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ABSTRACT The objectives of this study were to evaluate the population pharmaco-
kinetics of prophylactic cefazolin (CFZ) from its serum and hip joint capsule concen-
trations in patients undergoing total hip arthroplasty and to establish the pharmaco-
dynamic target concentration exceeding the MIC for designing an effective dosing
regimen for serum and the hip joint capsule. We analyzed 249 serum samples and
125 hip joint capsule samples from 125 individuals using a nonlinear mixed-effects
model. The pharmacodynamic index target value obtained from our results indicates
the probability of maintaining CFZ trough and hip joint capsule concentrations
exceeding the MIC of 1mg/liter to account for methicillin-susceptible S. aureus
(MSSA). We estimated the population pharmacokinetics using a two-compartment
model. The estimated population pharmacokinetic parameters were as follows: clear-
ance (CL) (liters/h) = 1.46 � (creatinine clearance [CLcr] [ml/min]/77)0.891, volume of
distribution of the central compartment (Vc) (liters) = 7.5, central-hip joint capsule
compartment clearance (Q) (liters/h) = 3.38, and volume of distribution in the hip
joint capsule compartment (VJC) (liters) = 36.1. The probability of achieving concentra-
tions exceeding the MIC90 for MSSA was approximately 100% for serum and 100%
for the hip joint capsule at 3 h after the initial dose. Our findings suggest that popu-
lation-based parameters are useful for evaluating CFZ pharmacokinetics and that
individual dosages should be determined based on the dosage regimen that
achieves and maintains adequate tissue CFZ concentration.
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Cefazolin (CFZ), a first-generation cephalosporin, shows good activity against Gram-
positive cocci. It is widely used for prophylaxis in several surgical procedures.

Indeed, owing to its broad-spectrum activity, low toxicity, and cost (1, 2), CFZ is recom-
mended as an ideal prophylactic antibiotic for perioperative administration. To prevent
surgical site infections (SSIs), a prophylactic antibiotic dosing schedule that achieves
and maintains adequate tissue concentrations of antibiotics near the surgical site is
critical (3). To prevent infections, prophylactic antibiotic concentrations that exceed
the MIC of the targeted pathogen for at least the duration between incision and
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surgical wound closure are required (4). Moreover, an antibiotic should achieve these
optimal concentrations in not only the serum but also the target site (5). Therefore,
intraoperative redosing is needed when the duration of the procedure exceeds two
half-lives of the drug. The American Society of Health-System Pharmacists (ASHP)
guidelines recommend cefazolin redosing at 4 h (1). However, data concerning prophy-
lactic antibiotic concentration in the tissue site are frequently insufficient.

The aim of this study was to describe the population pharmacokinetics of CFZ in
both serum and hip joint capsule and to estimate the pharmacodynamic target con-
centration exceeding the MIC for designing an effective dosing regimen.

RESULTS

The CFZ concentrations in 26 men and 99 women were evaluated in this study.
Patient characteristics are shown in Table 1. The individual observed CFZ concentra-
tions in the serum and hip joint capsule at various time points are shown in Fig. 1. The
two-compartment model fit the data better than the three-compartment model based
on our discrimination criteria. Each covariate model is shown in Table 2. The final pop-
ulation parameters are presented in Table 2. The only covariate observed was CFZ
clearance, and CLcr was normalized to 77ml/min. The final model was as follows:

CL liters=hð Þ ¼ 1:46 � CLcr ml=min½ �=77ð Þ0:891

where the volume of distribution of the central compartment (Vc) (liters) = 7.5, the cen-
tral-hip joint capsule compartment clearance (Q (liters/h) = 3.38, and the volume of dis-
tribution in the hip joint capsule compartment (VJC) (liters) = 36.1. The coefficients of
variation for the interindividual variability (v 2) of clearance (CL), Vc, Q, Vjc, and residual
variability (s 2) were 58.0%, 15.9%, 21.7%, 57.0%, and 16.6%, respectively.

The assessment results of the predictive performance of the final model are pre-
sented in scatterplots of the observed versus population-predicted concentrations (Fig.
2) and of the individual-predicted concentrations of CFZ (Fig. 2). The weighted-residual
concentration versus the population-predicted concentration is presented in Fig. 2.
These plots were symmetrically distributed around the line of identity, indicating that
the model adequately described the serum and hip joint capsule CFZ concentration. A
visual predictive check (VPC) is shown in Fig. 3. The median and percentile intervals of
the predicted values are relatively close to the observed values. In the bootstrap analy-
sis of the final model, 802 of 1,000 bootstraps showed successful results. The values of
the parameters used in the final model were close to the value in the bootstrap sam-
ples, and the relative standard errors were acceptably small. In addition, the parame-
ters from the bootstrap analysis followed a normal distribution and comprised all pa-
rameter estimates from the final population model (Table 3).

A simulation (n=240,000) was performed using the final model to determine the
optimal dosing regimen in patients with renal impairment. The CFZ trough concentra-
tion in both free serum and hip joint capsule was simulated for every 10,000 patients,
with 24 levels of CLcr ranging from 5 to 120ml/min every 5ml/min. The target was the
probability of maintaining the CFZ trough concentration above 1mg/liter in free serum
and hip joint capsule (Fig. 4).

TABLE 1 Characteristics of the patients

Characteristic No. Median (IQR) Range
No. of patients (male/female) 26/99
Serum concn (mg/liter) 249 65.0 (42.1–93.4) 3.3–226.7
Hip joint capsule concn (mg/liter) 125 8.0 (5.6–10.8) 0.6–29.1
Age (yrs) 64 (56–72) 30–95
Wt (kg) 56.0 (49.7–69.1) 32.9–99.4
Creatinine clearancea 77 (61–103) 20–180
aEstimated using the Cockcroft-Gault equation.
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DISCUSSION

We characterized the pharmacokinetics and pharmacodynamics of CFZ in the se-
rum and hip joint capsule of patients with total hip arthroplasty (THA) and calculated
the CFZ dosing regimen based on the renal function to achieve the serum and hip joint
capsule CFZ concentrations above the MIC of 1mg/liter. Our data revealed that the
concentration of CFZ in the hip joint capsule was approximately 10% of the corre-
sponding serum concentration. Schurman et al. reported that when 1 g of CFZ was
intravenously administered over a 5-min period before the operation (6), the concen-
tration of CFZ in the serum and synovial fluid ranged from 56.0 to 135.0mg/liter and
from 7.1 to 63.0mg/ml, respectively. Thus, CFZ in the serum did not penetrate the hip
joint capsule, largely because CFZ is a water-soluble antibiotic with a strong protein-
binding characteristic.

Our population pharmacokinetic data showed CLcr as a significant covariant
for the central compartment clearance of CFZ. CFZ is considered to be eliminated
by the kidneys. Previous studies have shown that CLcr is an affective factor (7, 8).
Sharareh et al. reported that trabecular bone CFZ concentration did not affect

FIG 1 Observed cefazolin concentrations. (A and B) Observed individual concentrations of cefazolin in
the serum (A) and hip joint capsule (B) at various times after dosing.

TABLE 2 Summary of population pharmacokinetic analysis for cefazolin

Models OBJa 22.l.l.db P value
Basic modelc (2-compartment model)d 2165.442

CL
u 1� (CLcr/CLcr median)u5 2,150.072 15.37 ,0.01
u 1 (age. 65), u 5 (age5 65) 2,165.094 0.348 NS
u 1 (sex = male), u 5 (sex = female) 2,165.374 0.068 NS

Vc
u 11 u 5� BW 2,155.392 10.05 ,0.01

Q
u 1� (CLcr/CLcr median)u5 2,163.986 1.456 NS
u 1 (age. 65), u 5 (age5 65) 2,164.271 1.171 NS
u 1 (sex = male), u 5 (sex = female) 2,165.339 0.103 NS

VJC

u 11 u 5� BW 2,150.933 14.449 ,0.01
aOBJ, objective function.
b–2 log-likelihood.
cCL, clearance; Vc, volume of distribution of the central compartment; Q, central hip joint capsule compartment
clearance; VJC, volume of distribution of the hip joint capsule compartment; NS, not significant.
dCL (liters/h) = u 1, Vc (liters) = u 2, Q (liters/h) = u 3, VJC (liters) = u 4.
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body weight. Therefore, in our final model, weight did not have an effect on the
Vjc (9).

The results of the present study revealed that population means are a good predic-
tor of performance. The weighted residuals were acceptable to within three standard
deviations, and this is generally recognized as the criterion for no selection bias.
Therefore, we conclude that the final model has a good predictive capability.

Generally, the ASHP guidelines recommend that intraoperative redosing is needed
to maintain adequate serum and tissue concentrations of the antimicrobial if the dura-
tion of the procedure exceeds two half-lives of the drug. Therefore, a CFZ redosing
interval of 4 h is suggested (1). In contrast, Ohge et al. recommend that a second dose
of CFZ be administered 3 h after the first administration to maintain adequate antibi-
otic activity (10). Similarly, based on our data, we recommend a CFZ redosing interval
of 3 h to maintain adequate serum and hip joint capsule CFZ concentrations, regard-
less of the value of renal function. In contrast, for a CFZ redosing interval of 4 h, as
shown in Table 2, the probability of target attainment in the serum was below 90%
under normal renal function ($90ml/min). Therefore, our results suggest that an addi-
tional dose of CFZ should be considered every 3 h, rather than every 4 h, under normal
renal function. Additionally, the CFZ redosing interval should be longer than 4 h for re-
nal failure because the half-life of CFZ in the serum is considerably prolonged in
patients with reduced renal function.

There were some limitations to this study. First, we utilized a small number of sam-
ple points; serum and tissue points were derived from only two sample points.

FIG 2 Diagnostic plots for the final covariate model. (A and C) Observed versus population predicted concentrations in the serum (A) and hip joint
capsule (C). (B and D) Observed versus individual predicted concentrations in the serum (B) and hip joint capsule (D). (E and F) Conditional weighted
residuals (CWRES) versus population predictions in the serum (E) and hip joint capsule (F).
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Additionally, our observations did not extend longer than 4 h because THA is a short
operation. The serum and hip joint capsule CFZ concentrations after 4 h were simu-
lated from the population pharmacokinetic data. Therefore, the limited information
might be insufficient for accurate predictions at 4 h.

Second, the ASHP guidelines recommend the prophylactic use of CFZ at 2- and 3-g dos-
ages to patients weighing ,120 and $120kg, respectively (1). However, the mean body
weight of patients in our study was lower (59kg), and most patients received only 1 g CFZ.
Only four patients received 2 g CFZ, and these were individuals with a body weight of

FIG 3 (A and B) Visual predictive check based on the final population pharmacokinetic of the serum (A) and hip joint capsule (B). (C and D) In subjects
with normal renal function (CLcr$ 90 ml/min), serum (C) and hip joint capsule (D). (E and F) In subjects with moderate renal impairment (CLcr 50 to 90ml/
min), serum (E) and hip joint capsule (F). (G and H) In subjects with severe renal impairment (CLcr, 50ml/min), serum (G) and hip joint capsule (H). The
solid and dotted lines are median profiles and 90% predicted intervals (PIs).

TABLE 3 Parameter estimates of the population pharmacokinetic model

Characteristic Parameter Estimate

Final model
Final bootstrap estimates
(n=1,000)

RSEb (%) SHRc (%) Avg Lower 2.5% Upper 97.5%
Structural model parametersa

CL (liters/h) = u 1� (Ccr/77)u2 u 1 1.46 16.3 1.49 0.71 2.54
u 2 0.891 25.1 0.941 0.556 1.507

Vc (liters) = u 3 u 3 7.50 2.6 7.49 7.07 8.01
Q (liters/h) = u 4 u 4 3.38 10.2 3.32 2.13 4.28
VJC (liters) = u 5 u 5 36.1 25.1 35.5 22.3 47.1

Between-subject variability
Clearance CL (% CV) 58.0 23.6 25.8 58.4 22.7 95.2
Vol of distribution of the central compartment Vc (% CV) 15.9 32.3 44.2 18.3 6.56 27.2
Central skeletal muscle compartment clearance Q (% CV) 21.7 25.9 46.9 23.3 10.9 34.5

Vol of distribution of the tensor fasciae latae
compartment

VJC (% CV) 57.0 11.3 9.3 56.5 43.6 69.5

Between-subject variability RUVPROP CFZ 16.6 20.3 37.8 15.6 6.1 23.0
aCL, clearance; Vc, volume of distribution of the central compartment; Q, central-hip joint capsule compartment clearance; VJC, volume of distribution of the hip joint capsule
compartment; CV, coefficient variation.

bRelative standard error.
cShrinkage.
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$80kg. Therefore, our dosing regimen is not adapted for individuals with a body weight of
$80kg. Additional studies, including model validation with external data, are required, and
this is our next objective. Notwithstanding the limitations of our study, the optimal dosing
regimen reported should be helpful in determining intraoperative CFZ redosing intervals.

In conclusion, we performed CFZ population pharmacokinetics to determine the se-
rum and hip joint capsule CFZ concentrations and to evaluate the influence of CLcr on
the pharmacokinetics of CFZ. Additionally, based on our population pharmacokinetics,
we developed an optimal dosing regimen for intraoperative redosing (which exceeds
the MIC90 for MSSA). A CFZ redosing interval of 3 h is recommended assuming normal
renal function.

MATERIALS ANDMETHODS
Patients. Patients undergoing THA from February 2017 to January 2019 in Kitasato University

Hospital, Kangawa, Japan, were enrolled. After the induction of anesthesia (and within 60min before the
surgical incision), all patients received 1 or 2 g of intravenous CFZ for 10min. All patients provided writ-
ten informed consent before the procedure. The study was performed in accordance with the Helsinki
Declaration after approval by the Ethical Review Board of our hospital (approval number B19-156).

Sample collection. Blood samples were collected at the time of initial incision for hip joint capsule
resection. Hip joint capsule samples were collected at the time of hip joint capsule resection. The blood
samples were centrifuged immediately after collection, and the resulting serum samples were stored fro-
zen at 280°C until further analysis. The hip joint capsule samples were rinsed with phosphate buffer so-
lution and stored at280°C until further analysis.

Measurement of CFZ concentration in the serum and hip joint capsule. CFZ concentration in the
serum and hip joint capsule was measured by high-performance liquid chromatography as previously
described (11). Briefly, the hip joint capsule samples were pulverized in liquid nitrogen using CRYO-
PRESS to yield a powder (Microtec Nition, Chiba, Japan). The powdered samples were then homoge-
nized in phosphate buffer solution (300 ml). Subsequently, the homogenate was centrifuged and the su-
pernatant was collected for further processing. The tissue supernatant (100 ml) and serum samples (200

FIG 4 Monte Carlo simulations. The probability of target attainment of serum trough and hip joint
capsule concentrations with a 1-g dose for CLcr 5ml/min through CLcr 120ml/min at 3- and 4-h
points postdosing.
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ml) were mixed with 1.5 times methanol (vol/vol), and centrifuged at 10,000 g for 10min. The sample so-
lution (50 ml) was then injected into a C18 column at 10°C. The samples were separated in the mobile
phase (see below) at a flow rate of 1.0ml/min, and the eluate was monitored at 254 nm using a UV
absorption detector. The mobile phase consisted of 85% 0.01 M sodium acetate (pH 5.2) and 15% aceto-
nitrile (96%)/methanol (4%) solution. The lower limit of detection of CFZ was 0.5mg/ml with interday
and intraday coefficients of variation of ,5%.

Population pharmacokinetic analysis. Population pharmacokinetic modeling was performed using
NONMEM software version 7.3.0 (ICON Development Solution, Ellicott City, MD, USA). The first-order
conditional estimation with interaction (FOCE-I) method was used for the analysis. All serum and hip
joint capsule concentrations were simultaneously fit to a two-compartment model or a three-compart-
ment model. Multiple models were evaluated and discriminated using the Akaike information criterion
(AIC) (12).

Interindividual variability of the parameters was assessed using an exponential error model:

Pi ¼ TV Pið Þ � exp gið Þ

where Pi represents individual values, TV(Pi) is the population value for the parameters described in the
equation, and h i is the random deviation of Pi from TV(Pi). The value of h i was assumed to be inde-
pendently and normally distributed with a mean of 0 and a variance of v 2. The residual (intraindividual)
variability of the parameters was assessed using a proportional error model:

Cobs; ij ¼ Cpred; ij � 11 eijð Þ

where Cobs,ij and Cpred,ij denote the jth observed and predicted concentrations for the ith subject,
respectively; « is the random intraindividual error that is normally distributed with a mean of 0 and var-
iance s2.

Age, body weight (BW), serum creatinine, sex, and CLcr (estimated using the Cockcroft-Gault formula)
were selected as candidates for pharmacokinetic covariates. Covariance showing a correlation with the
pharmacokinetic parameters was introduced into the model. The significance of influence of the covari-
ates was evaluated by a change of –2-log likelihood (the minimum value of the objective function, OBJ).
An OBJ decrease of more than 6.63 from the basic structural model (x 2; degree of freedom, 1; P, 0.01)
was considered statistically significant during the forward inclusion process. The full model was struc-
tured by incorporating the significant covariates, and the final model was developed using the backward
elimination method. When one covariate factor was excluded from the full model, an OBJ increase of
more than 6.63 from the full model (x2; degree of freedom, 1; P, 0.01) was considered statistically
significant.

The adequacy of fitting was assessed by plotting the predicted versus the observed concentrations
of CFZ, the individual predicted concentration after each Bayesian step versus the observed concentra-
tion, and the weighted residual concentration versus the predicted concentration. To assess the predic-
tive performance, a prediction-corrected VPC was performed. The VPC was evaluated by comparing the
observed concentrations with a 90% predictable interval simulated from the final parameters (13). A
nonparametric bootstrap analysis was performed using Perl-speak-NONMEM software to assess the reli-
ability and stability of the estimated parameter (14). The final model was fit repeatedly to 1,000 addi-
tional bootstrap data sets. The average, standard deviation (SD), relative standard error (%RSE), and 95%
confidence interval (CI) were calculated from the empirical bootstrap distribution and compared with
estimates from the original data set.

Pharmacodynamic Monte Carlo simulation. A Monte Carlo simulation was conducted to simulate
CFZ trough concentrations in both free serum and hip joint capsule at 3 and 4 h after CFZ bolus infusion
(1 g). The free CFZ concentration in the serum was corrected using a protein-binding rate of 86% (15).
Virtual patients were randomly generated using uniform random numbers based on the population
pharmacokinetic model yielding mean estimates (u ) and interindividual variances (v ). The pharmacody-
namic index target value was the probability of maintaining the CFZ concentration above 1mg/liter to
account for methicillin-susceptible Staphylococcus aureus (MSSA) for which the MIC90 is 1mg/liter (16).
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