced by this strain could only be successfully pre-
vented by 12 subsequent doses of amoxicillin +
gentamicin.

Discussion
Previous studies in rats have shown that successful

prophylaxis of streptococcal endocarditis depends both
on the susceptibility of the test strain to killing by the
antibiotic and on the bacterial inoculum size used for
challenge. When bacteria are rapidly killed by the anti-
biotic, single-dose prophylaxis is successful irrespec-
tive of the number of organisms used to induce endo-
carditis, and therefore provides a wide margin of
efficacy.4 In contrast, against the so-called tolerant
strains (a group that includes most viridans streptococ-
cal strains isolated from the mouth flora21 and from
patients with endocarditis7' 8), cell wall-active antibi-
otics as well as bacteriostatic antibiotics such as clinda-
mycin and erythromycin have only prevented endocar-
ditis induced by the ID90, but have not prevented
endocarditis induced by higher bacterial num-
bers.3 4 6 10, 21 Recent experiments in rats have sug-
gested that the prolonged inhibition of bacterial
growth, as provided by repeated administration of
antibiotics after a prophylactic dose, might circum-
vent the limited efficacy of single-dose antibiotic
prophylaxis.'0
The present results confirm our previous observa-

tions that single-dose prophylaxis with amoxicillin
alone, or with the combination of amoxicillin plus
gentamicin, does not reliably prevent streptococcal en-
docarditis induced by high bacterial numbers.6 In addi-
tion, the results clarify the conditions necessary for
inoculum-independent successful antibiotic prophy-
laxis of both viridans streptococcal and enterococcal
(S. faecalis) endocarditis.
With regard to viridans streptococcal endocarditis,

the results show that amoxicillin alone administered
every 6 hr for 24 to 48 hr after bacterial challenge
prevented endocarditis induced by inoculum sizes
from 100 to 1000 times the ID90 of the test strains.
The combination of amoxicillin plus gentamicin
significantly reduced the need for additional drug
administration.

With regard to the prophylaxis of enterococcal en-
docarditis, in contrast to viridans streptococcal endo-
carditis, the prolonged administration of amoxicillin
alone for 48 hr after challenge failed to reliably prevent
the infection, since this regimen was unsuccessful
against one of the two S. faecalis strains tested. These

differences in the efficacy of antibiotic prophylaxis
against viridans and enterococcal endocarditis might
be partly related to the higher bacterial inocula relative
to the ID90 of the S. faecalis strains when compared
with the inocula of two viridans streptococci. Howev-
er, similar observations regarding the prophylaxis of S.
faecalis endocarditis were made by Durack et al.22 and
Guze et al.,23 who used inocula of 106 to 107 S. faecalis
cfu/ml that caused a 100% infection rate in controls.
As in the present study, these authors not only found
that single-dose ampicillin prophylaxis failed to pre-
vent S. faecalis endocarditis, but also that two to five
subsequent doses of ampicillin alone as well as two to
three subsequent doses of the combination of ampicil-
lin plus gentamicin did not consistently prevent endo-
carditis. More prolonged prophylactic regimens were
not tested in these experiments. In the present experi-
ments, when amoxicillin plus gentamicin was admin-
istered for the prevention of enterococcal endocarditis,
successful prophylaxis was achieved if the combina-
tion was given for 36 or 72 hr. Thus, as was observed
after challenge with the two viridans streptococcal
strains, against enterococcal endocarditis the com-
bined /3-lactam plus aminoglucoside regimens were
superior to the regimens including a /3-lactam alone.
The exact mechanisms by which the multiple-dose

antibiotic regimens were successful in preventing en-
docarditis after challenge with high bacterial inocula
are unknown. Previous observations have indicated
that the number of bacteria adhering to the vegetations
after challenge is related to the magnitude of the inocu-
lum size used for challenge. When high inocula were
used, sustained bacteriostatic blood levels were re-
quired to successfully prevent endocarditis due to tol-
erant organisms, probably by allowing all adherent
organisms to be cleared from the vegetations.'0 It is
conceivable that a similar mechanism operated in the
present experiments (against viridans streptococci)
after prophylaxis with amoxicillin alone. On the other
hand, the fact that multiple doses of the combination of
amoxicillin plus gentamicin were clearly more effec-
tive than amoxicillin alone suggests that this combina-
tion operated, at least partially, through a killing
mechanism. Moreover, it was striking that for the pre-
vention of S. faecalis endocarditis, only the combined
amoxicillin plus gentamicin regimen was consistently
successful. Such combinations are required to produce
a bactericidal effect on enterococci, which are notori-
ously insensitive to bacterial killing by most cell
wall-active antibiotics.'
Only a few studies have compared the efficacy of

single versus multiple doses of antibiotics in relation to
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the bacterial inoculum sizes used for challenge. In
early experiments in rabbits, Durack et al.' used a

bacterial inoculum size of 101 cfu of a S. sanguis strain
that resulted in a 100% infection rate in controls. This
inoculum probably represented from 10 to 100 times
the ID90 for that organism.5 In these experiments, only
multiple doses of penicillin G and of penicillin V, as

well as a large single dose of procaine penicillin or of
the combination of penicillin G and benzathin penicil-
lin (providing serum inhibitory levels for at least 24 hr
after challenge) were effective in the prevention of S.
sanguis endocarditis. With regard to S. faecalis infec-
tion, as previously mentioned, from one to five doses
of ampicillin or two to three doses of ampicillin plus
gentamicin failed to reliably prevent enterococcal en-

docarditis.22' 23 Thus, previous experiments in rabbits,
as well as our present studies in rats, suggest that
multiple dose regimens are necessary for the preven-

tion of experimental streptococcal endocarditis in-
duced by high bacterial numbers.

The clinical relevance of data derived from the ani-
mal preparation of endocarditis to patients has been
questioned, mainly on the grounds that the bacterial
numbers used to induce experimental endocarditis ex-

ceeded by far those detected in the blood of patients
undergoing dental or urogenital procedures. It should
be pointed out, however, that the number of bacteria
circulating after intravenous bacterial injections into
animals is several logs less than the total number of
bacteria injected.' For instance, after the intravenous
injection of 104 S. faecalis 1209 (an inoculum size that
corresponds to the ID90 for this strain), a mean of 102
bacteria/ml of blood was found in the heart blood of
five rats at 2 min after injection, and S. faecalis colo-
nies were barely detectable 15 min after injection.*
More importantly, our recent studies on the production
of endocarditis in rats after the extraction of periodon-
tally diseased teeth have failed to demonstrate a rela-
tionship between the total number of a given strepto-

coccal species circulating immediately after tooth
extraction and the likelihood of these streptococci to

subsequently produce endocarditis.24
The number of bacteria circulating and their sticki-

ness is not known in those very few patients who are

going to develop endocarditis. More importantly,there
are groups of patients who are at particularly high risk
of developing endocarditis after bacteremic episodes.
Since our present understanding of the mode of action
of prophylactic antibiotics indicates that prolonged
antibiotic levels are required to provide the best margin

of safety for the prevention of endocarditis, the Swiss
recommendations for the prophylaxis of endocardi-
tis,25 unlike the British recommendations" and the
most recent recommendations of the American Heart
Association,'2 suggest that multiple-dose regimens ad-
ministered over 48 hr should be used for the prophy-
laxis of endocarditis in high-risk subjects. Cost-benefit
estimates will need to be made of the potential impact
of such prophylactic multiple-dose regimens.

We thank Josd Entenza for excellent technical assistance and
Sylviane Bovey for typing the manuscript.
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