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The concentrations of clavulanic acid and amoxicillin were determined in sera and different abdominal
tissues of 17 patients who underwent elective colorectal surgery. Patients were randomly allocated to two
groups. At the time of induction of anesthesia, patients in group 1 were given 200 mg of clavulanic acid with
2,000 mg of amoxicillin and patients in group 2 received 400 mg of clavulanic acid with 2,000 mg of amoxicillin.
In both groups, the initial dose was administered again after 2 h. Blood samples were collected to determine
peak and trough antibiotic levels. Serial blood samples were also collected at predetermined periods (opening
and closure of the abdominal cavity and surgical anastomosis). Abdominal wall fat, epiploic fat, and colonic
wall tissue samples were collected simultaneously. Antibiotic concentrations were determined by high-perfor-
mance liquid chromatography. Increasing the dose of clavulanic acid to 400 mg resulted in significantly higher
peak and trough levels in serum (P < 0.03). Following the injection of 400 mg, mean concentrations of
clavulanic acid in the fatty tissues were significantly increased at the time of opening (P < 0.02). The
concentrations of clavulanic acid and amoxicillin in fatty tissues were 17 to 52% and 12 to 23% of the levels in
sera, respectively. In the colonic wall, the concentrations of clavulanic acid and amoxicillin were 52 to 63% and
49 and 27% of the levels in sera, respectively. In sera, clavulanic acid given at a dose of 200 or 400 mg reached
or exceeded the concentrations found to be effective in vitro to reduce the MICs of amoxicillin from the
resistant to the susceptible category for 90% of the potential pathogens. In most of the tissues investigated,
increasing the dose of clavulanic acid to 400 mg resulted in a significantly higher number of samples with
concentrations found to be effective in vitro (72 versus 11%; P < 0.05). In conclusion, increasing the dose of
clavulanic acid to 400 mg resulted in higher levels in sera and improved penetration into the abdominal tissues

in patients undergoing colorectal surgery.

Colorectal surgery is a “contaminated-aseptic surgery,” and
prophylactic antibiotics are widely used prior to and during
surgery, and the importance of the prophylactic antibiotics in
reducing postoperative infections and mortality has been dem-
onstrated (2, 3, 13, 22). Antibiotics are used to prevent both
wound infections and peritonitis which may be caused by in-
traoperative contamination. Antibiotics are selected on the
basis of the ability to eradicate the bacteria most likely to
contaminate a surgical wound: Escherichia coli and various
members of the family Enterobacteriaceae, Enterococcus fae-
calis, Staphylococcus aureus, Bacteroides fragilis, and other
anaerobic bacteria (2, 3, 13, 22). The basic concept underlying
the optimal use of antibiotic prophylaxis is that an adequate
amount of an appropriate antibiotic should be present in the
blood and tissues before a bacterial challenge. It seems clear
that during a surgical procedure, adequate antibiotic concen-
trations should be achieved at all sites of potential infection.
Also, antibiotic activity should be maintained throughout the
procedure, from incision to closure (4, 6, 8, 13, 14, 18, 19).

Amoxicillin-clavulanic acid has been widely used as a pro-
phylactic antibiotic in abdominal and gynecological surgery
(11, 24). It is effective in the prevention of wound infections in
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operations in which the most likely pathogens are gram-nega-
tive, anaerobic, or mixed bacteria. However, after colorectal
surgery, postoperative infections have been reported after the
use of amoxicillin-clavulanic acid (median, 12%) (24). In in
vitro studies, it has been found that 2 mg of clavulanic acid per
ml or less is required to reduce the MICs of amoxicillin from
the resistant to the susceptible category for 90% of the E. coli,
B. fragilis, Proteus and S. aureus strains tested (1, 5, 25, 26).

The current study was conducted during colorectal surgery
to determine the levels in sera and different abdominal tissues
of clavulanic acid and amoxicillin given prior to and during
surgery. We wanted to confirm the presence of an effective
antibacterial concentration of the antibiotics at potential sites
of infection. Therefore, two doses of clavulanic acid (200 and
400 mg) were administered with 2,000 mg of amoxicillin.

MATERIALS AND METHODS

Patients and drugs. This study received the approval of the ethical committee
of our institution, and all patients gave informed consent. Seventeen patients
were scheduled for elective colorectal surgery. All patients had normal hepatic
function (serum bilirubin, <10 pmol/liter) and renal function (creatinine clear-
ance, >100 ml/min/1.74 m?). None had a history of allergic reaction to B-lactam
antibiotics. None presented any clinical sign (normal body temperature, normal
physical examination) or laboratory sign (normal leukocyte count) of infection or
had received antibiotic treatment in the preceding 3 weeks.

Patients were randomly assigned to one of two groups. Group 1 (six males,
three females; 59 = 19 years old; body weight, 63 * 11 kg) was given 200 mg of
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TABLE 1. Concentrations of amoxicillin and clavulanic acid in serum*
Group 1 Group 2
o . . Clavulanic o . . Clavulanic
Amoxicillin Clavulanic acid i icilli Amoxicillin Clavulanic acid id icilli
Dose at 2,000 mg at 200 mg R at 2,000 mg at 400 mg IR
Peak Trough Peak Trough Peak Trough Peak Trough
concn concn concn concn Peak  Trough concn concn concn concn Peak Trough
(bgm)  (ugml)  (pg/ml) (hg/ml) (pgm)  (pgml)  (pgml) (pg/ml)
1 176 +75 24+21 120*53 23=21 007 009 220+83 25+4 42=15 54=3 0.19°  021°
2 192 + 83 13.0 = 7.0 0.07 211 = 68 3518 0.17°

“ The first dose was given at induction of anesthesia, and the second dose was given 2 h later. Values are means * standard deviations.

b P < 0.03 compared with clavulanic acid at 200 mg.

clavulanic acid with 2,000 mg of amoxicillin by intravenous bolus injection.
Group 2 (three males, five females; 57 * 16 years old; body weight 66 = 10 kg)
was given 400 mg of clavulanic acid with 2,000 mg of amoxicillin. In both groups,
antibiotics were administered at the time of induction of anesthesia and the
initial dose was administered again 2 h later.

Specimen collection. Blood samples (10 ml each) were collected from a central
venous catheter before and 10 min (first peak level) and 2 h (trough level) after
the first injection and 10 min (second peak level) after the second injection.
Blood samples were kept on ice and were centrifuged in a refrigerated centrifuge
within 30 min of collection. Sera were placed into polypropylene tubes.

Several samples of the selected tissues were collected during surgery. Abdom-
inal wall fat and epiploic fat were obtained at the times of opening and closure
of the abdominal cavity; colonic wall samples were obtained at the time of
surgical anastomosis. The exact time of sample collection was registered, and a
corresponding blood sample was taken. Tissue sample sizes were 1 cm? or larger.
Attached blood was removed from all tissue samples by cleaning with dry, sterile
gauze. Tissue samples were placed into sterile polypropylene tubes. Serum and
tissues samples were assayed immediately following surgery.

Specimen preparation procedures. For determination of clavulanic acid in
serum, 400 pl of the sample was mixed with 0.1 M ammonium citrate and 3.0 M
imidazole (pH 6.8). After mixing (vortex; 30 s), the sample was deproteinized by
addition of 1.0 ml of acetonitrile. After mixing (15 s) and centrifugation 10 min
at 3,000 rpm (Sorvall centrifuge), the acetonitrile was removed by extraction with
3.0 ml of dichloromethane. The solution was then vortexed (30 s) and centrifuged
for 5 min at 3,000 rpm. The aqueous phase (50 pl) was injected onto a high-
performance liquid chromatography (HPLC) system.

For determination of amoxicillin in serum, 500 pl of a sample was stabilized
with 500 pl of 0.2 M ammonium acetate (pH 7.0). After mixing and centrifuga-
tion, the sample was treated in the same way as the clavulanic acid samples. The
aqueous phase (50 pl) was injected onto the HPLC system.

For determination of clavulanic acid and amoxicillin in tissues, samples were
weighed and 300 mg was homogenized with an Ultra-Turrax homogenizer at
4.0°C for 45 s. Centrifugation of the homogenate yielded a clear supernatant
which was treated as serum samples were.

HPLC systems (10, 17). Clavulanic acid concentrations were determined by
using a dual-column HPLC system with UV detection. The precolumn (LiChro-
spher RP 18 E; 5-um pore size; 25 by 4 mm [inside diameter]) was connected to

the analytical column (LiChrospher RP 18 E; 5-um pore size; 125 by 4 mm
[inside diameter]). The mobile phases consisted of 4% acetonitrile and 96% 0.01
M potassium dihydrogen phosphate buffer (pH 3.2). The flow rate was 1.3
ml/min, and detection of clavulanic acid was obtained at 311 nm.

Amoxicillin concentrations were determined with the same HPLC systems.
The mobile phase consisted of 3% acetonitrile and 97% 0.02 M disodium mono-
phosphate buffer (pH 6.8). The flow rate was 1.0 ml/min, and detection of
amoxicillin was obtained at 225 nm. The lower limit of clavulanic acid detection
was 0.1 pg/ml for tissue and serum samples. The lower limits of amoxicillin
detection were 0.1 and 0.2 pg/ml for serum and tissue samples, respectively. The
percentages of recovery of clavulanic acid were 100% * 4% and 91% *+ 3% for
serum and tissue samples, respectively. For clavulanic acid, the within-day and
between-days (3 days) levels of interassay precision were 1.9 and 2.4% (10 pg/ml)
and 1.1 and 2.1% (2 pg/ml) for serum samples, respectively, and 4.3 and 7.0% (3
wg/g) and 5.2 and 8.4% (0.5 pg/g) for tissue samples, respectively. For amoxicillin
the within-day and between-days (3 days) levels of interassay precision were 0.5
and 2.0% (100 wg/ml) and 3.9 and 4.8% (25 pg/ml) for serum samples, respec-
tively, and 4.6 and 7.2% (15 pg/g) and 5.9 and 8.8% (1 pg/g) for tissue samples,
respectively.

Evaluation of tissue penetration. Tissue/serum concentration ratios were ob-
tained by dividing the antibiotic concentration in the tissue sample by the con-
centration in the corresponding serum sample. Samples of specific tissues were
analyzed according to collection time: opening and closure of the abdominal
cavity and surgical anastomosis of the colon. For each defined period, the ratios
of the concentrations of the two compounds (clavulanic acid/amoxicillin) were
obtained for the different tissue samples and the corresponding serum samples.
The mean ratio = the standard deviation was calculated for both groups.

Statistical analysis was performed with Student’s # test for unpaired values and
the chi-square test. A P value of less than 0.05 was considered significant.

RESULTS

Concentrations in serum. Clavulanic acid and amoxicillin
concentrations in serum are presented in Table 1. Use of the
higher dose (400 mg) resulted in a significant increase in peak

TABLE 2. Concentrations of amoxicillin and clavulanic acid in abdominal tissues and serum of patients undergoing colorectal surgery at
different periods of the surgical procedure

Mean drug concn * SD at:

Group and drug Opening® Surgical anastomosis® Closure®
d . i
(dose [me]) Abdominal Epiploic fat Serum Colonic wall Serum Abdominal Epiploic fat Serum
wall fat wall fat
(ngl2) (ng/g) (ng/ml) (ng/g) (ng/ml) (ne/e) (ng/g) (vg/ml)
1
Amoxicillin (2,000) 16 =8 17 £ 11 95 + 60 24 + 125 57 =35 14.1 = 8.0 14.0 = 9.1 89 + 84
Clavulanic acid (200) 22 %27 1.8 13 72 %33 27+23 43 +3.1 21+23 3.2%43 5.1 %39
2
Amoxicillin (2,000) 11.0 = 2.0 11.0 = 5.0 110 = 47 17.2 = 10.1 72 47 120 = 7.1 153 =55 71 £ 47
Clavulanic acid (400) 6.0 + 4.4¢ 37 +1.8¢ 233 =214 25+19 45+29 42 +32 35+27 75+34

“ For groups 1 and 2, the opening times in relation to the start of antibiotic administration were 34 = 15 and 30 * 10 min, respectively.
b For groups 1 and 2, the surgical anastomosis times in relation to the start of antibiotic administration were 126 = 37 and 116 * 28 min, respectively.
¢ For groups 1 and 2, the closure times in relation to the start of antibiotic administration were 157 * 40 and 162 *= 38 min, respectively.

4P < 0.02 compared with clavulanic acid at 200 mg.
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TABLE 3. Tissue/serum concentration ratios of clavulanic acid and amoxicillin at different periods of the surgical procedure in patients
undergoing colorectal surgery

Mean serum/tissue drug concn ratio = SD at:

Group and drug (dose Opening” Surgical Closure*
[me]) . anastomosis® .
Aacic])]n;;r;al Epiploic fat (colonic wall) A]jvi(l)lng?al Epiploic fat
1
Amoxicillin (2,000) 0.19 = 0.09 0.20 = 0.10 0.49 = 0.17 0.17 = 0.12 0.17 £ 0.09
Clavulanic acid (200) 031 = 0.12 0.29 = 0.09 0.63 = 0.24 0.33 £ 0.15 032 +0.13
2
Amoxicillin (2,000) 0.12 £ 0.11 0.12 = 0.13 0.27 = 0.16 0.15 = 0.10 0.23 £ 0.13
Clavulanic acid (400) 0.27 = 0.15 0.17 = 0.11 0.52 £0.23 0.52 = 0.31 0.43 £0.17

“The opening times in relation to the start of antibiotic administration were 34 = 15 and 30 = 10 min for groups 1 and 2, respectively.
b The surgical anastomosis times in relation to the start of antibiotic administration were 126 + 37 and 116 * 37 min for groups 1 and 2, respectively.
¢ The closure times in relation to the start of antibiotic administration were 157 = 40 and 162 * 38 min for groups 1 and 2, respectively.

and trough clavulanic acid concentrations in serum (P < 0.03).
Clavulanic acid/amoxicillin concentration ratios ranged be-
tween 0.07 and 0.09 with 200 mg and increased significantly to
0.17 and 0.21 with the 400-mg dose (P < 0.03).

Antibiotic concentrations in tissues. Clavulanic acid and
amoxicillin concentrations in tissue at various periods during
surgery are shown in Table 2. In group 1, stable concentrations
were observed in fatty tissues when comparing the opening and
closure periods. This was related to the injection of the second
dose of antibiotics. Amoxicillin concentrations were higher in
the colonic wall than in fatty tissues. Use of the 400-mg dose of
clavulanic acid resulted in greater penetration into the fatty
tissues (Table 2). This was statistically significant at the time of
opening.

Tissue/serum concentration ratios. Tissue/serum concentra-
tion ratios are shown in Table 3. For amoxicillin, ratios ranged
from 0.12 to 0.23 in fatty tissues and from 0.27 to 0.49 in the
colonic wall. For clavulanic acid, ratios ranged from 0.17 to
0.52 in fatty tissues and from 0.52 to 0.63 in the colonic wall.
The mean tissue/serum concentration ratios of clavulanic acid
in the fatty tissues tended to show time dependency (Table 3).
They increased from 0.17 and 0.27 at time of opening to 0.43
and 0.52 at the time of closure of the abdominal cavity.

Clavulanic acid-to-amoxicillin concentration ratios. Clavu-
lanic acid-to-amoxicillin concentration ratios are presented in
Table 4. In group 1, they ranged from 0.10 to 0.22 in tissues and
from 0.06 to 0.09 in serum. With the 400-mg dose (group 2),
the ratios ranged from 0.25 to 0.51 in tissues and from 0.11 to
0.21 in serum. The ratios were significantly increased at the
time of opening and at surgical anastomosis (Table 4).

Effective (>2-pg/ml) antibacterial concentrations. In all
plasma samples, clavulanic acid and amoxicillin exceeded the

concentrations found to be effective in vitro. Effective concen-
trations of amoxicillin were found in all tissue samples. The
number of patients with effective clavulanic acid concentra-
tions in tissue is shown in Table 5. In group 1, with the 200-mg
dose, 5 (11%) of 45 samples showed clavulanic acid concen-
trations of >2 pg/g, compared with 29 (72%) of 40 (P < 0.05)
when the 400-mg dose was used.

DISCUSSION

Previous studies have established the basic principles of an-
tibiotic prophylaxis in surgical procedures, and the main points
are that (i) the antibiotic must reach the tissues involved before
surgery allows bacterial contamination, and (ii) the drug must
attain and maintain concentrations in serum and tissues high
enough to inhibit the growth of contaminating pathogens (4, 6,
8, 13, 18).

This study addressed the tissue penetration of a B-lactam—
B-lactamase inhibitor combination with the B-lactamase inhib-
itor being given at two different doses: 200 and 400 mg. The
absolute concentrations of drugs in tissues, the time course of
these concentrations and the extent of penetration are of in-
terest. Penetration was evaluated by measuring the tissue-to-
plasma concentration ratios at specific collection times.

The data for clavulanic acid (200 mg) and amoxicillin (2,000
mg) are in agreement with results previously reported (7, 9, 12,
27). Specific differences between tissues and the two com-
pounds were observed. The extent of amoxicillin penetration
into fat was 10 to 20% of the levels in serum, lower than the
penetration of clavulanic acid at 200 mg (30%). Although the
two compounds share the B-lactam structure, the difference in
chemical composition probably explains the difference in af-

TABLE 4. Clavulanic acid/amoxicillin concentration ratios at different periods of the surgical procedure in patients undergoing
colorectal surgery

Mean clavulanic acid/amoxicillin concn ratio = SD at:

Group Opening Anastomosis Closure
A:/(l(l)ln}iiirtlal Epiploic fat Serum Colonic wall Serum Al;?io‘:vn;lr;al Epiploic fat Serum
14 0.13 = 0.05 0.11 = 0.06 0.09 = 0.04 0.10 = 0.05 0.08 = 0.04 0.14 = 0.06 0.22 = 0.12 0.06 = 0.03
2° 0.51 = 0.17¢ 0.33 =0.17¢ 0.21 = 0.11° 0.15 = 0.07 0.07 = 0.04 0.35 = 0.17 0.25 £ 0.11 0.11 = 0.06

“ Patients in group 1 received 2,000 mg of amoxicillin and 200 mg of clavulanic acid.
b Patients in group 2 received 2,000 mg of amoxicillin and 400 mg of clavulanic acid.

<P <0.02.
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TABLE 5. Patients with adequate clavulanic acid levels (>2 pg/g)
in different tissues and at different periods during the
surgical procedure”

No. of patients with adequate clavulanic acid
levels in tissue/total no. of patients

b
Group” " Apdominal wall fat Epiploic fat Colonic
Total
Opening  Closure  Opening  Closure wall
1 0/9 1/9 0/9 1/9 3/9 5/45
2 6/8 5/8 7/8 5/8 6/8 29/40¢

“ See the text for an interpretation of these data.

® Group 1 (n = 19) received two 200-mg clavulanic acid doses 2 h apart, and
group 2 (n = 8) received two 400-mg clavulanic acid doses 2 h apart.

P <0.05.

finity for fatty tissues. The exact mechanism that causes this
important finding needs further investigation. This is at vari-
ance with a study on the tissue penetration of piperacillin-
tazobactam in which the penetration of both compounds into
fat was almost the same (10% of the levels in plasma) (14). In
the present study, the extend of penetration of both com-
pounds was maintained throughout the surgical procedure
probably because of the second injection performed after 120
min. This emphasizes the need for repeated injections of drugs
with shorter half-lives (4, 8, 13, 18, 19). Had this second injec-
tion not been performed, decreased concentrations of both
compounds would probably have been measured in fatty tis-
sues, with an increased risk of postoperative infection.

Penetration of clavulanic acid and amoxicillin into the co-
lonic wall was higher than that into fatty tissues. This is prob-
ably explained by the fact that the blood flow to the gastroin-
testinal tract is higher than that to the fat. Once again, the
extent of penetration of clavulanic acid was higher than that of
amoxicillin. Interestingly, the extent of penetration of clavu-
lanic acid into fatty tissues increased with time from ratios of
0.17 to 0.27 to ratios of 0.43 to 0.52. From these data, it is clear
that no single mechanism governs the extent of penetration of
clavulanic acid into fatty tissues. Further studies are needed to
establish the relationship among blood flow, water content,
and the physicochemical properties of the agent.

Prediction of antibacterial activity can be based partly on the
absolute concentrations of antibiotics and the ratios between
the two compounds. In the present study, the concentrations of
amoxicillin in all of the tissues tested exceeded the MICs for
bacteria that are susceptible to the agent. Addition of clavu-
lanic acid in vitro leads to a dramatic reduction in otherwise
elevated MICs when the bacteria produce B-lactamases (1, 5,
25, 26). With the use of 200 mg of clavulanic acid, adequate
levels in tissue (>2 pg/g) were not reached in all patients and
this may explain the failure of prevention of postoperative
infection with amoxicillin-clavulanic acid observed in some
studies (reviewed in reference 24). Increasing the dose of cla-
vulanic acid to 400 mg resulted in greater tissue penetration
and allowed achievement of adequate concentrations in 72%
of the samples tested. However, what constitutes an optimal
antibiotic concentration in tissue is poorly understood and the
problem may be even more complex for a combination (1). It
is often defined as a concentration above the MIC for bacteria,
but many examples of effective prophylaxis with antibiotic con-
centrations in tissue below the MIC and failures of prophylaxis
with concentrations in tissue above the MIC exist (15, 20, 21).
Antibiotic concentrations below the MIC do produce morpho-
logical damage in bacteria, thus decreasing the growth rate and
favorably influencing the outcome of an infection (16, 23, 28).
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Many factors influence the control of postoperative infections:
the discipline of the surgical team, meticulous surgical tech-
nique, proper preparation for surgery, and the status of the
immune system of the patient, etc.

In conclusion, when clavulanic acid (200 mg) and amoxicillin
(2,000 mg) are given for antibiotic prophylaxis in colorectal
surgery, clavulanic acid may not reach concentrations in tissue
high enough to be effective in vitro and MICs for potential
pathogens may not be reduced from the resistant to the sus-
ceptible category. This regimen has been to be effective in
clinical trials, but the postoperative infection rate remains
around 12% after colorectal surgery. With the use of 400 mg of
clavulanic acid, concentrations in tissues reached or exceeded
the concentrations found to be effective in vitro in 89% of the
samples tested. Such a regimen could be considered in selected
patients with a high risk of postoperative infection.
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