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Abstract: Imipenem is a broad-spectrum antibiotic that has been used in treating severe infections and exhibits a time-dependent PK/
PD profile. Its dose should be adjusted based on renal function. However, there is little experience with imipenem dosing in obese
adolescent patients with augmented renal clearance (ARC) and history of schizophrenia. This case reported successful dosing of
imipenem in an obese adolescent patient with ARC based on therapeutic drug monitoring (TDM) and model-informed precision
dosing (MIPD). A 15-year-old male adolescent patient with history of schizophrenia was diagnosed with ventilator-associated
pneumonia due to carbapenem-susceptible Klebsiella pneumoniae and received imipenem treatment (0.5 g every 8 hours with
a 1-hour infusion). However, the exposure of imipenem was suboptimal due to ARC, and there is no available model for MIPD in
this patient. Thus, we utilized prediction error to find a population pharmacokinetic model that fit this patient and ran Maximum
a posteriori Bayesian estimation and Monte Carlo simulation based on screened models to predict changes in drug concentrations. The
dose of imipenem was adjusted to 0.5 g every 6 hours with a 2-hour infusion, and subsequent TDM revealed that dosing adjustment
was accurate and successful. Finally, the patient’s status of infection improved. This study will be beneficial to imipenem dosing in
similar cases in the future, thereby improving the safety and effectiveness of imipenem or other antibiotics.
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Introduction

Imipenem is a broad-spectrum and highly effective antibiotic that can treat severe infections with advantages.'~
Imipenem is also a time-dependent antibiotic, and the pharmacokinetic pharmacodynamic (PK/PD) index that is related
to its efficacy is the fraction of time that the free drug concentration remains above the minimum inhibitory concentration
(MIC) during a dosing interval (%fT>MIC).>* It is mainly eliminated through the kidney, and the dose should be
adjusted based on renal clearance. Augmented renal clearance (ARC) is measured as urinary clearance
>130 mL'min '-1.73 m 2 in adults.” Some studies have continued to use adult standards for pediatric patients,”’ while
others have defined ARC for pediatric patients as eGFR above media value (>160 mL-min '-1.73 m™?) through logistic
regression analysis.™” In a study on the vancomycin in children with ARC, the subtherapeutic cutoff value of eGFR was
set to 110.51 mL'min "-1.73 m 2.' ARC is common in intensive care unit (ICU) patients, while trauma, young age, male
sex, admission with central nervous system disease, use of mechanical ventilation, and use of vasopressor were
independent risk factors for ARC."""'? These patients may have insufficient drugs exposure due to excessive elimination.
Adolescent critically ill patients with ARC and history of schizophrenia were not clinically typical, and there were few
case reports of imipenem dose adjustment in these patients.'® Model-informed precise dosing (MIPD) is proven to be
better in PK/PD target attainment than empiric dosing when prescribing antibiotics.'* However, there are also few model
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data about the PK of imipenem in ARC patients, especially adolescents.'> We herein report on an exceptional adolescent
critically ill patient with ARC and obesity who used therapeutic drug monitoring (TDM) and the MIPD method to
achieve optimal imipenem exposure.

Patient Information

A 15-year-old male pediatric patient was admitted to the intensive care unit (ICU) because of his severe acute pancreatitis
and secondary respiratory failure. Although the patient was 15 years old, he had obesity with a weight of 87 kg and
height of 177 cm. He had a previous history of schizophrenia over 3 years and fatty liver and sinusitis over 1 year. He
was treated with olanzapine 20 mg daily and clozapine 50 mg daily before admission. Because of persistent pain in the
upper abdomen and vomiting, he went to the local clinic for treatment 2 days before admission. However, the patient’s
abdominal pain worsened, and he gradually developed chest tightness, shortness of breath, and oliguria. Then, he was
transferred to our hospital.

Treatment Description

After admission, the patient had poor mental status, fast heart rate (144 beats/min) and respiratory rate (38/min). His
saturation of pulse oxygen was 96% under the support of noninvasive ventilation. He also had acute kidney injury. Then,
he was tubed and received mechanical ventilation. He also received fluid therapy and organ support therapy. This patient
achieved hemodynamic stability on the second day after admission, and his renal function recovered gradually. However,
his intraabdominal pressure was approximately 2025 mmHg, and the ventilator could not be removed. He then received
a series of symptomatic treatments.

Thirty-two days after admission (defined as D1 of this wave of infection), sputum culture and blood culture revealed
K. pneumoniae infection (susceptible to imipenem with an MIC of 1 mg/L). Body temperature and laboratory test results
are shown in Table 1. His clinical features also indicated pulmonary infection. Then, he was diagnosed with ventilator-
associated pneumonia caused by carbapenem-susceptible Klebsiella pneumoniae. Thus, considering the case history of
schizophrenia and the central nervous system adverse events of imipenem,' he received imipenem treatment at
a conservative empiric dose of 0.5 g every 8 hours with a 1-hour infusion, which is commonly used in China. His
infection improved but was not eradicated in the following days. He received laparoscopic surgery to remove peripan-
creatic necrotic tissues on D11. After surgery, his biomarkers of infection climbed, and his body temperature was high,
but cultures were negative.

Then, we noticed that his serum creatinine had a decline from 148 umol/L (first day after admission) to 37 pmol/L
(after three weeks), which indicated that he had augmented renal clearance (CCR 175 mL-min '-1.73m> by CKD-EPI,
due to lack of Cystatin C information, we cannot using the fittest CKiD-U25 calculator'”). There was a high probability
that imipenem exposure was suboptimal and led to the failure of infection control. The TDM results (sampled on D17)
revealed that imipenem concentrations at 4 and 8 hours were 0.98 mg/L and <0.5 mg/L, respectively. The patient had not
achieved any recognized PK/PD target for imipenem (fT>MIC 50%, fT>4xMIC 50%).'%*°

We tried to apply MIPD to optimize imipenem dosing, but there is no available population pharmacokinetic (PPK)
model for this kind of patient. Thus, we searched reported PPK models for imipenem in patients with similar

Table | Body Temperature and Laboratory Test After Receiving Imipenem

Day 1 3 6 8 11 13 16 18 20 23 25 27 29 31 33 35 40
WBC (x10°/L) | 10.1 9.7 124 | 123 | 107 | 12.1 1.6 122 1.2 15.8 21.5 24.8 21.6 18.1 16 15.4 18
N% 88.9 854 867 | 875 | 848 | 854 | 882 88.3 83.8 88.2 89.1 91.9 90.4 90.9 88.3 89.1 88
hsCRP (mg/L) 190.1 1053 | 579 | 142 | 528 | 71.0 | 236.7 | 290.3 | 282.8 | 181.2 | 166.1 127.6 | 1544 | 1878 | 159.7 | 1472 | 1104
PCT (ng/mL) 0.33 0.26 - - 0.18 | 0.16 | — - - 0.28 0.28 0.33 0.27 0.98 0.37 0.33 -
SCR (umol/L) 37 38 35 37 - 39 38 36 39 35 36 36 37 35 33 30 34

T (°C) 382 374 380 | 37.7 | 373 | 387 | 392 39 387 387 38.1 384 39 387 38.6 38 378

Abbreviations: WBC, white blood cell; N%, neutrophil granulocyte; hsCRP, hypersensitive C-reactive protein; PCT, procalcitonin; SCR, serum creatinine; T, body
temperature.
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characteristics and compared the suitability of the model by mean absolute prediction error (MAPE) using the existing
TDM results.?' 2> The calculation method for MAPE is as follows: first, we calculated the difference rPE (relative
prediction errors) between the observed values and predicted values of TDM (rPEi = 2*(Cpred-Cobs, 1)/(Cpred+Cobs, 1),
i: individual simulation value). Then, we calculated the absolute values of these rPE (|rPEi|), and finally average the
absolute values of these differences to obtain MAPE. A smaller MAPE value represented a higher prediction accuracy of
the model, which was more suitable for this patient.”*?” NONMEM (ICON Development Solution, version 7.5.0)
software was used in the study. Figure 1 shows the MPAEs of three models, which were developed in children (Dong’s
Model??), adult patients with ARC (Fratoni’s Model?"), and general adult patients (Bai’s Model?). In Dong’s Model, the
PK parameters consisted of Vi, V,, Q and CL (V1, central volume of distribution; V2, peripheral volume of distribution;
Q, intercompartmental clearance; CL, clearance). The CLcR, current weight and the age were informative covariates for
the CL. In Fratoni’s Model, the PK parameters consisted of V¢, CL, k;, and k,; (V¢, volume of the central compartment;
ki,, intercompartmental transfer constant; k,;, intercom partmental transfer constant; CL, total body clearance). In Bai’s
Model, Vi, V,, Q and CL were the PK parameters of their model, and CLcr was the informative covariates for the CL. It
can be seen from the figure that Bai’s model had a larger MAPE, and the other two models were similar in MAPE. Thus,
we simulated based on these two models to optimize imipenem dosing. The proposed regimen for simulation was to
shorten the dosing interval or prolong the infusion time to 2 hours. The pharmacokinetic-pharmacodynamic target was set
as 50% fT>MIC, and the probable target attainment (PTA) was set as 90%. After 1000 Monte Carlo simulations of each
different dosing regimen (Figure 2), only 500 mg every six hours with 2-hour infusion had PTA over 90% in both model
simulations.

Meanwhile, maximum a posteriori (MAP) Bayesian estimation is a common method of MIPD that integrates
population data and a posteriori TDM information of patients to inform an optimal dosing.® The MAP-Bayesian
estimations are shown that 0.5 g every 6 hours with infusion for 2 hours could reach 50% fT>MIC, 50% fT>4xMIC
(4.41 ng/mL), while 0.5 g every 8 hours with infusion for 2 hours and 0.5 g every 6 hours with infusion for 1 hours just
reached 50% fT>MIC (1.26 ng/mL and 1.87 ng/mL respectively).

Based on the simulation results, the dosing of imipenem was adjusted to 0.5 g every 6 hours with infusion for 2 hours
on D18. Moreover, the patient received tigecycline therapy for potential infection with carbapenem-resistant organisms.
The consequent TDM (sampled on D24) showed that this method could not only achieve 50%fT>MIC but even 50%
JT>4xMIC, and all concentrations were close to our previous prediction (red point in Figure 2C and F, 16.33 ng/mL at 2
h, 4.61 ng/mL at 3 h, 0.92 ng/mL at 6 h).

This indicated that dosing optimization based on MIPD for imipenem in ARC adolescents was successful. After 20
days of treatment, the infection was controlled, and antibiotics were de-escalated to piperacillin-tazobactam (4.5g every
8h with 2h infusion and the treatment duration was 4 days).

Bai's Model }7 4{

Fratoni's Model - }— \‘

Dong's Model - F }

MAPE

Figure | MAPE of the different pharmacokinetic models. Dong’s Model: Population pharmacokinetics and dosing optimization of imipenem in children with hematological
malignancies. Fratoni’s Model: Population pharmacokinetics and dosing optimization of imipenem in critically ill patients with augmented renal clearance. Bai’s Model:
Population pharmacokinetics and dosing optimization of imipenem in critically ill adult patients.

Abbreviations:MAPE: mean absolute prediction error.
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Figure 2 1000Monte Carlo simulations of imipenem concentration under different conditions. The black solid line is the mean predicted log concentration after 1000 Monte
Carlo simulations. Black dashed lines are the 5% and 95% of the predicted log concentration. The red line is the MIC concentration. Red points are the actual blood
concentration of the patient after 6 days. Probability of target attainment (PAT) was calculated using fT>MIC 50% threshold. (A) 500 mg every 8 hours with 2-hour infusion,
simulated with Dong’s Model. PTA=61.1%. (B) 500 mg every 6 hours with a I-hour infusion, simulated with Dong’s model. PTA=73.2%. (C) 500 mg every 6 hours with
2-hour infusion, simulated with Dong’s Model. PTA=90.8%. (D) 500 mg every 8 hours with a 2-hour infusion, simulated with Fratoni’s model. PTA=87.8%. (E) 500 mg every 6
hours with a I-hour infusion, simulated with Fratoni’s model. PTA=93.8%. (F) 500 mg every 6 hours with a 2-hour infusion, simulated with Fratoni’s model. PTA=98.2%.

Discussion
This study reported a case of successful imipenem dosing using TDM and the MIPD method in an obese adolescent with
ARC. The results highlighted the need to apply TDM to discover potential suboptimal exposure to imipenem in ARC
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patients, and MIPD was a promising tool for precision dosing in patients with special pathophysiological conditions.
Moreover, there is a lack of perfect available model for this special patient, thus we made a comparison between different
PPK models with similar characteristics to be an alternative.

The occurrence of ARC in ICU patients has gained much more attention in recent years. A study found that the
overall prevalence of ARC in patients older than 18 years was as high as 24.6%.'%® The risk factors for the occurrence
of ARC are also including trauma, young age, and male sex which were exist in this patient.'' Another multivariate
analysis identified younger age, male sex, lower serum creatinine at admission, admission with central nervous system
disease, no medical history, use of mechanical ventilation, and use of vasopressor as onset factors for ARC.'? This patient
had several risk factors including younger age, male sex, vasopressor use and use of mechanically assisted ventilation.
For ARC patients exposed to B-lactam antibiotics, the drug concentration is easily lower than the therapeutic target.?’
A retrospective cohort study showed that suboptimal concentrations of imipenem lead to treatment failure.*® Therefore,
caution should be taken for these patients to avoid suboptimal drug exposure. This patient also had obesity, but obesity
was a factor that had little impact on B-lactam PK and was not taken into consideration when adjusting dose.>’ TDM is an
essential tool to verify whether the plasma drug concentration is appropriate. The initial TDM result indicated that the
dose for this patient was inadequate and justified the previous concerns.

The traditional dosing of imipenem for adults with normal renal function was 0.5 g every 6 hours. When dosing
imipenem for this patient, a relatively low dose was applied due to the concern of young age and possible adverse events,
which was proven to be inappropriate by TDM. MIPD uses computer modeling and simulation to predict drug dose
regimens according to the personal characteristics of patients, which can produce better effects than traditional
dosing.?*>**3? However, it was difficult to imply MIPD in this patient. A major obstacle is that there are also few
PPK models of imipenem in ARC patients, especially adolescents. We searched available models based on external
validation using MAPE as an index and finally found that Dong’s model and Bai’s model might be suitable. In this
model, the age range of pediatric patients was 2—12 years old, and the average weight was only 19 kg, but the average
CLcR of these pediatric patients reached 223 mL/min.** In Bai’s two-compartment model including ARC adults, the
average weight of the included patients was 89 kg, and the average CLcr was 193 mL/min, which was close to this case
except for the age range.”> Although the age ranges of these two models do not cover this case and the patient
populations are different, the two models both included patients with high CLcgr levels, and the prediction efficacies
were satisfactory. For special patients with no available PPK model, multiple models for patients with similar character-
istics could be screened for comprehensive consideration and used for MIPD.

The PK/PD target of imipenem is generally set as 50% fT>MIC, 100% fT>MIC, 50% fT>4xMIC, or even 100%
fT>4xMIC in severe infection.'®° Considering the schizophrenia history of this patient and the central nervous system
adverse effect of imipenem, we set the PK/PD target to 50% fT>MIC. Based on the simulation result of simulation, just
prolonging the infusion time only (0.5 g every 8 hours with infusion for 2 hours) is not sufficient to achieve satisfactory
PTA in these patients. Yoshizawa et al found that shorter dosing intervals (keep the daily dose the same) could lead to
greater PK-PD breakpoints and a reduction in excessive maximum plasma concentrations under different dosing
methods, which is a better way to optimize the dosing regimen and is similar to our simulation results.** The repeated
TDM showed that the actual imipenem concentrations were close to median estimation and proved the accuracy of the
simulation. Compared with the traditional monitoring of drug concentration, MIPD is a more reliable method of dosing.
In general, the effectiveness and safety of imipenem for the treatment of adolescent patients with abnormal renal function
can be guaranteed by modeling the dose adjustment.

The study also had some limitations. It was not timely to adjust the dose when laboratory tests indicated that the
patients had ARC. The association between PK/PD target attainment and clinical efficacy was not strong enough, and
further studies involving more patients should be performed. Those used models also lack validation for this type of
patients. In the future, a PPK model of imipenem covering these patients is needed.

Conclusion
Here, we report an adolescent case with obesity and ARC in which TDM and MIPD were applied to achieve adequate
dosing of imipenem. This result indicated that caution should be taken to avoid suboptimal exposure to imipenem in
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ARC patients. Dong’s model or Bai’s model could fit the pharmacokinetics of this patient by a prediction error test,
which highlighted the possibility to use models for similar patients when no model is available. Then, optimal dosing was
achieved using an integrated TDM and MIPD method in this patient. TDM and MIPD are useful tools that propose
suitable dosing for patients with special physico-pathological conditions and improve efficacy.
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