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Highlights 9 

• The correlation between ceftazidime and avibactam clearance was 0.70, notably lower than the 0.94 10 

assumed in current models. 11 

• Assuming a lower correlation means measuring ceftazidime alone misclassifies avibactam target 12 

attainment in nearly 1 in 10 critically ill patients. 13 

• The choice of avibactam target (1 vs. 4 vs. 8 mg/L) drastically alters the perceived adequacy of 14 

continuous-infusion regimens. 15 

• Direct measurement of avibactam warrants evaluation in critically ill patients when precise target 16 

attainment is required.  17 

Abstract 18 

Objectives: Continuous-infusion ceftazidime-avibactam is increasingly used in critically ill patients. Target 19 

attainment depends on the correlation between the clearances of the two components and on the avibactam 20 

target selected. We estimated this correlation and evaluated its consequences for therapeutic drug monitoring 21 

(TDM) and target selection. 22 
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Methods: We developed a joint two-analyte model from individual patient data (21 adults, 238 23 

observations) to estimate the clearance correlation. The primary attainment analyses retained the published 24 

correlation of 0.94 and the estimated value was applied in the monitoring analysis. We simulated 100,000 25 

critically ill adults across five renal-function classes to evaluate joint probability of target attainment and 26 

cumulative fraction of response (CFR) at avibactam targets of 1, 4 and 8 mg/L. We also tested the accuracy of 27 

predicting avibactam attainment from ceftazidime alone. 28 

Results: In the first confrontation of this assumption with individual patient data, the clearance correlation 29 

was 0.70 (95% CI 0.38–0.87); the assumed value of 0.94 lies outside that interval (p = 0.0006). Joint CFR 30 

varied markedly with the avibactam target: 93.4–98.6% (1 mg/L), 73.5–88.6% (4 mg/L) and 44.0–60.7% (8 31 

mg/L). At the estimated correlation, predicting avibactam attainment from ceftazidime alone gave a 9.2% rate 32 

of false reassurance, against 3.6% at the assumed correlation. 33 

Conclusions: The clearance correlation is lower than previously assumed, and single-analyte TDM is 34 

correspondingly less reliable. The avibactam target selected also alters dosing conclusions substantially. 35 

Measurement of both components, or a more conservative avibactam target, warrants evaluation in critically ill 36 

patients. 37 

Keywords: ceftazidime-avibactam; population pharmacokinetics; continuous infusion; target attainment; 38 

therapeutic drug monitoring; renal function 39 

 40 

1. Introduction 41 

Continuous infusion of ceftazidime-avibactam is increasingly recommended to maximize 42 

pharmacokinetic/pharmacodynamic (PK/PD) target attainment in critically ill adults with carbapenem-resistant 43 

Gram-negative infections [1-3]. However, the practical implementation of therapeutic drug monitoring (TDM) 44 

for this combination raises a critical clinical question: must both components be measured, or is the 45 

concentration of ceftazidime sufficient to infer whether avibactam has reached its target? The answer depends 46 

on the physiological correlation between the clearances of the two drugs, a parameter that has been assumed 47 

rather than estimated from individual patient data, and also on assay error, the pharmacodynamic target 48 

chosen and the decision rule applied. 49 
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A further complication is the lack of consensus regarding the optimal pharmacodynamic target for 50 

avibactam. While ceftazidime dosing is rationally adjusted against the minimum inhibitory concentration (MIC), 51 

avibactam is evaluated against a fixed plasma threshold. Published studies and clinical guidelines alternate 52 

between 1 mg/L (from registrational analyses) and 4 mg/L (derived from susceptibility testing breakpoints), 53 

with some advanced analyses pushing for higher thresholds [4-6]. This ambiguity fundamentally alters whether 54 

a standard continuous-infusion regimen appears "successful" or "suboptimal." 55 

Target-attainment analyses of the combination depend on how strongly the clearances of the two 56 

components co-vary. That correlation determines the joint attainment rate, and it sets a ceiling on how much a 57 

measurement of one component can say about the other. The registrational population analysis recognised 58 

this dependence and accounted for it non-parametrically, by bootstrapping paired random effects, without 59 

reporting a coefficient [7]. Continuous-infusion analyses have since adopted a value of 0.94 [8]. We therefore 60 

developed a joint two-analyte non-linear mixed-effects model, fitted to individual patient data, to estimate this 61 

correlation directly and with an uncertainty interval, and then examined what its value implies both for target 62 

selection and for single-analyte therapeutic drug monitoring. 63 

 64 

2. Materials and methods 65 

2.1. Study design and evidence sources 66 

This pharmacometric simulation used published continuous-infusion clearance relationships, variability 67 

estimates, and MIC distributions. The simulation itself was not fitted to individual patient data. Separately, a 68 

joint two-analyte model was fitted to individual patient data to estimate the cross-drug clearance correlation on 69 

which single-analyte monitoring depends (Section 2.5). The primary scenario focused on critically ill adults 70 

who were not receiving renal replacement therapy. The main pharmacokinetic and pharmacodynamic inputs 71 

for continuous infusion were obtained from Cojutti et al. [8]. Data from Gatti et al. and O'Jeanson et al. were 72 

used as donor inputs in the sensitivity analyses [9,10]. Additional published pharmacokinetic and 73 

pharmacodynamic studies were used for contextual analyses and to examine structural uncertainty [11-13]. 74 

MIC distributions for KPC-producing and OXA-48-like Klebsiella pneumoniae were obtained from ATLAS 75 

surveillance reports [14,15]. 76 
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We classified each input as directly reported, inherited, donor-derived, user-specified, model-inferred, or 77 

scenario-generated. If an input needed for the primary scenario was not available, it was kept as an explicit 78 

gap rather than imputed. Input values, their sources, and any transformations applied are provided in 79 

Supplementary Tables S1-S3. 80 

2.2. Virtual population and pharmacokinetic implementation 81 

We simulated 100,000 adults across five European Kidney Function Consortium (EKFC) renal-function 82 

classes: 0-30, 31-60, 61-90, 91-120, and 121-150 mL/min/1.73 m². Within each class, 20,000 individuals were 83 

uniformly sampled. Ceftazidime and avibactam clearances were calculated separately using the renal-function 84 

relationships reported in the source model. Correlated lognormal interindividual variability was then applied to 85 

the clearance of both components. The reported coefficients of variation were 67.92% for ceftazidime and 86 

76.91% for avibactam, with a correlation of 0.94. The random seed was set to 20260707. 87 

Under constant continuous infusion, the steady-state concentration of each component was calculated from 88 

the infusion rate and individual clearance. We did not simulate the loading phase or time-varying concentration 89 

profiles. 90 

2.3. Targets, regimens, and outcomes 91 

The primary pharmacodynamic targets were a free steady-state ceftazidime concentration/MIC ratio of at 92 

least 4 and a free steady-state avibactam concentration of at least 4 mg/L [8,16]. We treated the 4-mg/L 93 

avibactam target as a free plasma concentration assumption rather than a value converted from the 94 

susceptibility-testing concentration [17,18]. Sensitivity to the avibactam target was examined across 95 

concentrations from 1 to 8 mg/L. 96 

We evaluated 11 continuous-infusion regimens ranging from 0.625 to 2.5 g every 6, 8, or 12 h. For each 97 

EKFC class, we selected the regimen with the highest joint probability of target attainment (PTA) at an MIC of 98 

4 mg/L among those with no more than a 15% probability of exceeding a total ceftazidime steady-state 99 

concentration of 104 mg/L. We used this cutoff as an operational exposure screen based on the source cohort, 100 

not as a validated neurotoxicity threshold [8,19]. 101 

The outcomes included component-specific PTA, joint PTA, MIC-weighted cumulative fraction of response 102 

(CFR), exposure-screen exceedance, model-derived daily product dose, and the operating characteristics of 103 
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ceftazidime-based prediction of avibactam attainment. The limiting component was assessed using marginal 104 

attainment, single-component failures among joint failures, and the component requiring the higher daily dose. 105 

For population-level CFR, we used prespecified renal-function weights derived from the source-cohort 106 

quartiles. Class-specific results were not population weighted. Complete regimen grids, MIC distributions, and 107 

derivations are provided in the Supplementary Material. 108 

Prediction of avibactam target attainment from ceftazidime was evaluated as an explicit classifier. For each 109 

simulated patient the true state was a free steady-state avibactam concentration at or above the 4 mg/L target. 110 

The ceftazidime steady-state concentration was then treated as the only available measurement, with 111 

lognormal assay error of coefficient of variation 0%, 10% or 20% applied to it; avibactam was not measured. 112 

The observed ceftazidime concentration was converted to an implied ceftazidime clearance and hence to a 113 

realised random effect, from which the conditional distribution of the avibactam clearance random effect 114 

follows, with mean equal to the correlation times the ratio of the two between-subject standard deviations 115 

times the observed ceftazidime deviate, and standard deviation equal to the avibactam term multiplied by the 116 

square root of one minus the squared correlation. A patient was predicted to attain when that conditional 117 

probability was at least 0.5. Because the avibactam target is a fixed concentration rather than a multiple of the 118 

MIC, the classification does not depend on MIC. Patients were pooled across the five selected regimens, one 119 

per renal-function class, without population weighting. False reassurance is reported as the number of patients 120 

predicted to attain who did not, divided by all simulated patients. 121 

2.4. Calibration and sensitivity analyses 122 

We compared the implementation with 72 regimen-MIC benchmarks from the source study. An absolute 123 

difference of 5 percentage points or less was considered concordant. Monte Carlo convergence was assessed 124 

against the 100,000-subject reference simulation, and reproducibility was evaluated across five random seeds 125 

according to established principles for target-attainment simulations [20]. Deterministic and probabilistic 126 

sensitivity analyses varied pharmacokinetic inputs, unbound fractions, clearance correlation, and the 127 

exposure-screen definition. We also used a 300-sample Latin hypercube analysis to examine the influence of 128 

individual parameters on joint CFR. Structural uncertainty was evaluated using three additional published adult 129 

population pharmacokinetic models [9-13]. For the epithelial lining fluid scenarios, we used published 130 

component-specific penetration ratios from an ICU pneumonia trial and a healthy-volunteer study [21,22]. 131 
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2.5. Joint two-analyte model of ceftazidime and avibactam clearance 132 

Individual ceftazidime and avibactam concentrations were obtained from an openly licensed cohort of 21 133 

critically ill adults receiving intermittent 8-hourly infusion during continuous renal replacement therapy, 134 

comprising 238 paired observations [23] (Dryad 10.5061/dryad.fxpnvx16s, CC0). One compartment per analyte 135 

was solved in closed form at steady state and verified against explicit superposition of 400 doses. Clearance 136 

and volume were lognormally distributed, with the two clearance random effects correlated and a single shared 137 

random effect for volume. A first fit with independent volume deviates estimated the ceftazidime-avibactam 138 

volume correlation at the boundary value of 1.000; the reduced structure imposes that constraint, is consistent 139 

with distribution of both agents into extracellular water, and gives an identical objective function with one 140 

parameter fewer. 141 

Estimation was first-order conditional with the Laplace approximation, with the individual objective solved by 142 

Levenberg-Marquardt and curvature taken from the Gauss-Newton form. Convergence alternated Nelder-Mead 143 

and L-BFGS-B passes until successive rounds improved the objective by less than 10-4, and both fits stopped 144 

on that tolerance. The confidence interval for the correlation was obtained by profile likelihood rather than from 145 

the Hessian. The model was evaluated using conditional weighted residuals, a visual predictive check of 1,000 146 

replicates of the observed design, leave-one-subject-out refitting, and sensitivity to the infusion-duration coding 147 

of the source dataset. The estimator was validated by simulation-based calibration: 75 replicate datasets across 148 

three known correlation values were simulated on the observed design and refitted with the same estimator, 149 

including one scenario simulated from a two-compartment model that the estimator does not assume. 150 

Large language models (OpenAI ChatGPT and Codex; Anthropic Claude) were used to assist with drafting 151 

and with the implementation and checking of analysis code. All modelling decisions, results and conclusions 152 

are the author's. All figures were generated from the analysis outputs by the scripts named in the code 153 

availability statement; no generative artificial intelligence was used to create any figure or image. 154 

The likelihood-ratio statistic is the difference in objective function value, defined as minus twice the log-155 

likelihood, between the constrained and unconstrained fits, referred to a chi-squared distribution with one 156 

degree of freedom. The unconstrained model estimates eleven parameters and each constrained model ten, 157 

with the correlation held fixed. The correlation was free to take negative values, bounded only by the 158 

requirement that the covariance matrix remain positive definite. Uncertainty in the correlation was carried into 159 



Page 7 

the classification analysis by repeating that analysis at the estimate and at both profile-likelihood bounds rather 160 

than by propagating a distribution. 161 

3. Results 162 

3.1. Primary attainment and the limiting component 163 

Table 1 shows the selected regimens and the main results. At the primary avibactam target of 4 mg/L, joint 164 

PTA at an MIC of 4 mg/L ranged from 67.1% to 88.3% across the renal-function classes. At an MIC of 2 mg/L, 165 

avibactam was the limiting component in all 11 regimens. At the EUCAST clinical breakpoint of 8 mg/L, 166 

however, ceftazidime became the limiting component in all regimens. At this MIC, joint PTA ranged from 167 

10.1% to 68.1% (Figure 1). The three methods used to identify the limiting component produced consistent 168 

results (Supplementary Table S21). 169 

 170 

Table 1. Selected regimen definitions and outputs from the primary 100,000-subject simulation (continuous 171 

infusion). 172 

EKFC class 
Selected 
regimen 

Total daily 
product dose 

CAZ/AVI 
infusion rate 

Joint PTA at 
MIC 4 

Exposure-
screen 

exceedance 

0–30 
R1: 0.625 g 
every 12 h 

1.25 g/day 
41.7 / 10.4 

mg/h 
67.1% 8.9% 

31–60 
R8: 2.5 g 

every 12 h 
5.0 g/day 

166.7 / 41.7 
mg/h 

88.3% 9.3% 

61–90 
R10: 2.5 g 
every 8 h 

7.5 g/day 
250.0 / 62.5 

mg/h 
87.8% 10.9% 

91–120 

R12: 2.5 g 
every 6 h 

(EKFC 91-
120) 

10.0 g/day 
333.3 / 83.3 

mg/h 
88.1% 12.3% 

121–150 

R13: 2.5 g 
every 6 h 

(EKFC 121-
150) 

10.0 g/day 
333.3 / 83.3 

mg/h 
80.8% 7.3% 

CAZ, ceftazidime; AVI, avibactam; EKFC, European Kidney Function Consortium; MIC, minimum inhibitory concentration; PTA, probability 173 

of target attainment. The exposure screen is the probability of exceeding a total ceftazidime steady-state concentration of 104 mg/L. 174 
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 175 

Figure 1. Component-specific and joint target attainment by MIC for the selected regimen in each renal-function class. Avibactam 176 

attainment remains constant because its target is fixed, while ceftazidime attainment decreases as MIC increases. The dashed vertical 177 

line shows the EUCAST clinical breakpoint (8 mg/L), and the dotted horizontal line shows 90% PTA. 178 
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3.2. Avibactam-target sensitivity 179 

Changing the avibactam target had a substantial effect on joint target attainment (Table 2; Figure 2). Joint 180 

CFR ranged from 93.4% to 98.6% with an avibactam target of 1 mg/L, from 73.5% to 88.6% at the primary 181 

target of 4 mg/L, and from 44.0% to 60.7% at 8 mg/L. Across the selected regimens, avibactam attainment 182 

decreased from 99.2%-100.0% at 1 mg/L to 44.2%-61.0% at 8 mg/L. The 4-mg/L concentration comes from 183 

susceptibility testing and has not been directly established as a plasma exposure-response threshold. Hollow-184 

fibre studies have instead reported a range of concentration conditions associated with maintained 185 

antibacterial activity or prevention of regrowth (Figure 3; Supplementary Table S14) [24,25]. 186 

Table 2. Effect of the avibactam threshold on attainment and the limiting component across selected regimens. 187 

Avibactam 
target (mg/L) 

Avibactam 
attainment 

(%) 

Joint CFR 
(%) 

Limiting 
component 

at MIC 2 

Limiting 
component 

at MIC 4 

Limiting 
component 

at MIC 8 
1 99.2–100.0 93.4–98.6 Ceftazidime Ceftazidime Ceftazidime 
2 93.3–98.7 89.5–97.6 Mixed Ceftazidime Ceftazidime 

4 (primary) 74.9–89.4 73.5–88.6 Avibactam Avibactam Ceftazidime 
6 58.7–75.2 58.1–74.7 Avibactam Avibactam Ceftazidime 
8 44.2–61.0 44.0–60.7 Avibactam Avibactam Mixed 

CFR, cumulative fraction of response; MIC, minimum inhibitory concentration. The limiting component is the one with the lower marginal 188 

attainment at that MIC. 189 

 190 

 191 

 192 

Figure 2. Joint CFR across the prespecified range of avibactam targets for the selected continuous-infusion regimens. The apparent 193 

avibactam ceiling observed at the primary 4-mg/L target is not present at the 1-mg/L target used in registrational analyses. 194 
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 195 

Figure 3. Evidence supporting the evaluated avibactam targets and the corresponding joint CFR across selected regimens. The shaded 196 

band shows the concentration range in which hollow-fibre experiments reported maintained antibacterial activity (Supplementary Table 197 

S14). 198 

3.3. Site-of-infection and dose-requirement scenarios 199 

In the plasma scenario, population-weighted joint CFR was 84.3%. Applying the median epithelial lining 200 

fluid penetration ratios from the ICU pneumonia trial reduced joint CFR to 45.9%. Joint CFR was 44.0% in the 201 

healthy-volunteer scenario and 26.7% in the conservative scenario (Table 3; Figure 4). These scenarios 202 

applied fixed penetration ratios to plasma-modelled concentrations and therefore should not be interpreted as 203 

empirical distributions of target-site concentrations. The healthy-volunteer ratios are further limited in that they 204 

are concentration-specific values taken from non-linear plasma-epithelial lining fluid relationships, evaluated at 205 

plasma concentrations (15.3 mg/L ceftazidime, 2.4 mg/L avibactam) well below those produced by the 206 

continuous-infusion regimens simulated here. Applied at steady-state concentrations, the same source model 207 

implies substantially lower penetration, so the healthy-volunteer scenario should be read as an optimistic 208 

bound rather than a central estimate. All ELF scenarios were applied to the same simulated population, so 209 

differences between them reflect the penetration ratios alone. The healthy-volunteer scenario gives a slightly 210 
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lower joint CFR than the ICU-trial scenario (44.0% versus 45.9%) despite a higher ceftazidime ratio (0.52 211 

versus 0.41), because its avibactam ratio is lower (0.42 versus 0.44) and avibactam is the limiting component 212 

at these MICs. 213 

Table 3. Joint target attainment and cumulative fraction of response in plasma and epithelial lining fluid under 214 

patient-derived and historical penetration scenarios. 215 

Compartment/scenario 
Penetration 

applied (CAZ / 
AVI) 

Joint PTA at 
MIC 8 mg/L (%) 

Joint CFR, 
selected 

regimens (%) 

Population-
weighted joint 

CFR (%) 
Plasma — 35.9–68.1 73.5–88.6 84.3 

ELF, ICU pneumonia 
trial 

0.41 / 0.44 10.4–16.8 36.6–52.4 45.9 

ELF, healthy-volunteer 
estimate 

0.52 / 0.42 15.3–27.7 34.4–50.7 44.0 

ELF, conservative 
scenario 

0.30 / 0.30 3.8–7.0 18.2–31.6 26.7 

AVI, avibactam; CAZ, ceftazidime; CFR, cumulative fraction of response; ELF, epithelial lining fluid; MIC, minimum inhibitory 216 

concentration; PTA, probability of target attainment. Penetration ratios were applied as fixed multipliers to plasma-modelled concentrations 217 

and are scenario assumptions, not measured distributions. 218 

 219 

 220 

Figure 4. Modelled joint cumulative fraction of response and joint target attainment at an MIC of 8 mg/L in plasma and epithelial lining fluid 221 

(ELF). The ICU-trial scenario uses median component-specific ELF-to-plasma ratios measured in critically ill adults with nosocomial 222 

pneumonia receiving continuous-infusion ceftazidime-avibactam. All ELF results represent scenarios applied to the primary plasma model. 223 

 224 
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At an MIC of 8 mg/L, the median model-derived daily product dose increased from 1.71 g/day in the lowest 225 

renal-function class to 8.94 g/day in the augmented-clearance class (Table 4; Figure 5). Across these classes, 226 

the proportion of subjects remaining below the prespecified modelled limit of 10 g/day decreased from 99.2% 227 

to 57.2%. 228 

Table 4. Model-derived daily product dose required to attain both pharmacodynamic targets, and the proportion 229 

of each renal-function class not exceeding the prespecified 10-g/day modelled dose cap. 230 

EKFC class 
(mL/min/1.73 

m²) 

MIC 4: 
median 

dose 
(g/day) 

MIC 4: ≤10 
g/day (%) 

MIC 8: 
median 

dose 
(g/day) 

MIC 8: ≤10 
g/day (%) 

MIC 16: 
median 

dose 
(g/day) 

MIC 16: 
≤10 g/day 

(%) 

0–30 0.87 99.9 1.71 99.2 3.41 92.2 
31–60 2.25 98.6 4.10 92.0 8.20 62.2 
61–90 3.38 94.5 5.88 80.0 11.77 40.0 

91–120 4.53 88.0 7.42 68.1 14.85 26.0 
121–150 5.62 80.8 8.94 57.2 17.85 17.5 

EKFC, European Kidney Function Consortium; MIC, minimum inhibitory concentration. The dose shown is the model-derived requirement 231 

to attain both pharmacodynamic targets. The 10 g/day threshold is a cap prespecified for this analysis, not a regulatory licence boundary. 232 

 233 

 234 

Figure 5. (a) Median daily product dose required to attain both pharmacodynamic targets across renal-function classes and MICs, shown 235 

relative to the prespecified modelled dose cap of 10 g/day. (b) Proportion of each renal-function class in which the required dose does not 236 

exceed this cap. 237 
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3.4. Incremental value of an avibactam assay and robustness 238 

Using the clearance correlation from the source model, ceftazidime-based prediction of avibactam target 239 

attainment had positive and negative predictive values of 95.8% and 83.6%, respectively. Overall, 5.9% of 240 

simulated subjects were misclassified, including 3.6% who were incorrectly predicted to attain the avibactam 241 

target (Table 5; Figure 6). When lower correlations between ceftazidime and avibactam clearance were 242 

assumed, both overall accuracy and negative predictive value decreased. At the correlation of 0.703 estimated 243 

from individual patient data (Section 3.5), the negative predictive value fell to 69.3%, specificity fell from 77.0% 244 

to 40.7%, and the proportion of subjects incorrectly predicted to attain the avibactam target rose from 3.6% to 245 

9.2%; at the upper bound of the interval it was 5.5%. 246 

Table 5. Operating characteristics of ceftazidime-based prediction of avibactam target attainment, by assumed 247 

clearance correlation and assay error. 248 

Clearance 
correlation 

(ρ) 
Assay 
CV (%) 

Accuracy 
(%) 

Sensitivity 
(%) 

Specificity 
(%) 

PPV (%) NPV (%) 

Wrongly 
reported 

as 
attaining 

(%) 
0.94 0 94.1 97.2 77.0 95.8 83.6 3.6 
0.94 20 92.1 95.5 74.0 95.2 75.0 4.0 

0.874 
(upper 
bound) 

0 91.7 96.6 64.7 93.7 77.9 5.5 

0.874 
(upper 
bound) 

20 90.3 95.2 63.6 93.4 71.0 5.7 

0.75 0 88.7 96.5 46.6 90.8 70.7 8.3 
0.75 20 88.1 95.6 47.2 90.8 66.2 8.2 

0.703 
(estimate) 

0 88.0 96.7 40.7 89.8 69.3 9.2 

0.703 
(estimate) 

20 87.5 95.9 41.8 89.9 65.3 9.1 

0.50 0 85.8 97.7 21.4 87.1 63.2 12.3 
0.50 20 85.7 97.4 22.4 87.2 61.1 12.1 

0.380 
(lower 
bound) 

0 85.2 98.1 15.0 86.2 59.8 13.3 

0.380 
(lower 
bound) 

20 85.1 98.0 15.2 86.2 58.9 13.2 

0.00 0 84.5 98.3 10.5 85.5 53.0 14.0 
0.00 20 84.5 98.3 10.5 85.5 53.0 14.0 

CV, coefficient of variation; NPV, negative predictive value; PPV, positive predictive value; ρ, correlation between the ceftazidime and 249 

avibactam clearance random effects. Wrongly reported as attaining is the number of patients predicted to attain who did not, as a 250 

percentage of all simulated patients. Rows labelled estimate, upper bound and lower bound are the value fitted in this study and its 95% 251 

profile-likelihood interval; the remaining rows are prespecified scenario values. 252 

 253 
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 254 

Figure 6. Performance of ceftazidime-based prediction of avibactam target attainment across different assumed correlations between 255 

component clearances. Panel A shows accuracy, sensitivity, and specificity. Panel B shows positive and negative predictive values and 256 

the proportion of subjects incorrectly classified as attaining the avibactam target (false reassurance; right axis). Solid and dashed lines 257 

represent simulated assay coefficients of variation of 0% and 20%, respectively. 258 

 259 

The main findings were generally maintained across the alternative pharmacokinetic models and most 260 

prespecified scenario changes (Table 6). The change in the limiting component was observed in all four 261 

population pharmacokinetic models, although population joint CFR ranged from 70.2% to 94.5%. Treating the 262 

4-mg/L threshold as a total rather than a free concentration increased avibactam attainment by 2.0-3.0 263 

percentage points. Joint PTA at an MIC of 8 mg/L changed by no more than 0.1 percentage point. 264 

 265 

 266 

 267 

 268 

 269 
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Table 6. Robustness of selected findings to modelling and scenario assumptions. 270 

Assumption varied Range examined Effect on the result 

Clearance variability 10%–67.9% CV 

Classes in which the exposure 
screen was reached before 90% 

joint attainment: 1/5 at 10%, 
20%, or 30%; 3/5 at 45%; and 

5/5 at 67.9% 

Exposure-screen definition 
80–500 mg/L; allowable 
exceedance 5%–30% 

Ordering retained at thresholds 
of 80–150 mg/L and exceedance 

cut-offs ≤15%; not retained at 
200 mg/L 

Cohort restriction 
All EKFC values versus EKFC 

≥15 mL/min/1.73 m² 

Lowest-class exceedance: 
9.37% to 0.28%; escalation 

ordering unchanged in all five 
classes 

Avibactam threshold 
interpretation 

4 mg/L free versus total 
concentration 

Avibactam attainment increased 
by 2.0–3.0 points; joint PTA at 
MIC 8 changed by ≤0.1 point 

Population pharmacokinetic 
model 

Primary model plus three 
published adult models 

Population joint CFR: 70.2%–
94.5%; limiting-component 
transition reproduced in all 

models 
CFR, cumulative fraction of response; EKFC, European Kidney Function Consortium; MIC, minimum inhibitory concentration; PTA, 271 

probability of target attainment. 272 

3.5. Joint clearance model and the estimated correlation 273 

The correlation between the ceftazidime and avibactam clearance random effects was 0.703, with a 95% 274 

profile-likelihood interval of 0.380 to 0.874 that excludes the value of 0.94 used in the primary simulation. The 275 

profile was smooth and unimodal (Supplementary Table S23). At 0.94 the objective function was 11.78 units 276 

worse than at the estimate (p = 0.0006). The assumed value therefore lies outside the range these data 277 

support. Both components are eliminated through a shared extracorporeal circuit in this cohort, which is the 278 

condition most favourable to a high correlation, so an estimate of 0.70 in this setting is difficult to reconcile with 279 

a population value of 0.94. The cohort nevertheless differs from the simulated population in renal replacement, 280 

infusion mode and size, and the magnitude should be read with that in mind. Against a model with no cross-281 

drug correlation the objective improved by 12.41 units on one degree of freedom (p = 0.0004): the existence of 282 

the correlation is strongly supported, and it is its magnitude that differs from the assumed value. Fixed-effect 283 

estimates were 2.572 and 3.223 L/h for ceftazidime and avibactam clearance and 19.98 and 27.03 L for their 284 

volumes; the full parameter set is given in Supplementary Table S22 and goodness of fit in Figure 7. 285 

 286 
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 287 

Figure 7. Goodness of fit of the joint two-analyte model in the individual-patient cohort (21 adults receiving continuous renal replacement 288 

therapy, 238 observations). (A, D) Observed concentrations against population predictions and (B, E) against individual predictions, for 289 

ceftazidime (upper row) and avibactam (lower row); the diagonal is the line of identity and both axes are logarithmic. (C, F) Conditional 290 

weighted residuals against time after dose, with the solid line at zero and dashed lines at ±2. Residuals were centred on zero with a 291 

standard deviation of 1.00 for both analytes and showed no trend against time. Individual predictions track the observations along the line 292 

of identity; population predictions scatter around it, as expected in the presence of between-subject variability. 293 

 294 

Shrinkage of the clearance random effects was below 1% for both analytes, so individual clearances were 295 

determined by the data rather than by the population distribution; proportional residual error was 10.0% for 296 

ceftazidime and 9.3% for avibactam. Conditional weighted residuals were centred on zero with unit standard 297 

deviation for both analytes and showed no trend against time. Leave-one-subject-out refits ranged from 0.651 298 

to 0.756 with a median of 0.700, and every variant of the infusion-duration coding gave a correlation between 299 

0.70 and 0.78 (Supplementary Table S25). The visual predictive check (Figure 8) covered 82.7% of 300 

observations within the nominal 90% interval, a mild under-prediction of variability consistent with the absence 301 

of a covariate model for renal replacement settings. In simulation-based calibration the estimator was 302 

essentially unbiased (+2.6% at a true correlation of 0.703 and +1.1% at 0.94), simulating from a two-303 

compartment truth shifted the bias by 0.003, indicating that the one-compartment assumption does not 304 
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materially affect the correlation estimate, and all 25 correctly specified replicates returned a value below 0.94 305 

(Supplementary Table S24). 306 

 307 

 308 

Figure 8. Visual predictive check of the joint two-analyte model, from 1,000 replicates of the observed sampling design. (A) Ceftazidime 309 

and (B) avibactam. The shaded band is the simulated 5th–95th percentile and the solid line the simulated median; the dashed line with 310 

filled circles is the observed median, and grey points are the observed 5th and 95th percentiles. Observed medians lie within the 311 

simulated interval at every sampling time for both analytes. Coverage of the nominal 90% interval was 82.7% (ceftazidime 85.4%, 312 

avibactam 79.9%). The simulated median peaks at the end of infusion whereas the observed median peaks at 2 h, reflecting the infusion-313 

duration coding of the source dataset and the absence of samples before 2 h in most patients; the 1 h bin contains three observations. 314 

4. Discussion 315 

4.1. Principal findings 316 

In this steady-state simulation, the avibactam target had a greater effect on joint target attainment than the 317 

pharmacokinetic assumptions examined in the sensitivity analyses. PTA and CFR changed considerably when 318 

the avibactam target was varied from 1 to 8 mg/L. Therefore, these estimates need to be interpreted based on 319 

the avibactam target used and whether it represents a free or total concentration. The 4-mg/L value provides a 320 

clearly defined assumption for the scenario analysis, but it should not be considered an established in vivo 321 

exposure-response threshold. 322 

The clearance correlation reported here is, to our knowledge, the first for this combination to be obtained by 323 

fitting both analytes jointly and reported with an uncertainty interval. The wider point is not that 0.703 should 324 

replace 0.94, but that 0.94 has been carried through the target-attainment literature without ever being 325 
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estimated from paired individual concentrations. An analysis that relies on it now has a value to justify rather 326 

than an assumption to inherit. Its value matters in two ways. It is one of the inputs that determines joint 327 

attainment, and it sets the ceiling on how much a ceftazidime measurement can say about avibactam. At the 328 

estimated value, ceftazidime-based inference wrongly reassures nearly three times as many patients as it 329 

does at the assumed value. 330 

4.2. Clinical interpretation 331 

The limiting component changed with MIC. This is expected because the ceftazidime target depends on 332 

MIC, whereas the avibactam target is based on a fixed concentration. At lower MICs, avibactam was the main 333 

limiting component. At the clinical breakpoint, ceftazidime became the limiting component. 334 

At the same MIC, model-derived dose requirements differed by more than five-fold across renal-function 335 

classes. This finding shows the importance of renal function when evaluating dosing requirements and 336 

supports further investigation of individualized, concentration-guided dosing. Current therapeutic drug 337 

monitoring guidance supports individualized assessment of beta-lactam exposure in critically ill adults. 338 

However, whether measuring avibactam separately provides additional clinical value will depend on assay 339 

performance, clinical benefit, and cost [6,26-28]. The case for direct measurement is strengthened rather than 340 

weakened if the true clearance correlation is nearer the value estimated here from individual patient data than 341 

the value assumed in the source model. 342 

4.3. Strengths and limitations 343 

This analysis used component-specific pharmacodynamic targets and explicitly classified the source of 344 

each input. It also incorporated correlated clearances of ceftazidime and avibactam and included target-345 

sensitivity, calibration, and structural-uncertainty analyses. However, the model was reconstructed from 346 

published equations and parameters rather than fitted to individual patient data. The calibration should 347 

therefore be considered an implementation check and not an external validation. The clearance correlation 348 

was estimated in patients receiving continuous renal replacement therapy [23], in whom both components are 349 

eliminated through a shared extracorporeal circuit; a common clearance pathway would be expected to raise 350 

rather than lower the correlation between them. That expectation is mechanistic rather than demonstrated 351 

here, but it makes it unlikely that the present estimate understates the correlation in patients with intact renal 352 

clearance. The cohort also differs in infusion mode and in size, so the estimate establishes that the assumed 353 
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value is unverified rather than providing a substitute for it. Only the correlation is carried into the present 354 

analysis, and only as a sensitivity bound: the clearance and volume estimates from that cohort are not 355 

transferred, and the primary simulation retains the source-model value of 0.94. A two-compartment structure 356 

was not tested, although simulation-based calibration indicates that this assumption does not materially affect 357 

the correlation estimate. The renal-function weights were assumptions based on reported quartiles and did not 358 

represent observed frequencies within each renal-function class. The exposure screen was also based on an 359 

operational ceiling reported in a small cohort and should not be considered a validated neurotoxicity threshold 360 

[19,29]. The regimen selected for each renal-function class follows a prespecified rule (Section 2.3) and is 361 

common to every avibactam target compared, so the target-sensitivity result does not depend on that 362 

selection; absolute attainment under a fixed labelled regimen would differ. 363 

Several limitations should be considered. We did not simulate the loading phase, time-varying 364 

concentrations, interoccasion variability, residual error, or empirical distributions of epithelial lining fluid 365 

penetration. The site-of-infection analyses used fixed penetration ratios from published studies and therefore 366 

cannot determine target-site exposure in individual patients. Our results apply only to critically ill adults who 367 

were not receiving renal replacement therapy and who received ceftazidime-avibactam by continuous infusion. 368 

The pharmacodynamic targets evaluated in this study were related to bacterial killing and not to mutant 369 

suppression. Further details and sensitivity-analysis results are provided in the Supplementary Material. 370 

5. Conclusion 371 

The choice of avibactam target had a substantial effect on estimated target attainment for continuous-372 

infusion ceftazidime-avibactam. This effect was greater than that of the pharmacokinetic assumptions 373 

examined in the sensitivity analyses. Joint CFR ranged from 93.4%-98.6% with an avibactam target of 1 mg/L 374 

to 44.0%-60.7% with a target of 8 mg/L. Thus, the same pharmacokinetic data may lead to different 375 

conclusions about regimen adequacy depending on the avibactam target used. 376 

The 4-mg/L continuous-infusion scenario can be used as a conservative and clearly defined assumption, 377 

but this concentration should not be interpreted as an established in vivo avibactam exposure-response 378 

threshold. Future target-attainment studies should report the avibactam target, indicate whether it refers to free 379 

or total concentration, and examine sensitivity across plausible thresholds. Differences in these assumptions 380 

should also be considered when comparing results between studies. Renal function and MIC affected the 381 
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model-derived dose requirement and whether it remained below the prespecified modelled limit of 10 g/day. 382 

Prospective studies evaluating avibactam exposure-response relationships and epithelial lining fluid exposure 383 

in critically ill patients are needed to better define clinically relevant targets. 384 

 385 
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