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ABSTRACT This study characterizes the pharmacodynamics of antimicrobial pro-
phylaxis and sternal wound infections following cardiac surgery. Duration of surgery
and cefazolin plasma concentration during wound closure were independently asso-
ciated with surgical site infection at 30 days. Furthermore, a duration of surgery of
�346 min and a total cefazolin closure concentration of �104 mg/liter were signifi-
cant thresholds for an increased risk of infection. This study provides new data that
informs dosing strategies for effective antimicrobial prophylaxis (AP) in patients un-
dergoing cardiac surgery with cardiopulmonary bypass.
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Interventions such as antimicrobial prophylaxis (AP) that prevent surgical site infec-
tion (SSI) are associated with significant reductions in patient morbidity, mortality,

and health care costs (1, 2). The goal of AP is to maintain effective plasma and tissue
concentrations from surgical incision to closure, thereby reducing the risk of postop-
erative wound infection (3). Although antimicrobial pharmacodynamics that relate drug
concentrations to clinical outcome are well established for the treatment of infectious
diseases (4, 5), the study of antimicrobial activity and target concentrations for effective
AP are limited (6, 7). Current clinical practice guidelines emphasize that “clarification is
needed regarding targeted antimicrobial concentrations and intraoperative monitor-
ing. . .to optimize efficacy” (3). One previous study characterized the pharmacodynam-
ics of gentamicin (plus metronidazole) prophylaxis in patients undergoing colorectal
surgery (8). Notably, gentamicin plasma concentration during wound closure was one
of the strongest independent risk factors for SSI.

AP is particularly beneficial in cardiac surgery, where serious and potentially life-
threatening infections, such as mediastinitis, can be prevented (1, 2, 9). In this popu-
lation, AP must also account for complex and prolonged procedures, as well as for
altered pharmacokinetics with cardiopulmonary bypass (CPB) (10). In the absence of
defined targets, there are various approaches that adjust AP for cardiac surgery by
using higher doses, more frequent redosing, or continuous infusions (11). Although the
benefits versus risks have not been established, it is also common practice to extend
“prophylaxis” for 24 to 48 h postoperatively. Our goal was to conduct the first
pharmacodynamic study of AP in cardiac surgery with the hypothesis that low intra-
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operative cefazolin concentrations increase the risk of postoperative wound infection.
The objective was to identify clinically relevant targets for effective AP in patients
undergoing cardiac surgery with CPB.

A secondary pharmacodynamic analysis was conducted using data from a published
pharmacokinetic study of cefazolin prophylaxis in elective cardiac surgery with CPB
(August 2014 to May 2015) (11). The study received approval from the University of
Manitoba Health Research Ethics Board (approval no. H2014:142). Patients (creatinine
clearance of �50 ml/min/72 kg) received cefazolin prophylaxis according to our
institutional protocol (i.e., administered within 60 min prior to incision, every 4 h during
surgery, and every 8 h for 48 h postoperatively). Blood samples were collected 30 min
after the preoperative dose, prior to redosing during surgery, and within 15 min of
wound closure (closure concentration). Cefazolin concentrations in plasma (total) and
ultrafiltrate (free) were determined by liquid chromatography-tandem mass spectrom-
etry (Shimadzu 8040), using a stable isotope as the internal standard (i.e., 13C2

15N
cefazolin) (12, 13).

Patient demographics, medical history, relevant clinical and laboratory data, and
surgery details were obtained from the patients’ medical records. Patients were mon-
itored for SSI during hospitalization, (14) and were contacted 30 days postsurgery to
document wound infections requiring systemic antimicrobial therapy that presented
after discharge. Potential risk factors for SSI were examined using univariate analysis
(Table 1), and significant variables (P � 0.1) were included in multivariate logistic
regression (MVLR) analysis to test conditional associations with infection. MVLR models
were evaluated by examining area under receiver operating curves (AUROC) and the
Hosmer-Lemeshow goodness of fit test. For continuous variables, significant thresholds
for increased risk of SSI were identified using classification and regression tree (CART)
analysis. (SYSTAT 13; Systat Software Inc., San Jose, CA).

Forty patients (62.5% male; mean age 65 � 10 years; mean weight, 88.1 � 16.3 kg)
were included in the pharmacodynamic study. Seventy percent (28/40) of surgeries
involved coronary artery bypass grafting with or without another procedure, and 30%
(12/40) were an isolated valve replacement/repair. The mean preoperative cefazolin

TABLE 1 Univariate analysis of variables in patients with and in those without surgical site infection

Patient variablea

SSIc

P valueWith (n � 8) Without (n � 32)

Male 5 (62.5) 20 (62.5) 1.00
Age (yrs) 63 � 12 66 � 9 0.47
Weight (kg) 95.7 � 21.8 86.2 � 14.4 0.28
Body mass index �35 kg/m2 3 (37.5) 3 (9.4) 0.082
CLCR (ml/min/72 kg)b 86.5 � 25.0 78.7 � 16.5 0.42
Diabetes mellitus 4 (50.0) 9 (28.1) 0.40
Charlson comorbidity index 3.0 (2.5–3.0) 3.0 (2.0–4.0) 0.75
CABG with or without other procedure 6 (75.0) 22 (68.8) 1.00
Duration of surgery (min) 324 � 100 266 � 60 0.045
Albumin at end of surgery (g/liter) 30.9 � 1.7 31.5 � 3.0 0.45
Glucose at end of surgery (mmol/liter) 8.7 � 1.5 8.2 � 1.5 0.39
Fluid balance (ml) 4,169 � 1,207 3,422 � 1,188 0.15
Surgery complications 1 (12.5) 3 (9.4) 1.00
Hospital stay following surgery (days) 4.5 (4.0–7.3) 5.0 (4.0–6.3) 0.58
Preoperative cefazolin dose (mg/kg) 22.9 � 6.1 23.6 � 5.3 0.77
Timing of preoperative cefazolin dose (min prior to incision) 36.3 � 6.1 34.3 � 13.9 0.55
Redosing of cefazolin during surgery 7 (87.5) 23 (71.9) 0.65
Total cefazolin dose, including preoperative and redosing during surgery

(mg/kg for every h of surgery)
8.6 � 2.5 9.0 � 2.3 0.64

Cefazolin closure concn (mg/liter)
Total 70.4 � 35.6 105.9 � 57.8 0.042
Free 21.6 � 14.8 35.5 � 27.9 0.066

aData are presented as no. (%), mean � standard deviation, or median (interquartile range).
bSee Ariano et al. (18).
cSSI, surgical site infection.
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dose was 23.5 � 5.4 mg/kg administered 35 � 13 min prior to incision, and the
duration of surgery was 278 � 74 min. The mean total cefazolin concentration during
wound closure was 98.8 � 55.6 mg/liter (Fig. 1), whereas the free closure concentration
was 32.8 � 26.2 mg/liter. Eight cases of superficial sternal SSI were documented,
including six that presented after discharge. Only lower total cefazolin closure concen-
tration (P � 0.038; odds ratio [OR] � 1.3 per 10% decrease) and longer duration of
surgery (P � 0.027; OR � 2.9 per hour increase) were independently associated with SSI
(AUROC � 0.789; 95% confidence interval [CI] � 0.583 to 0.996; Hosmer-Lemeshow P �

0.21) (Fig. 2). Duration of surgery of �346 min (60.0% versus 14.3% SSI) and total
cefazolin closure concentration of �104 mg/liter (30.4% versus 5.9% SSI) were signif-
icant thresholds for an increased risk of infection.

The importance of AP pharmacodynamics during cardiac surgery was first sug-
gested by Goldmann et al., who found that patients with longer procedures and lower
cephalothin concentrations during valve replacement surgery were more likely to
develop wound infection (15). In a more recent study of cefazolin prophylaxis, Kosaka
et al. noted a higher incidence of SSI in patients with better renal function, a potential
surrogate for lower cefazolin concentrations during surgery (16). Our study provides the
first direct evidence of a relationship between intraoperative antimicrobial concentra-
tions during cardiac surgery and postoperative wound infection. The finding was
particularly notable where the relevance of closure concentration was evident even
though “prophylaxis” was continued for 48 h postoperatively. Furthermore, the lack of
correlation between cefazolin closure concentration and duration of surgery (r2 � 0.08)
in our analysis supported the independence of these risk factors.

The pharmacodynamics of AP in our study were best described by the total as
opposed to the free (pharmacologically active) cefazolin concentrations. Given the
significant variability in protein binding during cardiac surgery with CPB, it is likely that
total concentration was a more stable predictive variable for SSI. In the absence of
established targets, AP regimens are evaluated indirectly, typically based on their ability
to cover the most common “potential” pathogens. For example, the suggested target
for cefazolin prophylaxis is usually based on maintaining concentrations at or above the
susceptible MIC breakpoint of 8 mg/liter, equivalent to a total concentration of 40
mg/liter (estimated protein binding of 80% in patients) (11, 17). Notably, our study
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FIG 1 Total cefazolin closure concentrations in patients undergoing cardiac surgery with cardiopulmo-
nary bypass (n � 40), where solid circles are patients with surgical site infection (SSI) and open circles are
those without SSI.
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supports a significantly higher threshold of �104 mg/liter, or free concentration of 29
mg/liter, using our measured protein binding of 72% in patients undergoing cardiac
surgery. First, it is important to consider that CART analysis is dependent on the
distribution of data and does not represent the only definitive target. However, our
finding may also indicate the need for higher cefazolin concentrations during cardiac
surgery where sternal wound closures are more complex and prolonged than others. It
may also signify the need for higher concentrations with bactericidal, as opposed to
bacteriostatic, activity against the contamination of sternal wounds. Finally, effective AP
targets may be influenced by local distributions of SSI pathogens and antimicrobial
susceptibilities. Since most SSIs presented after discharge, microbiology data were not
available for our analysis of cefazolin prophylaxis. For context, however, most sternal
infections are associated with Staphylococcus spp. In those documented from 2014 to
2016 in our institution, coagulase-negative staphylococcus and Staphylococcus aureus
strains accounted for 54% and 18% of SSI pathogens, respectively. Compared to our
threshold of 104 mg/liter (29 mg/liter free), MIC data (equivalent to free concentrations)
from the European Committee on Antimicrobial Susceptibility Testing (EUCAST) showed
that 87% (1,296/1,498) of methicillin-susceptible Staphylococcus epidermidis isolates had
MICs of �16 mg/liter, and all but one isolate had MICs of �32 mg/liter (see https://mic
.eucast.org/Eucast2/SearchController/search.jsp?action�init). Ninety-two percent (17,708/
19,252) of methicillin-susceptible S. aureus isolates had MICs of �16 mg/liter and 99%
had MICs of �32 mg/liter (see https://mic.eucast.org/Eucast2/SearchController/search
.jsp?action�init).

Although our study was limited by a small sample size, it still detected the signifi-
cance of antimicrobial pharmacodynamics (i.e., closure concentration) in patients un-
dergoing cardiac surgery. Our retrospective design was also a limitation, where the
concentration data were the consequence of an institutional protocol for cefazolin
prophylaxis, as opposed to those of dosing regimens designed to achieve a certain
distribution of concentrations. Finally, our primary clinical outcome (i.e., SSI) was
prospectively monitored for 30 days postsurgery; however, infections that presented
after discharge were documented through phone interviews.

In conclusion, this study supports the important role of antimicrobial pharmacody-
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FIG 2 Probability of surgical site infection based on the logistic model of total cefazolin closure
concentration stratified for duration of surgery, where the solid line represents the median duration of
surgery of 230 min, the lower hatched line is the 25th percentile (200 min), and the upper hatched line
is the 75th percentile (260 min).
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namics, particularly plasma concentration during wound closure, for effective AP. It
further informs dosing strategies for cefazolin prophylaxis in patients undergoing
cardiac surgery with CPB.
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