
Pharmacodynamic Target Attainment for Various Ceftazidime Dosing
Schemes in High-Flux Hemodialysis

Angela S. Loo,a Michael Neely,b Evan J. Anderson,c Cybele Ghossein,d,e Milena M. McLaughlin,d,f Marc H. Scheetzd,f

New York-Presbyterian/Weill Cornell Medical Center, New York, New York, USAa; USC Keck School of Medicine, Los Angeles, California, USAb; Emory University School of
Medicine, Atlanta, Georgia, USAc; Northwestern Memorial Hospital, Chicago, Illinois, USAd; Northwestern University Feinberg School of Medicine, Chicago, Illinois, USAe;
Midwestern University, Chicago College of Pharmacy, Downers Grove, Illinois, USAf

Ceftazidime is a broad-spectrum cephalosporin with high-level activity against a variety of Gram-negative pathogens, including
Pseudomonas aeruginosa. Improved outcomes are associated with cumulative percentages of a 24-h period that the drug concen-
tration exceeds the MIC under steady-state pharmacokinetic conditions (%TMIC) of >45 to 70% of the dosing interval. Optimal
dosing to achieve a 90% probability of target attainment (PTA) in patients receiving high-flux hemodialysis (HFHD) is un-
known. We used existing data from six anephric adults receiving hemodialysis to construct a population model with the
Pmetrics package for R. From the final model’s joint probability density, we simulated the PTA for various ceftazidime dosing
regimens, HFHD schedules, and organism MICs. For HFHD every 48 h and 1 g of ceftazidime given posthemodialysis, the PTA
exceeds 90% for all isolates with MICs of <8 �g/ml, assuming a goal of 70%TMIC. For 72-h dialysis intervals, postdialysis dosing
of 1 g is adequate for achievement of the 70%TMIC goal only for organisms with MICs of <4 �g/ml, while 2 g is adequate for or-
ganisms with MICs of <8 �g/ml. A dose of 500 mg once daily, regardless of HFHD schedule, has a 90% PTA for organisms with
MICs of <16 �g/ml, while 1 g once daily may achieve 100% PTA even for resistant organisms with a MIC of 32 �g/ml. Therefore,
to ensure maximal ceftazidime activity, once-daily dosing of 500 mg to 1 g ceftazidime in patients receiving HFHD may be pref-
erable for critically ill patients when MIC data are unavailable and for more resistant organisms with ceftazidime MICs of 16 to
32 �g/ml.

With increasing bacterial resistance, optimal dosing strategies
for antibiotics are required to improve outcomes (1, 2). Un-

fortunately, few dosing schemes have been developed for patients
receiving high-flux hemodialysis (HFHD). Furthermore, blood-
stream infections are common in hemodialysis patients, with
Gram-negative bacilli accounting for 14 to 43% of these events
(3–6). With few new drugs for Gram-negative bacilli on the hori-
zon, optimization of potent drugs with activity against Gram-
negative organisms, such as ceftazidime, is now more important
than ever.

Like all other beta-lactam antibiotics, ceftazidime exhibits
time-dependent killing of bacteria (7, 8). The bactericidal effect of
these agents correlates with the time during a 24-h period that the
drug concentration exceeds the MIC under steady-state pharma-
cokinetic (PK) conditions (TMIC). With cephalosporins, the cu-
mulative percentage of a 24-h period that the drug concentration
exceeds the MIC under steady-state pharmacokinetic conditions
(%TMIC) has been reported to be at least 35 to 40% for stasis and
60 to 70% for near-maximal kill in neutropenic animal models
(9–11). Evaluations of clinical data from humans have demon-
strated lower %TMIC targets for specific cephalosporins (12).
More recently, analysis of data from a randomized phase III clin-
ical study found that 45%TMIC predicted favorable outcomes for
ceftazidime in hospital-acquired pneumonia patients (13). Al-
though there are few ceftazidime-specific pharmacodynamic data
beyond this study, a goal of 70%TMIC would represent a more
conservative endpoint, particularly for neutropenia, which gener-
ally requires a greater %TMIC.

Ceftazidime MIC90 values from numerous surveillance studies
range from 16 to 32 �g/liter (14–19). These elevated MIC values
can impede achievement of the goal pharmacodynamic parameter
%TMIC, potentially compromising clinical outcomes. In order to

maximize efficacy, changes in antibiotic dosing have been made
for patients with normal renal function, including increasing
dose, frequency, and infusion time (15, 20–23). However, adjust-
ments in ceftazidime dosing to compensate for increased MICs
have not been studied in HFHD patients.

Since 80 to 90% of ceftazidime is eliminated unchanged in the
urine (24), the half-life in end-stage renal disease is increased to 28
to 45 h, compared to 1 to 2 h in patients with normal kidney
function (25, 26). Given this prolonged half-life, the FDA-ap-
proved package labeling recommends a loading dose of 1 g of
ceftazidime, followed by 1 g after each hemodialysis session (24).
However, different studies have recommended a variety of dosing
regimens for hemodialysis patients, ranging from 250 to 500 mg
every 24 h to 1 g of ceftazidime after each dialysis session (25–27).
Dosing is further complicated by the current widespread use of
HFHD, which was only an experimental treatment during the
mid-1980s, when the original studies were conducted. Therefore,
the aforementioned recommendations may not be relevant to the
more rapid clearance observed with HFHD.

It is unknown how HFHD and elevated MICs affect the prob-
ability of achieving the target pharmacodynamic parameter. Thus,
we modeled the probabilities of target attainment (PTA) of vari-
ous ceftazidime dosing regimens in anephric adults receiving in-
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termittent HFHD to achieve 45%TMIC and 70%TMIC for free drug
concentrations.

MATERIALS AND METHODS
To describe the nonrenal elimination of ceftazidime, we searched for
published studies in which patient-level, individual concentration-
time data were documented for anephric patients during an interdia-
lytic period. The following PubMed keywords were used in a search on
17 February 2013: (“ceftazidime” [MeSH terms] OR “ceftazidime” [all
fields]) AND (“renal dialysis” [MeSH terms] OR “renal” [all fields]
AND “dialysis” [all fields]), for all years. A single study meeting the
inclusion criteria was identified (27). In brief, six anephric adults re-
ceived 2 g ceftazidime posthemodialysis, with seven blood samples
drawn over a period of 24 h.

Population model building. One- and two-compartment models
with simultaneous input and output components were developed with the
Nonparametric Adaptive Grid (NPAG) algorithm within the Pmetrics
package for R (Los Angeles, CA) (28, 29). Elimination from the central
compartment and intercompartmental distribution were modeled as
first-order processes. Since no estimates of assay error were provided in
the original study, we conservatively estimated a lower limit of sensitivity
of 1 mg/liter for the microbiologic assay of ceftazidime in the serum (30).
Hence, we utilized an assay error polynomial (i.e., SD � C0 � C1Y � C2Y2 �
C3Y3) with inputs of 0.5, 0.15, 0, and 0. The inverse of the estimated assay
variance was used as the first estimate for weighting in the PK modeling.
Final weighting was accomplished by making the assumption that total
observation variance was proportional, with a scalar, gamma, to assay
variance. The best-fit model was determined by the rule of parsimony and
the lowest Akaike’s information criterion (AIC) score. Median Bayesian
posterior parameter estimates for each patient were used for calculations
of predicted ceftazidime concentrations. Goodness of fit was assessed by
regression, with an observed-predicted plot, coefficients of determina-

tion, and log-likelihood values. Predictive performance evaluation was
based on mean prediction error (bias) and the mean bias-adjusted
squared prediction error (imprecision) of the population and individual
prediction models.

Simulations and PTA. For simulations, we used a semiparametric
sampling method (29, 31) available in Pmetrics, rather than a normal or
log-normal distribution, to best capture any deviances from normality.
We simulated free ceftazidime concentrations after pharmacokinetic pa-
rameters were derived, using a conservative free fraction of 80% (24). The
final model consisted of six support points, and each point was a set of
model parameter values and the probability of those values to predict
observed ceftazidime concentrations in the population. Each support
point then served as the mean for a multivariate normal distribution,
weighted by the probability of the point, with covariance equal to the
covariance matrix of the full model divided by the number of points, i.e.,
six. The semiparametric sampling from this weighted, multivariate, mul-
timodal normal distribution generated a novel population of 1,000 pa-
rameter sets. From each of the 1,000 sets of parameters, a concentration-
time profile was created for each of several interdialysis ceftazidime dosing
schemes at steady state: 500 mg every 24 h, 500 mg every 48 h, 500 mg
every 72 h, 1 g every 24 h, 1 g every 48 h, 1 g every 72 h, 2 g every 48 h, and
2 g every 72 h. Using the PTA functions in Pmetrics, we assessed the
probabilities among the 1,000 profiles for each dosing regimen of achiev-
ing the pharmacodynamic goals of 45%TMIC and 70%TMIC for free drug
at MIC values of up to 32 �g/ml.

To conduct a sensitivity analysis, we simulated the above under differ-
ing scenarios based on known nonrenal elimination (27) and hemodial-
ysis clearance of 55 to 88% by conventional hemodialysis (25, 32). First,
our primary model conservatively estimated that HFHD would be no
more efficient than conventional hemodialysis. This would be the “worst-
case scenario” from a safety perspective, as additional drug could accu-
mulate and result in toxicity. Renal replacement was modeled as 4-h he-
modialysis sessions, in which the intradialytic drug half-life was 3.3 h (25).
The hemodialysis was modeled as a piecewise input in our stochastic

FIG 1 Concentration-time profiles for 6 patients after receiving a 2-g ceftazi-
dime dose (27).

FIG 2 Two-compartment models of observed versus predicted serum concentrations of ceftazidime (R2 � 0.803 and 0.988). Predictions are based on the median
population parameter values (left) and median individual Bayesian posterior parameter values (right).

TABLE 1 Bayesian posterior density resultsa

Support
point kel (1/h) V (liters) kCP (1/h) kPC (1/h)

Weighting
fraction

1 0.060 9.23 0.718 0.679 0.167
2 0.097 5.82 2.183 1.855 0.167
3 0.057 11.43 0.830 1.605 0.167
4 0.051 10.29 1.099 1.152 0.167
5 0.049 9.92 0.644 1.072 0.167
6 0.028 12.54 0.296 0.601 0.167
a kel, elimination rate constant; V, volume of distribution; kCP, rate transfer constant
from central to peripheral compartment; kPC, rate transfer constant from peripheral to
central compartment.
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model. Second, we created a model that assumed complete removal of
residual drug after the HFHD session, so that subsequent concentration-
time curves would be isometric to the concentration-time profile from the
first dose. This would be the worst-case scenario from an efficacy perspec-
tive, as the least amount of drug would accumulate and could result in
subtherapeutic concentrations. Finally, to assess/simulate the effects of
outliers that would not be captured from our base patient population, we
inflated the variances and covariances of the population parameter value
distributions 3-fold prior to simulation and allowed sampling to 3 times
greater than our original fence limits (i.e., widened parameter ranges for
the elimination rate constant [kel] [0 to 3/h], volume of distribution [V]
[0.01 to 60 liters], rate transfer constant from central to peripheral com-

TABLE 2 Covariance matrix in the lower triangular forma

Parameter

Covariance

kel V kCP kPC

kel 0.00043
V �0.04094 4.420889
kCP 0.011582 �1.12161 0.355167
kPC 0.007308 �0.55211 0.217721 0.205454
a The full covariances were used in all simulations. See Table 1 and the text for
parameter definitions.

TABLE 3 PTA values for different dosing regimensa

Dose and
frequency

MIC
(mg/liter)

Probability of target attainment (%)

45%TMIC, 72-h dialysis
period

70%TMIC, 72-h dialysis
period

45%TMIC, 48-h dialysis
period

70%TMIC, 48-h dialysis
period

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

500 mg q dialysis 0.25 100 100 100 100 100 100 100 100 100 100 100 100
0.5 100 100 100 100 100 100 100 100 100 100 100 100
1 100 100 100 100 100 100 100 100 100 100 100 100
2 100 100 100 100 100 100 100 100 100 100 100 100
4 100 100 100 73 73 69 100 100 100 100 100 100
8 72 70 54 13 13 7 100 100 100 76 76 43
16 2 3 0 0 1 0 19 20 3 5 5 0
32 0 0 0 0 0 0 0 0 0 0 0 0

1,000 mg q dialysis 0.25 100 100 100 100 100 100 100 100 100 100 100 100
0.5 100 100 100 100 100 100 100 100 100 100 100 100
1 100 100 100 100 100 100 100 100 100 100 100 100
2 100 100 100 100 100 100 100 100 100 100 100 100
4 100 100 100 100 100 100 100 100 100 100 100 100
8 100 100 100 73 73 69 100 100 100 100 100 100
16 72 70 54 13 13 7 100 100 100 76 76 43
32 2 3 0 0 1 0 19 20 3 5 5 0

2000 mg q dialysis 0.25 100 100 100 100 100 100 100 100 100 100 100 100
0.5 100 100 100 100 100 100 100 100 100 100 100 100
1 100 100 100 100 100 100 100 100 100 100 100 100
2 100 100 100 100 100 100 100 100 100 100 100 100
4 100 100 100 100 100 100 100 100 100 100 100 100
8 100 100 100 100 100 100 100 100 100 100 100 100
16 100 100 100 73 73 69 100 100 100 100 100 100
32 72 70 54 13 13 7 100 100 100 76 76 43

500 mg q24h 0.25 100 100 100 100 100 100 100 100 100 100 100 100
0.5 100 100 100 100 100 100 100 100 100 100 100 100
1 100 100 100 100 100 100 100 100 100 100 100 100
2 100 100 100 100 100 100 100 100 100 100 100 100
4 100 100 100 100 100 100 100 100 100 100 100 100
8 100 100 100 100 100 100 100 100 100 100 100 100
16 100 100 100 100 99 88 100 100 100 99 98 44
32 24 25 4 11 9 0 15 16 1 6 5 0

1,000 mg q24h 0.25 100 100 100 100 100 100 100 100 100 100 100 100
0.5 100 100 100 100 100 100 100 100 100 100 100 100
1 100 100 100 100 100 100 100 100 100 100 100 100
2 100 100 100 100 100 100 100 100 100 100 100 100
4 100 100 100 100 100 100 100 100 100 100 100 100
8 100 100 100 100 100 100 100 100 100 100 100 100
16 100 100 100 100 100 100 100 100 100 100 100 100
32 100 100 100 100 99 88 100 100 100 100 98 43

a Model 1, primary model; model 2, primary model with covariance matrix � 3; model 3, full HFHD clearance. q dialysis, every dialysis session; q24h, every 24 h.
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partment [kCP] [0 to 15/h], and rate transfer constant from peripheral to
central compartment [kPC] [0 to 15/h]).

RESULTS

The 2-g concentration-time curves for the six hemodialysis pa-
tients (27) are shown in Fig. 1. When we fitted the models, the
two-compartment model provided better data fits. Observed ver-
sus predicted plots are shown in Fig. 2 for the two-compartment
model. The AIC for the two-compartment model was 131.6. Bias
and imprecision were �3.09 and 180.2, respectively, for the pop-
ulation and �0.94 and 11.38, respectively, for the individual
Bayesian posterior models. The final cycle gamma value was 0.62,
indicating that there was low process noise and good-quality data.
The six calculated support points and the covariance matrix in the
lower triangular form are shown in Tables 1 and 2.

Using Monte Carlo simulation of 1,000 concentration-time
profiles for the primary analysis, the PTA for 45%TMIC and
70%TMIC were calculated for several ceftazidime dosing regimens,
based on dialysis schedules of every 48 and every 72 h. These
results are presented in Table 3 and Fig. 3 and 4. For HFHD every
48 h, posthemodialysis dosing of 500 mg was found to achieve
90% PTA for the goal of 45%TMIC at MIC values of 8 �g/ml or less.
In contrast, if the pharmacodynamic goal was 70%TMIC, only or-
ganisms with MICs of 4 �g/ml or less would likely achieve 90%
PTA with posthemodialysis doses of 500 mg. For the goal of
45%TMIC, increasing the dose to 1 g posthemodialysis achieved
�90% PTA for MIC values of �16 �g/ml, while 2 g achieved
�90% PTA even at a MIC of 32 �g/ml. When targeting a goal of
70%TMIC, however, these regimens achieved �90% PTA for or-
ganisms with MICs of �8 �g/ml and �16 �g/ml, respectively.

For HFHD sessions every 72 h, 500-mg posthemodialysis doses
of ceftazidime were unable to achieve goal target parameters for

MICs of �4 �g/ml and �2 �g/ml for the goals of 45%TMIC and
70%TMIC, respectively. Similarly, posthemodialysis dosing was
found to achieve 90% PTA for the goal of 45%TMIC at MICs of �8
�g/ml and �16 �g/ml for 1- and 2-g posthemodialysis doses,
respectively. In contrast, for a goal of 70%TMIC, postdialysis dos-
ing of 1 g was adequate only for organisms with MICs of �4
�g/ml, while 2 g was adequate for organisms with MICs of �8
�g/ml.

Once-daily dosing of ceftazidime maintained adequate serum
concentrations of drug, regardless of the dialysis schedule. For
either pharmacodynamic goal, dosing of 500 mg once daily for
HFHD sessions every 48 and 72 h allowed over 90% PTA at MICs
of up to 16 �g/ml, although the PTA dropped rapidly, to less than
25%, for organisms with a MIC of 32 �g/ml. However, 1 g given
once daily achieved 100% target attainment even at a MIC of 32
�g/ml. As shown in Fig. 5, minimal drug accumulation is expected
even if HFHD does not entirely remove residual ceftazidime.

In our sensitivity analysis, the simulated HFHD method that
completely removed all ceftazidime with the first dialysis session
had minimal impact on PTA goals for most dosing schemes and
clinically relevant MICs (i.e., MICs of �8 mg/liter) compared to
our primary model. The most significant differences seen between
the primary model and the total clearance HFHD model were
noted with (i) longer interdialytic periods (i.e., 72 h), (ii) daily
dosing of ceftazidime, and (iii) a %TMIC goal of 70%. In this
model, 1 g of ceftazidime daily achieved 100% PTA at MICs of
�16 mg/liter, and postdialysis dosing of 2 g after each 72-h dialysis
session resulted in 100% PTA for MICs of �8 mg/liter. Inflating
the variance/covariance 3-fold and allowing simulation sampling
to 3 times the fence limit did not appreciably change the findings
(data not shown).

FIG 3 Probability of target attainment for 48-h dialysis.

FIG 4 Probability of target attainment for 72-h dialysis.
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DISCUSSION

Our findings indicate that 1 g of ceftazidime given once daily,
regardless of hemodialysis schedule, is the most likely to
achieve goals of 45%TMIC and 70%TMIC for organisms with
MICs of up to 32 mg/liter. Current Clinical and Laboratory
Standards Institute (CLSI) breakpoints define ceftazidime sus-
ceptibility as MICs of �4 �g/ml for Enterobacteriaceae, based
on 1 g every 8 h, and �8 �g/ml for Pseudomonas aeruginosa,
based on 2 g every 8 h, in patients with normal renal function
(33). Based on our analysis, in a patient with a Pseudomonas
aeruginosa isolate with a MIC of 8 �g/ml receiving 1 g of cef-
tazidime posthemodialysis, as recommended in the package
insert, ceftazidime concentrations may fall below adequate
%TMIC if hemodialysis and ceftazidime dosing are performed
every 72 h. If we were to accept the lower goal of 45%TMIC as
sufficient, our data suggest that the dosing regimen would have
a 100% PTA; however, for a higher goal of 70%TMIC, the PTA
would be only 72%, which could be too low for a neutropenic
patient. However, increasing the dose to 2 g of ceftazidime
posthemodialysis in the latter case achieves an adequate %TMIC

for all “susceptible” organisms (isolates with MICs of up to 8
�g/ml), even for HFHD and dosing every 72 h.

Given that Pseudomonas sp. ceftazidime MIC90 values from
surveillance studies range from 16 to 32 �g/liter, we suggest a
more aggressive approach of empirical daily dosing of 500 mg
to 1 g, depending on local susceptibilities. This dosing would
increase the likelihood of achievement of pharmacodynamic
goals, even for organisms within the “intermediate” or “resis-
tant” breakpoint categories (e.g., MICs of 16 to 32 �g/ml).
Dosing of ceftazidime could perhaps be modified later to a
more convenient posthemodialysis regimen after the organism
is identified and susceptibility testing is performed. Selection of
the posthemodialysis dose would depend on the organism
MIC, frequency of hemodialysis, and clinician determination
of the most appropriate pharmacodynamic goal for the indi-
vidual patient. Even with the most aggressive daily dosing
scheme and longest dialysis period (i.e., 72 h) tested in our
sensitivity analysis, peak concentrations for 95% of our simu-
lations were not grossly different from mean peak concentra-
tions for patients receiving FDA-approved dosages (i.e., 170
mg/liter for a 2-g dose of ceftazidime given over 30 min) (24).
Two-gram doses postdialysis (i.e., given every 48 h with 48-h
dialysis period) resulted in peak free drug concentrations in
serum of �200 mg/liter. While these peak concentrations
should be safe for most patients and approximate exposures

typically seen in practice (32), clinical studies will be necessary
to gain a full understanding of the balance between efficacy and
safety. Clinicians should exercise prudence in deciding the level
of aggressiveness necessary to safely and effectively treat their
patients.

Prior literature has suggested a variety of dosing regimens
for ceftazidime in the setting of conventional hemodialysis
(i.e., non-HFHD). With this less efficient mode of hemodialy-
sis, authors have recommended that patients should receive
50% of the maintenance dose posthemodialysis (25), 1 g of
ceftazidime after every hemodialysis session (26), 250- to
500-mg doses every 24 h (27), and 1 g every 36 to 48 h, with an
additional dose of ceftazidime at the end of dialysis (32). The
current study is significant, as it is the first, to our knowledge,
to (i) consider ceftazidime therapy in light of modern-day
HFHD and (ii) assess probabilities of target attainment for
elevated MICs by using advanced simulation techniques. Our
findings are particularly important for Pseudomonas isolates,
which appear more likely to display elevated MIC values than
the Enterobacteriaceae, based on surveillance studies (4, 17, 20,
24, 25, 27).

Limitations of this study include the use of a sample size of six
patients for model development. While more patients might be
preferable, to our knowledge such data are not available. Serum
concentrations were drawn posthemodialysis in the original
study, allowing the characterization of nonrenal clearance of cef-
tazidime, which remained unchanged regardless of HFHD clear-
ance. The other ceftazidime studies previously mentioned had in-
complete data, fewer concentration-time points, or characterized
clearance during nondialysis.

Notably, the data we utilized were published in 1983 and did
not provide details regarding assay bias and precision. The
original study estimated ceftazidime plasma concentrations
through the agar diffusion method, utilizing a standard strain
from Glaxo (Proteus morganii 235). Although the authors did
not describe this method in detail, the lower limit of sensitivity
for the microbiologic assay of ceftazidime in the serum was
reported in a separate study to be 1 mg/liter (30). This study
similarly utilized a microbiologic assay for ceftazidime and was
conducted around the same time as the ceftazidime work by
Hoffler et al. (27), allowing us to better estimate assay variance
in our model.

We have generated a model describing interdialysis ceftazi-
dime pharmacokinetics in anephric adults receiving HFHD.
For 72-h dialysis intervals, our model predicts that organisms

FIG 5 Simulated concentration-time curves for free ceftazidime for hemodialysis every 72 h (5th, 50th, and 95th percentiles are shown).
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with MICs of �4 �g/ml could be treated effectively with post-
dialysis dosing of 1 g and that those with MICs of �8 �g/ml
could be treated with 2 g postdialysis to achieve the more ag-
gressive endpoint of 70%TMIC. To ensure maximal ceftazidime
activity, daily dosing of 500 mg to 1 g of ceftazidime may be
preferable in a critically ill patient when the MIC is unavailable
or is 16 to 32 mg/liter. Additional prospective data are needed.
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