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ABSTRACT This study investigates the optimal meropenem (MEM) dosing regi-
men for critically ill pediatric patients, for which there is a lack of pharmacoki-
netic (PK) studies. We conducted a retrospective single-center PK and pharmaco-
dynamic (PD) analysis of 34 pediatric intensive care unit patients who received
MEM. Individual PK parameters were determined by a two-compartment analysis.
The median (range) age and body weight were 1.4 (0.03 to 14.6) years and 8.9
(2.7 to 40.9) kg, respectively, and eight (23.5%) patients received continuous renal
replacement therapy (CRRT), three of whom received extracorporeal membrane
oxygenation. Renal function, the systemic inflammatory response syndrome (SIRS)
score for the clearance (CL), and the use of CRRT for the central volume of distri-
bution (Vc) were identified as significant covariates. The mean CL, Vc, and periph-
eral volume of distribution (Vp) were 0.45 liters/kg/h, 0.49 liters/kg, and 0.34 lit-
ers/kg, respectively. The mean population CL of MEM increased by 35% in
patients with SIRS and Vc increased by 66% in patients on CRRT in the final
model. Dosing simulations suggested that the standard dosing regimen provided
insufficient PD exposures of a 100% free time above the MIC, and higher doses
(40 to 80mg/kg of body weight/dose every 8 h) with a prolonged 3-h infusion
were required to ensure the appropriate PD exposures for patients with SIRS. Our
PK model indicated that critically ill pediatric patients are at risk of subtherapeu-
tic exposure under the standard dosing regimen of MEM. A larger, prospective
investigation confirming the safety and efficacy of higher concentrations and pro-
longed infusion of MEM is necessary.

KEYWORDS extracorporeal membrane oxygenation, continuous renal replacement
therapy, therapeutic drug monitoring, systemic inflammatory response syndrome,
meropenem

Meropenem (MEM) is a broad-spectrum carbapenem with high levels of activity
against Gram-positive and Gram-negative pathogens, including Pseudomonas

aeruginosa, Acinetobacter spp., and anaerobes (1), and it is one of the most commonly
prescribed antibiotics for the empirical treatment of severe infections (2). Because
MEM is a small hydrophilic molecule with a low volume of distribution (V) (0.3 liters/kg)
and an extremely low degree of protein binding (,2%), its clearance (CL) is mainly
influenced by renal function (3). The V is also affected by increased capillary leakage
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into adjacent tissues, aggressive fluid resuscitation, and ascites in critically ill patients
(4). These conditions may result in subtherapeutic serum and tissue concentrations
under standard dosing. Pharmacokinetic (PK) parameters can also be significantly
altered in cases receiving extracorporeal circulation, such as continuous renal replace-
ment therapy (CRRT) and extracorporeal membrane oxygenation (ECMO) (5–7). These
conditions and patients’ characteristics are likely to be inversely related to age because
the circuit volume and increased fluid volume in pediatric patients are often propor-
tionally higher than those in adult patients (8).

PK and pharmacodynamic (PD) concepts have shown that b-lactam antimicrobials
kill bacteria in a time-dependent manner. Optimal killing activity occurs when the
plasma concentration of the unbound fraction (fu) of the drug is maintained above the
MIC of the bacteria for a certain percentage of the dosing interval (T) (%fuT.MIC), which
has been reported to be approximately 40% in animal studies in vitro and in vivo (9).
Some clinical data have shown that critically ill patients may require a higher %fuT.MIC,
even as much as 100% (10, 11). Several reports have suggested that an increased
%fuT.MIC was associated with improved outcomes (12), while subtherapeutic antimicro-
bial therapy was associated with increased mortality (13).

Considering these facts, an appropriate dosing modification according to patients’
severity, extracorporeal circulation settings, the presence of ascites, and residual renal
function is necessary. Although various studies have separately described MEM PKs in
pediatric patients with sepsis, CRRT, and ECMO (5, 14–19), a large proportion of the
patients in pediatric intensive care units (PICUs) have multiple factors that affect the
MEM PKs.

This study describes the MEM PKs in critically ill pediatric patients who required
CRRT and ECMO, including cases with sepsis, to identify the sources of PK variability in
these patients. Different dosing simulations were performed to assess their probability
of target attainment (PTA) by MIC, which provides more appropriate dosing recom-
mendations based on clinical characteristics.

RESULTS
Clinical characteristics of subjects. We evaluated 34 patients admitted to the

PICU. The overall median (range) age, body weight (BW), serum creatinine (SCr) level,
SCr-based estimated glomerular filtration rate (eGFR), and MEM dose were 1.4 (0.03 to
14.6) years, 8.9 (2.7 to 40.9) kg, 0.2 (0.1 to 5.5) mg/dl, 38.2 (1.4 to 183.8) ml/min, and
36.4 (14.7 to 97.8) mg/kg of body weight/dose, respectively (Table 1). Twenty-one
patients (61.8%) were female. Eight patients (23.5%) received CRRT (six patients were
prescribed continuous venovenous hemodiafiltration, and two were prescribed contin-
uous venovenous hemodialysis). Of them, three patients on continuous venovenous
hemodiafiltration also received ECMO. Four patients (11.8%) had massive ascites
(10ml/kg/day or more) (20). Fourteen patients (41.1%) had undergone liver transplan-
tation. Among these 14 patients, 6 patients had been administered tacrolimus mono-
therapy, 5 had been administered tacrolimus and prednisolone, 2 had been adminis-
tered mycophenolate monotherapy, and 1 had been administered tacrolimus and
mycophenolate as immunosuppressive medications during MEM medication.

Regarding the CRRT settings, the median (range) dialysate flow rate on the day of
the study was 1,600 (600 to 4,100) ml/h, and the median blood flow rate was 40 (15 to
80) ml/min. On the first day of MEM therapy, 6 (17.6%) patients were anuric (,0.3ml/
kg/h for 24 h or anuria for 12 h), 10 (29.4%) were oliguric (,0.5ml/kg/h for 24 h), and
18 (52.9%) had preserved diuresis (.0.5ml/kg/h for 24 h). The median urine output
was 53.9 (0 to 323.9) ml/kg/24 h. The suspected foci of infection were catheter-related
septicemia (n=6), catheter-related peritonitis or pleurisy (n=5), cholangitis (n=3), liver
abscess (n=1), urinary tract infection (n=2), endocarditis (n=1), or unknown (n= 2).
Microbiological analysis revealed clinically significant positive cultures from 20 patients
(58.8%). Of them, 17 (85.0%) cases were positive by blood culture results, 4 (20.0%)
were positive by ascites culture, 2 (10.0%) were positive by urine culture, and 1 (5.0%)
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was positive by operative wound culture. The most frequently isolated microorganisms
were Escherichia coli (n=7; 20.6%) (MEM MIC# 1 mg/ml in 6 cases; MIC = 2 mg/ml in 1
case) and Pseudomonas aeruginosa (n= 3; 8.8%) (MEM MIC# 1 mg/ml in 2 cases;
MIC = 2mg/ml in 1 case). The number of patients who met$2 of the pediatric systemic
inflammatory response syndrome (SIRS) criteria was 17 (50%). The 30-day survival rate
after MEM therapy initiation was 97.1%. One patient with recurrent neuroblastoma
died of pneumonia that was probably caused by Stenotrophomonas maltophilia 6 days
after MEM initiation.

TABLE 1 Demographics and clinical characteristics of subjectsc

Variable
Value for patient population
(n = 34)

Median age (yrs) (range)a 1.4 (0.03–14.6)
No. (%) of female subjects 21 (61.8)
Median body wt (kg) (range)a 8.9 (2.7–40.9)
Median ht (cm) (range)a 142.5 (74.5–93.5)
Median serum creatinine concn (mg/dl) (range)a 0.2 (0.1–5.5)
Median eGFR (ml/min) (range)a 38.2 (1.4–183.8)
Median vol of diuresis (ml/kg/24 h) (range)a 53.9 (0–323.9)
No. (%) of patients with ascitesa 17 (50.0)
Median vol of ascites (ml/24 h) (range)a 105 (0–9,000)

No. (%) of patients by SIRS scoreb

0 10 (29.4)
1 7 (20.6)
2 9 (26.5)
3 7 (20.6)
4 1 (2.9)

No. (%) of patients who received liver transplantation 14 (41.1)

No. (%) of patients receiving:
CRRT 8 (23.5)
ECMO 3 (8.8)
Vasopressors 19 (55.9)

Median dialysate flow rate (ml/h) (range) 1,600 (600–4,100)
Median filtrate flow rate (ml/h) (range) 1,600 (600–8,400)
Median blood flow (ml/min) (range) 40 (15–80)
Median time of MEM administration (days) (range) 5 (1–16)
Median MEM dose (mg/kg/day) (range) 105.2 (40.0–293.4)
Median MEM dose (mg/kg/dose) (range) 36.4 (14.7–97.8)

No. (%) of patients receiving intravenous MEM by:
Standard 1-h infusion 27 (79.4)
Prolonged 3-h infusion 9 (26.5)

No. (%) of patients with proven bacterial infection 20 (58.8)
Median time to negative conversion of blood culture (h) (range) 48 (24–120)
Median time to antipyretic response (days) (range) 4 (0–23)
30-day survival [no. (%) of patients] 33 (97.1)

Serum samples analyzed for MEM concn (n= 290)
No. (%) of scavenged samples 256 (88.3)
No. (%) of prospective samples 34 (11.7)
Median no. of samples per patient (range) 9 (1–22)

aOn the day of the study.
bSIRS scores for each patient are indicated as the number of variables that met the SIRS criteria. The variables
were provided as age-specific vital signs and laboratory variables (lower values for heart rate, leukocyte count,
and systolic blood pressure). SIRS and CRRT were treated as categorical covariates. If the patient met$2 SIRS
criteria for pediatric patients, the patient was categorized as SIRS1. If the patient was on continuous
hemodialysis, the patient was categorized as CRRT1.

ceGFR, estimated glomerular filtration rate; SIRS, systemic inflammatory response syndrome; CRRT, continuous
renal replacement therapy; ECMO, extracorporeal membrane oxygenation.
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PK specimens. We collected 380 serum samples and analyzed 290 drug concentra-
tions. The median time of PK sampling (range) was 5.4 (0.06 to 19.7) h after the dose,
and the median concentration was 9.1 (0.3 to 75.2) mg/ml. An average of 9 (1 to 22)
samples per patient was collected, and the overwhelming majority of measurable
PK samples were the leftover samples from the clinical laboratory (256/290; 88.3%).
Ninety samples (23.7%) had MEM concentrations below the limit of quantitation,
and these measurements were excluded from the PK analysis.

Population PK model building. The preliminary analysis for the base model
showed that the two-compartment model resulted in a better fit for describing MEM
concentrations, while the multiplicative model best described the residual variability.
The 22 log likelihoods of the objective function value (OFV) for exploration of the
structure of the one- and two-compartment models were 1,745 and 1,609, respectively,
suggesting that a two-compartment model with a multiplicative residual error was the
appropriate basic structural model for our population. The shrinkage factors of the V
for the peripheral compartment (Vp) (liters) and the intercompartmental CL (Q) (liters
per hour) were all .0.3, indicating minor interindividual variability of the parameters
that could be eliminated without significantly altering the OFVs. Thus, each was
excluded in the model-building process. The h shrinkage for V of the central compart-
ment (Vc) and CL in the base model was small (,0.3), confirming that our estimates
were not overparameterized. CL, Vc, Vp, and Q were validated by a hypothesis test
using forward inclusion/backward elimination in the modeling process. CL and Vc were
scaled by BW for the base model. The SCr-based eGFR and the SIRS score for the cova-
riate analysis significantly influenced the MEM CL, reducing the OFVs by 75.34 and
53.53, respectively, whereas daily urine excretion, daily ascites excretion, patients on
CRRT, and patients undergoing liver transplantation did not.

Although the type of immunosuppressant was evaluated as a categorical covariate
(tacrolimus monotherapy or concomitant therapy), it was not included as a significant
factor. CRRT use was a significant covariate that statistically improved the base model
when added to MEM Vc, reducing the OFV by 47.09. The final model included the
effects of the eGFR and SIRS score on CL and of CRRT on Vc (see Table S1 in the supple-
mental material). For Vp and Q, only BW was included as a covariate. The final PK model
(Table 2) was as follows: CLi (liters per hour) = CLpop � (eGFR [milliliters per minute]/
38.2)heGFR � (1 1 hSIRS)SIRS � BW � exp(hCL), where SIRS = 1 if the patient met $2 SIRS
criteria and SIRS = 0 if the patient met #1 SIRS criterion; Qi (liters per hour) = Qpop �
BW; Vci (liters) = Vcpop � (11 hCRRT)CRRT � BW � exp(h V), where CRRT= 1 if the patients
received CRRT; and Vp (liters) = Vppop � BW. The h i values are normally distributed,
with a mean of 0 and a variance of v 2. The magnitude of « shrinkage was 5.91%. The
model parameters had moderate levels of h shrinkage for CL (22.3%) and Vc (27.9%).

Model validation. Table 2 shows the statistical distributions of the parameter esti-
mates obtained from the bootstrap analyses. The final model converged in 1,000 boot-
strap samples represents a convergence rate of 100%. The median values of the pa-
rameters estimated from the bootstrap analyses were in good agreement, and the
95% confidence intervals (CIs) were narrow, demonstrating satisfactory precision. The
basic goodness-of-fit plots of the final model showed that the scatterplots of observed
concentrations versus population predicted concentrations (PRED) and observed con-
centrations versus individual predicted concentrations (IPRED) were uniformly distrib-
uted around the line of identity (Fig. 1A and B). Additionally, the values of conditional
weighted residuals (CWRES) were distributed symmetrically around zero across the
entire PRED and time after dose range (Fig. 1C and D). The predictive performance of
the model observed by a visual predictive check is shown, where the 5th, 50th, and
95th percentiles of the observed concentrations are close to the respective percentiles
of the simulated concentrations (Fig. 2).

Dosing simulation. Monte Carlo simulations were performed using the final model
to determine the appropriate dosing regimens corresponding to the patients with SIRS
and the patients on CRRT. The results of the Monte Carlo simulation after a standard
dosing regimen adjusted by the renal function are shown in Table 3. The simulation
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revealed that it was difficult to achieve a 90% PTA of 100% fuT.MIC using the standard
dosing regimens, even by prolonged infusion in many cases.

A simulation for exploring the optimal dosing regimen was performed. The PTAs of
40% or 100% fuT.MIC by four dosing regimens at two infusion rates and according to
the target MIC are presented in Table S2. When the target was set at 40% fuT.MIC and
the MIC was 1mg/dl, a dosing regimen of 10 to 20 mg/kg every 8 h (q8h) in a 0.5-h
infusion nearly achieved a 90% PTA regardless of the presence or absence of SIRS or
CRRT. However, when the target %fuT.MIC was set at 100%, the conventional 0.5-h infu-
sion was sometimes unable to achieve a sufficient PTA, and a 3-h prolonged infusion,
with or without higher doses, was necessary for such situations.

PD assessment regarding treatment response in each patient. The median time
to negative conversion of positive bacterial culture was 48 h and the median time to
antipyretic response was 4 days in the 20 patients with proven bacterial infections. The
estimated individual %fuT.MIC (MIC= 1mg/ml) values were compared among the patients
whose bacterial culture was negative within and for more than 48 h and the patients
who showed an antipyretic response within and for more than 4days. The median
%fuT.MIC values in patients with bacterial cultures showing a sustained positive result
over 48 h (n=10) and within 48 h (n=10) were 57.5% and 82.6%, respectively.
Temperature charts were available for 13 patients for assessment of the antipyretic
response. The median %fuT.MIC values in patients whose times to antipyretic response
were more than 4days (n=7) and within 4days (n=6) were 60.7% and 96.6%, respec-
tively. Thus, patients who achieved a higher %fuT.MIC tended to have a better treatment
response.

DISCUSSION

The selection of an optimal dosage regimen in critically ill pediatric patients with
multiple factors affecting the MEM PK parameters is complicated by the lack of PK

TABLE 2 Population pharmacokinetic estimates for the final model and bootstrap resultse

Parameter
Base model
estimate (RSE%)

Final model
estimate (RSE%)

Median bootstrap value of
the final model (95% CI)

Population parameters
CL (liters/kg/h)a

hCL 0.46 (32.01) 0.45 (12.63) 0.45 (0.36–0.52)
heGFR 0.19 (20.60) 0.20 (0.11–0.27)
hSIRS 0.35 (40.70) 0.36 (0.10–0.63)

Vc (liters/kg)b

hV 0.49 (34.59) 0.49 (24.22) 0.48 (0.32–0.70)
hCRRT 0.66 (20.58) 0.67 (0.57–0.98)

Vp (liters/kg)
c

hV2 0.34 (24.22) 0.34 (23.60) 0.33 (0.21–0.50)
Q (liters/kg/h)d

hQ 0.29 (33.98) 0.28 (34.90) 0.28 (0.09–0.47)

Between-subject variability
% vCL 48.54 (20.51) 27.10 (19.01) 26.28 (17.09–36.81)
% vVc 56.42 (20.13) 31.50 (14.30) 30.47 (20.04–40.17)

Residual variability
Proportional (%) 59.72 (12.15) 33.23 (4.28) 0.33 (0.31–0.35)

aCL (liters per kilogram per hour) = hCL � (eGFR [milliliters per minute]/38.2)heGFR � (11 hSIRS)
SIRS � BW � exp

(hCL).
bVc (liters per kilogram) = hV � (11 hCRRT)

CRRT � BW� exp(hCL).
cVp (liters per kilogram) = hV2 � BW.
dQ (liters per kilogram per hour) = hQ � BW.
eRSE%, percent relative standard error; CL, total body clearance; eGFR, estimated glomerular filtration rate; SIRS,
systemic inflammatory response syndrome (0 or 1); Vc, central volume of distribution; CRRT, receiving
continuous renal replacement therapy (0 or 1); Vp, peripheral volume of distribution; Q, intercompartmental CL;
v , between-subject variability; BW, body weight.
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studies in this population. This study presents the PKs for MEM in critically ill pediatric
patients and suggests dosage regimens based on a population PK/PD approach.

The model-building process for MEM PKs revealed that BW, renal function, and the
pediatric SIRS score were covariates of the CL. Likewise, we included BW and the use of
CRRT as covariates of the Vc. We used Schwartz’s formula to estimate individual renal
function. The formula of Uemura et al. (21, 22), a new SCr-based eGFR formula for
Japanese pediatric patients, showed better estimations of interindividual differences
for the MEM CL in this study (the OFVs for the final model were 1,488.38 and 1,512.41
using the formula of Uemura et al. and Schwartz’s formula, respectively [data not
shown]). Although we selected Schwarz’s formula for our final model because it is the
standard formula for estimating pediatric renal function worldwide, this result suggests
that the formula of Uemura et al., which was developed with Japanese patients’ data,
could be a better fit for our patient population. This fact may indicate the usefulness of
developing an original formula for renal function estimation for patients of different
ethnicities.

The final model showed that the MEM CL increased by 35% in patients who met
$2 SIRS criteria compared with patients who met #1 SIRS criterion, and the Vc

FIG 1 Goodness-of-fit plots for the final population pharmacokinetic model. (A) Plot of observed
MEM concentrations (micrograms per milliliter) versus PRED (micrograms per milliliter). (B) Plot of
observed MEM concentrations (micrograms per milliliter) versus IPRED (micrograms per milliliter). (C)
Plot of CWRES versus PRED. (D) Plot of CWRES versus time after the last dose. In panels A and B, the
solid line is the line of unity (y= x). In panels C and D, the top dotted curve is locally weighted
scatterplot smoothing fitted to the absolute values of the residuals, and the bottom red curve is a
reflection of the top dotted curve about the x axis. The solid middle line is locally weighted
scatterplot smoothing fitted to the raw residuals.
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increased by 66% in patients on CRRT compared with those not on CRRT. A previous
study showed the increasing recognition of augmented renal clearance (ARC) of sol-
utes in the adult intensive care population (23). Several studies have illustrated the risk
of therapeutic failure due to an enhanced CL of renally eliminated drugs such as b-lac-
tams, MEM, and vancomycin leading to the development of adjusted dosing recom-
mendations in adult patients with ARC (24–26). ARC is also highly prevalent in the pe-
diatric intensive care population (27). Shimamoto et al. reported that patients with
SIRS had a significantly higher vancomycin CL that was positively correlated with the
SIRS score (28). To the best of our knowledge, this is the first report indicating that an
increased MEM dosage is necessary for patients with a higher pediatric SIRS score.
Critically ill pediatric patients meeting $2 pediatric SIRS criteria appear to be at risk for
subtherapeutic drug exposure.

Theoretically, CRRT settings, such as the dialysate flow rate and blood flow rate, in
each patient may affect CL and V, but these CRRT settings were not retained as contin-
uous variables in our study, probably due to the small sample size. ECMO use was also
excluded as a significant contributing factor of MEM PKs, most likely due to the small
number of pediatric patients on ECMO. Although MEM is not a lipophilic agent and
has low levels of protein binding, the loss of MEM in the ECMO circuit may be due to
drug sequestration (or “sticking”) as reported in previous studies (29). In contrast, other
studies found no significant loss of MEM in ECMO and CRRT circuits (30, 31). Whether
the PK of MEM is influenced by a loss of MEM in ECMO and CRRT is controversial.
Furthermore, previous reports have shown that the effect of CRRT and ECMO on V is
inversely related to patient age (8, 32, 33). Considering these facts, a large-scale study
is necessary to determine the effect of CRRT settings and ECMO on MEM PKs in pediat-
ric patients.

The estimated V and CL for MEM were reported to be 0.4 liters/kg and 0.3 liters/kg/
h, respectively (34, 35), in pediatric patients with clinically stable conditions and 0.2 lit-
ers/kg and 0.3 liters/kg/h, respectively, in pediatric patients with critically ill conditions
(median age, 6.0 years) (16). Another study of critically ill pediatric patients (median
age, 2.0 years) showed a V of 0.6 to 0.8 liters/kg and a CL of 0.3 to 0.4 liters/kg/h (15).
Our study results showed mean estimated V and CL for patients without SIRS or CRRT
of 0.83 liters/kg and 0.45 liters/kg/h, respectively, and these parameters increased to
1.15 liters/kg and 0.54 liters/kg/h, respectively, in patients with SIRS or CRRT. It was
reported that the MEM V in pediatric patients on extracorporeal circulation, such as

FIG 2 Visual predictive check of observed and simulated concentrations. Shown are visual predictive
checks (n=1,000) of observed MEM concentrations (micrograms per milliliter) along with 5th, 50th, and
95th percentiles overlaid on the median and 90% prediction intervals of simulated concentrations
generated from the final model. The solid lines are the 5th, 50th, and 95th percentiles of the
observed concentrations. The dotted lines are the median and the 90% prediction intervals of the
simulated concentrations.
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CRRT and ECMO, was higher than the population PK estimates derived from healthy
volunteers (19). Furthermore, a higher CL was observed in critically ill patients, and it
was established in adults that sepsis causes enhanced blood flow to the kidney and
increased glomerular filtration, known as ARC, which we discussed previously (36). The
age of the study population also affects the MEM PK parameters. Parker et al. (37) sug-
gested that V and CL were markedly different in patients ,2 years old and weighing
,10 kg. However, the median age of our study subjects was 1.4 years, which was
younger than that of the pediatric patients reported by Parker et al. Considering these
facts, critically ill conditions and age might contribute to changes in the V and CL.

The results of the Monte Carlo simulations suggested that the currently recom-
mended MEM dose is insufficient in some situations. Although the optimal PD target
of MEM for critically ill pediatric patients remains undetermined, several studies have
recommended a higher fuT.MIC, such as 100% fuT.MIC, for critically ill patients (11, 38).

When the target was set at 100% fuT.MIC, only the highest MEM dosage regimen of
40mg/kg/dose q8h given as a 3-h prolonged infusion provided appropriate PD expo-
sure at a susceptible MIC against Gram-negative bacilli such as Enterobacterales
(MIC# 1mg/ml) and Pseudomonas aeruginosa (MIC# 2mg/ml) (39). Thus, 40 to 80mg/
kg/dose q8h might be required to obtain 100% fuT.MIC. In particular, patients who met
$2 SIRS criteria (SIRS1) without CRRT (CRRT2) were at a high risk of achieving an insuf-
ficient PTA of 100% fuT.MIC. If the eGFR was $50ml/min, dosing escalation to 80mg/kg
q8h with 3-h prolonged dosing was required, even for a target MIC of 1mg/ml, except
for patients who met $2 SIRS criteria without CRRT (SIRS1 and CRRT2). It is difficult to
achieve a sufficient enough PTA of 100% fuT.MIC in the majority of situations for a tar-
get MIC of $2mg/ml, even under prolonged infusion and with higher dosing, if the
patient’s eGFR is $50ml/min. In our PICU, the MIC50 and MIC90 (defined as the MICs at
which the growth of 50% and 90% of the organisms was inhibited, respectively) of
MEM for 5 recent years (2015 to 2019) were #2 and 8mg/ml for P. aeruginosa and #1
and #1mg/ml for E. coli, respectively. In addition, based on a nationwide surveillance
study conducted in Japan in 2012, the MIC50 and MIC90 of MEM were 1 and 16mg/ml
for P. aeruginosa, respectively, and#0.06 and 0.12mg/ml for extended-spectrum b-lac-
tamase (ESBL)-producing E. coli, respectively (40). The MIC distribution of MEM varies
among institutions and countries; therefore, an understanding of local factors that may
affect the MIC distribution of MEM for Gram-negative organisms is important for clini-
cians in determining an empirical antibiotic dosing strategy.

Many studies recommend high doses and prolonged infusion regimens for severe
bacterial infection in adult patients or critically ill patients where subtherapeutic drug
exposure is expected (11, 38, 41–43) based on PD concepts. It has been reported that a
continuous infusion or a higher dose of MEM was associated with a higher microbio-
logical cure rate, shorter intensive care unit admission, and improved clinical outcomes
in critically ill adult patients (36, 44, 45). Our study demonstrated that a higher %
fuT.MIC was associated with a shortened time of sustained positive bacterial culture
and a rapid antipyretic response. These findings support a higher %fuT.MIC, such as
100% fuT.MIC, being beneficial, even in critically ill pediatric patients. Although MEM is
well tolerated in pediatric patients (46), the safety of a high-dose regimen remains
unclear. Thus, it is essential to evaluate new dosage regimens when they are applied
to clinical practice.

There are several limitations to our study. First, this was a single-center investigation
that included patients with various underlying diseases. Second, our study population
consisted of a wide age range, and the results were not stratified by age. Younger
patients are known to clear renally excreted drugs more rapidly than older patients and
typically have a larger volume of distribution normalized to their BW. Further analysis of
the developmental PK changes in critically ill children is necessary. Third, only 3/34
patients included in this PK analysis were on ECMO, and we were unable to conduct an
adequate evaluation of the impact of ECMO on MEM PKs. Thus, the results of the Monte
Carlo simulations in our study are not applicable to pediatric patients on ECMO. Finally,
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this study was conducted using a scavenged sampling strategy. The sampling times and
the sparse number of samples collected for each child may not have been ideal to fully
characterize the distribution phase of MEM in each patient. However, this method
allowed us to analyze critical pediatric samples without putting the patients at additional
risk. Although MEM levels in a scavenged sample may change from the true value due
to MEM instability and inaccuracies in sampling time, the sampling method (scavenged
sampling or interventional sampling) was not included as a significant categorical covari-
ate (OFV=1,512.35 for the included model, and OFV=1,512.41 for the final model).

We demonstrated the MEM PKs in critically ill pediatric patients, including cases on
CRRT and ECMO, and we developed a population PK model considering various factors
affecting subtherapeutic MEM exposure. The data suggested that the standard dosing
regimens for MEM did not attain an appropriate PD target in critically ill pediatric
patients in some situations. Patients with SIRS required a higher MEM dose and pro-
longed infusion to achieve an optimal target for Gram-negative bacilli. A larger, prospec-
tive investigation is necessary to confirm the safety and efficacy of a higher dose and
prolonged infusion of MEM for critically ill pediatric patients with various conditions.

MATERIALS ANDMETHODS
Study design. We performed a single-center retrospective PK study in the PICU at the National

Center for Child Health and Development (NCCHD), a tertiary children’s hospital in Tokyo, Japan. The
NCCHD has a large PICU with approximately 1,100 annual admissions. It is the largest pediatric liver
transplant center in Japan, performing approximately 60 pediatric liver transplantations annually. The
patients were enrolled between September 2016 and June 2019. The inclusion criteria were as follows:
age of ,18 years, critically ill patients treated with MEM for suspected or proven bacterial infection, and
an unstable condition, including sepsis, renal failure, massive ascites, or receipt of CRRT or ECMO. The
MEM dose and infusion time were determined at the discretion of the PICU physician and the pediatric
infectious diseases physician.

Data collection. The following data were retrieved from the medical records of all study subjects:
gender, age, BW, height, body surface area, SCr, SCr-based eGFR (milliliters per minute per 1.73 m2)
(eGFR = 0.413� height [centimeters]/SCr [milligrams per deciliter]) (47), blood urea nitrogen, alanine
aminotransferase, albumin, and concomitant drug therapy. The eGFR determined using body surface
area was used to calculate the GFR (milliliters per minute) of individuals. Data on MEM dose, time of
administration, time of blood sampling, and serum MEM concentration were also collected. Schwartz’s
formula was chosen to calculate the eGFR because it is currently the most commonly used method in
pediatric practice worldwide (56). The formula of Uemura et al., a new SCr-based eGFR formula for
Japanese pediatric patients, was also used to estimate renal function (21, 22). Additionally, the CRRT set-
tings, ECMO settings, pediatric SIRS criterion score (48), daily urine excretion volume, daily ascites excre-
tion volume, and culture results for pathogenic bacterial cultures were recorded. The SIRS score was cal-
culated using the heart rate, respiratory rate, leukocyte count, and systolic blood pressure and was
described as the number of inspection items (0 to 4) meeting the age-specific criteria for pediatric
patients from neonates to young adults. Patients meeting $2 pediatric SIRS criteria (2 to 4 criteria) were
categorized as 1, and the others were categorized as 0, in the PK modeling analysis.

PK sample collection. This study followed a sparse-sampling approach. The samples were divided
into two types: scavenged samples and interventional blood samples. Scavenged samples were col-
lected from leftover discarded blood obtained for routine clinical tests. Interventional blood sampling
was defined as samples obtained by collecting extra blood from the enrolled pediatric patients. Each
blood draw was approximately 0.4ml and was collected in a plastic tube (Venoject II; Terumo
Corporation, Tokyo, Japan). PK sample collection was planned at the following time points: immediately
before MEM infusion (0 h), immediately after infusion completion (1 h for a standard infusion or 3 h for
an extended infusion), and approximately 4 h after infusion completion.

For scavenged samples, the sampling times that were recorded electronically in routine clinical prac-
tice were extracted from the medical chart to ensure the accuracy of the data. The MEM infusion time
was clinically determined. The samples were centrifuged immediately after collection at 1,500 � g at 4°C
for 5min. Next, the sera from the interventional blood samples were stored at 280°C. The sera from the
scavenged blood samples were also stored at 280°C immediately after routine biochemical tests. The
samples were stored for a maximum of 2weeks before analysis.

LC-MS analysis. The total serum MEM concentration was measured using liquid chromatography (LC)
coupled with tandem mass spectrometry (MS/MS) (TSQ Vantage LC-MS system with the Dionex UltiMate
3000 rapid-separation liquid chromatography [RSLC] system; Thermo Fisher Scientific KK, Tokyo, Japan) in
the hospital’s internal laboratory using a validated method (49). The instrument parameters were opti-
mized for MEM transition (m/z 384.1!68.1). The ion spray voltage and turbo heater temperature were
maintained at 3,000 V and 270°C, respectively; the argon collision gas pressure was 1.5 mTorr; and the col-
lision energy was 241 V. MEM and MEM-d6 (internal standard) were purchased from Toronto Research
Chemicals Inc. (Ontario, Canada). LC separation was achieved using a reverse-phase C18 column (Imtakt
Corporation, Kyoto, Japan) with a flow rate of 0.4ml/min using a gradient mobile phase. Mobile phase A

Saito et al. Antimicrobial Agents and Chemotherapy

February 2021 Volume 65 Issue 2 e01909-20 aac.asm.org 10

https://aac.asm.org


consisted of 0.1% formic acid in H2O, and mobile phase B consisted of 0.1% formic acid in acetonitrile. The
total run time was 4min. Quan Browser software (version 2.1.0; Thermo Fisher Scientific KK) was used to
acquire the analytical data. The lower limit of quantitation of serum MEM was 0.2mg/ml. Intraday and
interday coefficients of variation of ,5% at concentrations of 0.5 to 1,000mg/ml were considered
adequate results according to the guidelines of the Food and Drug Administration (50).

PK analysis. The dosing, sampling, and demographic information were merged with the bioanalytical
information to create the PK data set. The population PK analysis was performed using Phoenix NLME 8.2
software (Certara USA Inc., Princeton, NJ). One- and two-compartmental models with first-order elimina-
tion and multiplicative, additive, proportional, and additive residual-error models were evaluated accord-
ing to a three-step strategy: (i) basic population model selection, (ii) covariate selection, and (iii) validation
(51). Interindividual random effects (v 2) were evaluated according to CL (liters per hour) and Vc (liters). The
goodness of fit for a model was assessed by (i) significant decreases in the 22 log likelihood of the OFV,
(ii) plots of PRED and IPRED versus observed concentrations and of CWRES versus observed concentrations
and time (52), and (iii) changes in the standard errors of parameter estimates (precision). Shrinkage was
calculated for all model parameters. A shrinkage value of ,20% was considered acceptable (53).
Demographic and laboratory characteristics, including SCr-based eGFR, daily urine excretion volume,
and daily ascites excretion volume, were evaluated as continuous covariates, and CRRT use, SIRS score,
proven bacterial infection, history of liver transplantation, and kind of immunosuppressant medications for
each liver transplant patient were evaluated as categorical covariates for potential model covariates.
Continuous covariates were implemented using an allometric model with the equation Pi = Ppop � (Covi/
Covmedian)

PWR, where Pi represents the individual parameter estimate of the ith patient, Ppop represents the
population parameter estimates, Cov is the covariate, and PWR is the exponent. Categorical covariates
were included in the model as Pj ¼ Ppop � ð11hCovÞCovi , where Pj is the PK parameter for the jth patient,
Covi is a numeric index value, Ppop is the typical value of a PK parameter for the reference covariate values,
and hCOV is the multiplicative factor for the influence of the covariate on the PK parameter.

Each covariate investigated was retained if it led to an improved fit, as evaluated by biological plau-
sibility, graphical displays based on the agreement between the observed and predicted drug concen-
trations, the uniformity of the distribution of the CWRES, improvement of the precision in parameter
estimates, and reduction of the OFV by .3.84 (P, 0.05). A forward-addition/backward-elimination
approach to covariate selection was planned if .1 covariate was found to be significant. A reduction of
7.88 (P=0.005) was required for covariate retention in the final model.

Model evaluation. A bootstrapping approach (n = 1,000) and a visual predictive check (n = 1,000)
using Phoenix NLME 8.2 software were used for final model qualifications. The reliability of the final PK
parameter estimates and their 95% CIs was assessed using the bootstrap approach. Eta (h ) and epsilon
(« ) shrinkages were used to assess the reliability of individual estimations and the power to detect
model misspecifications in goodness-of-fit diagnostics (54).

Dosing simulations. Monte Carlo simulations (1,000 replicates) were employed to determine the
PTA of achieving a PK/PD target of %fuT.MIC values of 40% and 100% during a 0.5-h standard infusion or
a 3-h prolonged infusion. The PTAs after the standard dosing regimen corresponding to varying renal
function (eGFR= 10, 25, 50, and 100ml/min) were evaluated before the appropriate dosage exploration,
as follows: 40mg/kg q8h (optimal dose for a patient with an eGFR of .50ml/min), 40mg/kg q12h
(eGFR, 26 to 50ml/min), 20mg/kg q12h (eGFR, 10 to 25ml/min), and 20mg/kg q24h (eGFR, ,10ml/
min). Intravenous infusions of 10, 20, 40, and 80mg/kg/dose were simulated at 8-h intervals to explore
the dosing regimen in pediatric patients with SIRS or on CRRT. Different renal functions of eGFRs of 10,
25, 50, and 100ml/min were included in each simulation. Because an MIC breakpoint of .8mg/ml is
considered to indicate an isolate resistant to MEM monotherapy (55), the simulated MICs ranged from 1
to 8mg/ml. A fixed 2% fu of MEM was used for simulations, according to previously reported data (9). If
the PTA was.90%, the dosing regimen was considered successful.

Evaluation of PD profiles and outcomes. The efficacy of MEM treatment was evaluated by deter-
mining the associations between the calculated %fuT.MIC in individual patients estimated using the indi-
vidual post hoc estimates and the time to negative conversion of positive bacterial cultures and the time
to the antipyretic response. The MIC was set at 1mg/ml, which is the CLSI breakpoint of MEM for
Enterobacterales (39).

Statistical analysis. Patient demographic characteristics and their MEM PK parameter estimates
were summarized and are reported as means 6 standard deviations and as medians and ranges. A P
value of#0.05 was considered statistically significant.

Ethical approval. Ethical approval was obtained from the Ethics Committee at our institution
(NCCHD-1328). The study was conducted according to the guidelines of the Declaration of Helsinki.
Written consent to participate was obtained from the guardians of the pediatric patients.
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