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ABSTRACT Our objective was to develop a population pharmacokinetic (PK) model
in order to evaluate the currently recommended dosing regimen in term and preterm neonates. By using an optimal design approach, a prospective PK study was
designed and implemented in 60 neonates with postmenstrual ages (PMA) of 26 to
43 weeks. A loading dose of 16 mg/kg was administered at day 1, followed by a
maintenance dose of 8 mg/kg daily. Plasma concentrations were quantiﬁed by highpressure liquid chromatography–mass spectrometry. Population PK (popPK) analysis
was performed using NONMEM software. Monte-Carlo (MC) simulations were performed to evaluate currently recommended dosing based on a pharmacodynamic
index of area under the concentration-time curve (AUC)/MIC ratio of ⱖ400. A twocompartment model with linear elimination best described the data by the following
equations: clearance (CL) ⫽ 0.0227 ⫻ (weight [wt]/1,765)0.75 ⫻ (estimated creatinine
clearance [eCRCL]/22)0.672, central compartment volume of distribution (V1) ⫽ 0.283
(wt/1,765), intercompartmental clearance (Q) ⫽ 0.151 (wt/1,765)0.75, and peripheral
compartment volume (V2) ⫽ 0.541 (wt/1,765). The interindividual variability estimates for CL, V1, and V2 were 36.5%, 45.7%, and 51.4%, respectively. Current weight
(wt) and estimated creatinine clearance (eCRCL) signiﬁcantly explained the observed
variability. MC simulation demonstrated that, with the current dosing regimen, an
AUC/MIC ratio of ⱖ400 was reached by only 68.5% of neonates with wt of ⬍1 kg
when the MIC was equal to 1 mg/kg, versus 82.2%, 89.7%, and 92.7% of neonates
with wt of 1 to ⬍2, 2 to ⬍3, or ⱖ3 kg, respectively. Augmentation of a maintenance
dose up to 10 or 11 mg/kg for preterm neonates with wt of 1 to ⬍2 or ⬍1 kg, respectively, increases the probability of reaching the therapeutic target; the recommended doses seem to be adequate for neonates with wt of ⱖ2 kg. Teicoplanin PK
are variable in neonates, with wt and eCRCL having the most signiﬁcant impact. Neonates with wt of ⬍2 kg need higher doses, especially for Staphylococcus spp. with
an MIC value of ⱖ1 mg/liter.
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eonates represent a unique population that features distinct characteristics, such
as developmental immaturity and extensive variability. Not surprisingly, prematurity is a major reason for hospitalization, whereas peculiarities of the immune system at
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birth render neonates particularly vulnerable to infections. Late-onset sepsis (LOS)
remains a signiﬁcant cause of neonatal morbidity and mortality, and, therefore, empirical antimicrobial therapy is a frequent part of treatment. Moreover, as Gram-positive
cocci are the predominant pathogens in LOS, glycopeptides, including teicoplanin, are
among the most commonly prescribed drugs in neonates (1–4).
Teicoplanin has bactericidal activity against Gram-positive bacteria such as methicillinresistant staphylococci, including coagulase-negative staphylococci (CoNS), and an
efﬁcacy comparable to that of vancomycin (5). Nevertheless, despite the similar mode
of action to that of vancomycin, teicoplanin has different pharmacokinetic (PK) properties. Unlike vancomycin, for which binding to plasma proteins is approximately 30 to
55% and the elimination half-life in adult patients with normal renal function is 6 to
12 h, teicoplanin is mainly bound (90%) to human serum albumin and has a longer
elimination half-life that ranges from 100 to 170 h (6, 7). Furthermore, it can be given
intravenously or intramuscularly (7). Additionally, existing evidence shows a lower
incidence of adverse events caused by teicoplanin than by vancomycin, including that
of nephrotoxicity, whereas its long serum half-life enables its administration once daily
(8, 9). It is for these reasons that neonatologists probably choose to use teicoplanin in
LOS, making it one of the 12 most frequently administered antimicrobial agents in
European neonatal intensive care units (NICUs) (3).
Recently, teicoplanin has been licensed in Europe for the treatment of children from
birth, according to the summary of product characteristics (SPC), last updated February
2018 (10). There is growing evidence that teicoplanin PK display considerable variability
in children in comparison to adults, suggesting that therapeutic drug monitoring (TDM)
should be a routine practice (11). In addition, the recommended posology for adults has
been changed, as well as the recommended trough concentrations (Ctrough) (10). In the
last version of the SPC, the proposed targeted Ctrough value for complicated skin and
soft tissue infections, pneumonia, and complicated urinary tract infections was
⬎15 mg/liter, for bone and joint infections, ⬎20 mg/liter, and for infective endocarditis,
⬎30 mg/liter, instead of the ⬎10 mg/liter previously proposed only “for severe infections” (10). Nevertheless, limited data still exist in terms of teicoplanin PK/pharmacodynamic (PD) studies in neonates; the optimal dosing, especially in preterm infants,
remains questionable. In a recent study with 18 neonates, the PK of teicoplanin were
found to be highly variable, leading investigators to propose the routine use of TDM for
optimal teicoplanin use (12). Targeting optimal efﬁcacy and safety, teicoplanin administration should be based on integrated knowledge concerning evolving neonates’
physiological characteristics and the PK/PD of the speciﬁc drug. Our aim was to
determine the PK of teicoplanin and to evaluate the currently recommended dosing
regimen in preterm and term neonates, designing a single prospective population PK
study in a large number of subjects.
(This work was partially presented at the 35th annual meeting of the European
Society for Pediatric Infectious Diseases [ESPID], Madrid, Spain, 23 to 27 May 2017, and
the 36th annual meeting of ESPID, Malmö, Sweden, 28 May to 2 June 2018.)
RESULTS
Optimal design. An optimal design method was used to determine the sampling
design of the teicoplanin study. It was performed with PopDes scripts, using prior
information from Lukas et al. (13), and resulted in 3 sampling groups (A, B, and C)
comprising 50%, 28%, and 22% of the total, respectively. Group A considered samples
at 3 h and 20 h after the loading dose and the 5th dose, group B at 0.5 h and 5 h after
the loading dose and the 5th dose, and group C at 0.5 h and 16 h after the loading dose
and the 5th dose. A simulated study of 50 virtual neonates with these sampling times
was estimated in NONMEM and resulted in precise and accurate estimation of the
parameters, i.e., the parameter estimates were close to the nominal values, and the
corresponding standard errors were small; the simulated study also exhibited robustness, as demonstrated by a bootstrap test (shown in Table S1).
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TABLE 1 Demographics and clinical characteristics of patients at time of enrollment and
major neonatal problems before enrollment
Demographic or characteristicc
Demographics
Number of enrolled patients
Gender (male) (no. [%] of patients)
Birth wt in g (median [IQR])
Gestational age in wks (median [IQR])
Postmenstruala age in wks (median [IQR])
Postnatal age in days (median [IQR])
Current wt in g (median [IQR])
Small for gestational age (no. [%] of patients)b
Cesarean section (no. [%] of patients)
No. of days of teicoplanin treatment (median [IQR])

60
25 (41.6)
1,550 (1,115–2,072)
31.6 (29–34.3)
33.6 (30.7–36)
10 (6–17.7)
1,645 (1,262–2,215)
8 (13.3)
43 (72)
8 (6–11)

Clinical conditions at study initiation (no. [%] of patients)
Proven sepsis
Culture-negative sepsis
Probable NEC
NEC (stage 2 or 3)/surgical NEC
Ventilation-associated pneumonia
Suspicion of sepsis until deﬁnite negative work-up

7 (11.7)
14 (23.3)
10 (16.6)
14 (23.3)/2 (3.5)
1 (1.6)
14 (23.3)

Major neonatal problems up to study initiation (no. [%] of patients)
Respiratory morbidity
Patent ductus arteriosus
Bronchopulmonary dysplasia
Intraventricular hemorrhage III or IV, post-hemorrhagic hydrocephalus

39 (65)
3 (5)
2 (3.5)
4 (6.6)

Comedication(s) (no. [%] of patients)
Cefepime
Meropenem
Amikacin, ciproﬂoxacin, amphotericin B
Caffeine
Vitamin D, Ferrum
Diuretics, fentanyl
Inotropes

35 (58.3)
25 (41.6)
2 (3.3), 1 (1.6), 2 (3.3)
40 (66.6)
11 (18.3)
2 (3.3), 4 (6.6)
1 (1.6)

Value
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age ⫽ gestational age ⫹ postnatal age.
for gestational age neonates were deﬁned as neonates with birth weight below the 10th percentile
for gestational age or ⬎2 standard deviations below the mean for gestational age.
cIQR, interquartile range; NEC, necrotizing enterocolitis.
aPostmenstrual
bSmall

Demographic and clinical characteristics and microbiology results. A total of 60
neonates (25 males) met the eligibility criteria and were enrolled in the study. All of
them were treated with intravenous (i.v.) teicoplanin for a minimum of 5 days; teicoplanin was started as part of the initial empirical antimicrobial treatment for sepsis or
necrotizing enterocolitis. Demographics, clinical characteristics, and comedications of
the studied population are presented in Table 1. The numbers of enrolled patients
according to gestational age (GA) were 15 (25 to 28 weeks), 22 (29 to 32 weeks), 18 (33
to 36 weeks), and 5 (37 to 40 weeks).
Seven neonates had microbiologically proven sepsis (11.7%) and 14 (23.3%) had
culture-negative sepsis. Gram-positive pathogens were isolated in the blood cultures of
4 neonates, and these were susceptible to teicoplanin, as follows: Staphylococcus aureus
(n ⫽ 1, MIC ⫽ 0.5 mg/liter), Staphylococcus epidermidis (n ⫽ 2, MIC ⫽ 0.5 mg/liter), and
Enterococcus sp. (n ⫽ 1, MIC ⫽ 0.5 mg/liter). Gram-negative bacteria were isolated from
the blood of 3 neonates (Klebsiella spp. [n ⫽ 2] and Serratia spp. [n ⫽ 1]). The latter 3
patients were also included in the PK analysis, as they received 5 doses of teicoplanin
during the time period in which deﬁnitive blood culture results were pending. All
neonates except one were hemodynamically stable, with normal blood pressure and
heart rate, without impairment of peripheral perfusion, and with no need of vasoactive/
pressor medication. At the initiation of teicoplanin therapy 14 neonates were on
mechanical ventilation that was either noninvasive (n ⫽ 6; 10%) or invasive (n ⫽ 8;
13.3%). Teicoplanin was well tolerated, with no adverse events detected. As shown in
April 2020 Volume 64 Issue 4 e01971-19
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TABLE 2 Laboratory indicators of kidney and liver function and platelet counts (blood values)a
Median (IQR) at:
Laboratory indicatorb
Urea (mg/dl)
Creatinine (mg/dl)
SGOT (IU/liter)
SGPT (IU/liter)
␥-GT (IU/liter)
Total bilirubin (mg/dl)
Total protein (g/dl)
Albumin (g/dl)
Platelets (⫻103/l)

Day 1
27.5 (18.7–40.2)
0.68 (0.57–0.79)
26 (18.7–35.2)
8 (6–14)
65 (39.5–116.5)
4.6 (1.4–7.3)
5 (4.7–5.5)
3.2 (3.0–3.5)
329 (211–460)

Day 3
29.5 (22.2–46.5)
0.60 (0.53–0.69)
23 (17–28)
8 (7–10)
62.5 (39.7–112)
4.6 (1.4–7.8)
5.3 (4.7–5.6)
3.4 (3.0–3.5)
278 (185.7–415.5)

Day 5
26 (17.7–34)
0.58 (0.5–0.7)
23 (18–28)
8 (7–12)
63 (43–112)
3.4 (1–5.5)
5 (4.47–5.5)
3.3 (2.9–3.5)
406 (283–527)

EOTc
20 (15–27.5)
0.57 (0.45–0.66)
23 (18–28.7)
11 (7–14)
59 (46.5–123)
2.2 (0.8–4)
4.9 (4.6–5.5)
3.3 (3.1–3.4)
423 (290–517)

Day 25 ⴞ 5
14 (10–21)
0.53 (0.47–0.6)
25.5 (18.7–33)
12 (8.7–17)
78 (43–135)
1.2 (0.5–3.3)
4.9 (4.4–5.2)
3.3 (3.0–3.4)
426 (288–520)

day 1 to day 25 ⫾ 5 after the initiation of teicoplanin therapy.
serum glutamic oxaloacetic transaminase; SGPT, serum glutamic pyruvic transaminase; ␥-GT, gamma-glutamyl transpeptidase.
cEOT, end of teicoplanin treatment;
aFrom
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bSGOT,

Table 2, none of the patients presented abnormal renal or liver function during
teicoplanin treatment, nor did they present thrombocytopenia.
The full sets of PK samples required were taken from 56 neonates according to the
study protocol, whereas incomplete sets were taken from 4 subjects (5 samples
missed); namely, 2 PK samples were not taken from 1 neonate and 1 PK sample was
missed in each of the other 3 neonates. Moreover, in order to avoid any bias in the
development of the PK model, 4 teicoplanin plasma concentrations were excluded
from subsequent PK analysis because they were too low, speciﬁcally, below the limit of
quantiﬁcation (LOQ) of the method, so they were considered not reliable. Finally, 231
predeﬁned plasma samples, according to the D-optimal design, were included in the PK
modeling. Additionally, in 12 randomly assigned neonates, one more sample was taken
at 24 h after the 5th dose (Ctrough), in coordination with the routine laboratory exams.
So, teicoplanin concentrations were eventually analyzed in 243 samples. Grouping
of enrolled neonates according to gestational age and PK time schedule is shown
in Table 3.
Development of the population PK model. A two-compartment model with linear
elimination best described the data. This was parameterized as clearance (CL), volume
of distribution of the central compartment (V1), intercompartmental clearance (Q), and
volume of distribution of the peripheral compartment (V2), corresponding to the
NONMEM subroutine ADVAN 3 TRANS 4. Interindividual variability (IIV)was included in
CL, V1, and V2, while a correlation between CL and V1 was also supported by the data.
A proportional error model was used to describe the residual variability. The base
model parameter values, together with their standard errors, are listed in Table S2.
Covariate search revealed that the allometric model of the effect of weight (wt),
scaled by the average weight of 1,765 g, on CL and volume with ﬁxed exponents of 0.75
and 1, respectively, signiﬁcantly reduced the objective function value (OFV) by more
than 37 units (Table S3). Inclusion of the effect of wt on Q and V2 further reduced the
OFV by another 12 units. Also, eCRCL was found to be a signiﬁcant covariate on drug
CL, reducing the OFV by 15 units, which corresponds to a P value of ⬍0.001. Apart from

TABLE 3 Number of enrolled patients in each group according to gestational age and PK
sampling schedule
No. of patients enrolled in
group:
Gestational age (wks)
25–28
29–32
33–36
37–40

A
7
9
8
2

B
6
5
5
1

C
2
8
5
2

Total no. of patients
15
22
18
5

All ages

26

17

17

60
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TABLE 4 Final model parameter estimates and parameter values from the bootstrap runb
Estimate
Parametera
CL (liters/h)
V1 liters)
Q (liters/h)
V2 (liters)
eCRCL on CL
IIVCL (% [shrinkage %])
IIVV1 (% [shrinkage %])
IIVV2 (% [shrinkage %])
CL-V1 correlation (r 2)
Proportional error ()

Bootstrap value

Mean
0.0227
0.283
0.151
0.541
0.672
36.5 [7.6]
45.7 [8.3]
51.4 [28.7]
0.98
0.272

%RSE
5.8
8.8
9.8
10.8
22.6
7.4
13.2
14.1
3.4
4.7

Mean
0.0236
0.286
0.157
0.549
0.670
0.359
0.456
0.502
0.951
0.266

%RSE
5.9
8.8
15.6
10.7
26.5
11.2
15.4
15.2
7.8
8.1

95% CI
0.0202–0.0253
0.239–0.334
0.128–0.205
0.438–0.661
0.323–1.044
0.282–0.443
0.319–0.585
0.335–0.642
0.754–1.000
0.223–0.307

Downloaded from http://aac.asm.org/ on December 1, 2020 by guest

aCL,

clearance; V1, central compartment volume of distribution; Q, intercompartmental clearance; V2,
peripheral compartment volume; eCRCL, estimated creatinine clearance; IIV, interindividual variability.
bRSE, relative standard error.

BW and eCRCL, all other covariates tested were not found to have a statistically
signiﬁcant effect and therefore were not included in the model. The ﬁnal model
parameter values with the corresponding standard errors are shown in Table 4.
Furthermore, the shrinkage terms for CL and V1 are relatively low, 7.6% and 8.3%,
respectively, and for V2 the shrinkage had a moderate value of 28.7%. The correlation
term of 0.98 between CL and V1 does not express a real correlation and is an artifact
due to lack of information. However, its inclusion reduced the OFV, and it is well
estimated, with a low standard error; therefore, it was decided that it should not be
removed from the ﬁnal model, although, as mentioned, it should not be interpreted as
a real correlation. The equations describing the ﬁnal model are as follows:

冉 冊冉 冊
冉 冊
冉 冊
冉 冊

CL ⫽ 0.0227

0.75

wt
1765

V1 ⫽ 0.283
Q ⫽ 0.151

0.672

wt
1765

wt
1765

V2 ⫽ 0.541

eCRCL
22

0.75

wt
1765

The goodness of ﬁt of the model was assessed at all steps by diagnostic plots.
Observed versus population predicted and individual predicted plots (Fig. S1) demonstrated satisfactory ﬁt of the model to the data. In the prediction-corrected visual
predictive check plots (pcVPC) (Fig. 1), the percentiles of the observed data lie within
the conﬁdence intervals (CI) of the corresponding percentiles of the model predictions,
demonstrating that the model describes the data set well, including the observed
variability. Also, the results from the nonparametric bootstrap procedure, together with
the NONMEM estimates, are shown in Table 4. These include the mean estimates from
1,000 bootstrap runs, the relative standard errors calculated from the standard deviation of the nonparametric distribution of the bootstrap runs, and the corresponding
95% conﬁdence intervals. The standard errors generally agree with the ones provided
by NONMEM, while the parameter estimates lie within the conﬁdence intervals, demonstrating the robustness of the model.
The PK parameters of area under the concentration-time curve over 24 h in the
steady state (AUC24) and half-life (t1/2) can be calculated for this cohort of neonates
from the ﬁnal model, and were found to be 740.97 ⫾ 320.61 mg/liter · h (mean ⫾
standard deviation [SD]) and 29.75 ⫾ 8.86 h, respectively. Of note, in order to calculate
PK parameters for the steady state, no assumption was made that the steady state had
been achieved. All calculations referring to the steady state have been done using the
estimated PK parameters. This is one of the beneﬁts of using a model-based approach,
April 2020 Volume 64 Issue 4 e01971-19
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FIG 1 Prediction-corrected visual predictive check plots for the ﬁnal model. Red solid line, median of the
observations; red dashed lines, 5th and 95th percentiles of the observed data; pink band, 95% conﬁdence
intervals of the medians of the predictions; blue bands, 95% conﬁdence intervals of the 5th (top band)
and 95th (bottom band) percentiles of the predictions.

as it allows making predictions about the steady state without necessarily having
achieved it. Having said that, due to the fact that a loading dose of 16 mg/kg was given
to all patients, we anticipate that the steady state could have been achieved much
earlier than the typical 5 to 6 half-lives.
Simulations. Monte Carlo (MC) simulations were used to determine the probability
of target attainment (PTA) to achieve a target area under the concentration-time curve
(AUC)/MIC of ⱖ400.The simulations were carried out with the intermediate model
(model 3 in Table S3), which includes the effect of wt on CL and volumes but not the
effect of eCRCL on CL, in order to avoid making assumptions about the distribution of
eCRCL and its potential correlation with wt. This is in line with the main stratiﬁcation
strategy for dosing, which is done according to wt. The parameter estimates of this
model are shown in Table S4 and are similar to the ones in the ﬁnal model.
In Table 5, the PTA values for the 4 wt groups are shown for a range of MICs from
0.125 to 4 mg/liter and for a range of doses from 8 to 12 mg/kg. These are also shown
graphically in Fig. 2. From these results, it can be concluded that for the ﬁrst group,
extremely low birth weight (ELBW) neonates (wt ⬍ 1 kg), for the maintenance dose of
8 mg/kg, only 68.5% of patients achieved the target of an AUC/MIC ratio of ⱖ400 at
MIC ⫽ 1 mg/liter, while a higher maintenance dose of 11 mg/kg was needed for a PTA
of 90%. For those with wt of 1 to ⬍2 kg, the PTA for a maintenance dose of 8 mg/kg
was 82.2%, while a dose of 9 mg/kg was needed to achieve 88.7%, and 10 mg/kg was
needed to achieve 93%. For those with wt of ⱖ2 kg, the maintenance dose of 8 mg/kg
was adequate and achieved PTA of 89.7% and 92.7% for weights of 2 to ⬍3 kg and ⱖ3
kg, respectively. The results are adjusted accordingly for higher MIC values. Of note, for
an MIC of 2 mg/liter, a doubling of the dose will be needed, i.e., one that produces a
double AUC value, in order to achieve the same PTA value and retain a constant ratio
of AUC/MIC.
April 2020 Volume 64 Issue 4 e01971-19
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TABLE 5 Probability of target attainment for the various weight groups, doses, and MIC
valuesa
Probability of target attainment (%) at MIC (mg/liter):
0.125

0.25

0.5

1

2

4

100
100
100
100
100

100
100
100
100
100

98.7
99.4
99.7
99.9
99.9

68.5
78.2
85.2
90
93.3

10.4
16.8
24.3
32.2
40.5

0.1
0.3
0.7
1.4
2.5

Group 2 (1 to ⬍2 kg)
8
9
10

100
100
100

100
100
100

99.6
99.8
99.9

82.2
88.7
93

20.4
29.9
39.9

0.5
1.2
2.3

Group 3 (2 to ⬍3 kg)
8
9
10

100
100
100

100
100
100

99.9
100
100

89.7
94
96.5

30.7
42.2
52.6

1.2
2.6
4.6

Group 4 (ⱖ3 kg)
8
9
10

100
100
100

100
100
100

99.9
100
100

92.7
96
97.8

37.8
49.3
60

2
3.9
6.8
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Group (wt) or dose (mg/kg)
Group 1 (⬍1 kg)
8
9
10
11
12

aAs

calculated by MC simulations. Bold, underlined numbers indicate PTA values close to 90% for a MIC of 1
mg/liter and the corresponding recommended doses.

DISCUSSION
The results of our study suggest that the currently recommended teicoplanin doses
are not appropriate for the entire neonatal population, leading some to receive
subtherapeutic drug exposures. Despite their small size, neonates display huge interindividual variability in their physiology, and consequently in drug disposition (14);
thus, not surprisingly, the extent of interpatient teicoplanin exposure variability in our
population was signiﬁcant. Based on MC simulations, preterm neonates weighing ⬍2
kg are at greater risk of failing to attain therapeutic targets unless they are treated with
higher doses.
To our knowledge, this is the ﬁrst study that evaluated population PK of teicoplanin
prospectively in a large number of preterm and term neonates (n ⫽ 60), utilizing a well
implemented D-optimal design sampling scheme using prior information from a
pediatric study in children 4 months to 12 years old (13). Optimal design, as part of the
model-building process, is a useful adjunctive tool with increasing application in the
last 10 years in population PK studies, where sparse designs are behooved due to
ethical reasons, including in neonatal PK studies (15, 16). Using prior information, it opts
for the best combination of design factors, such as the number and times of blood
sampling and the number of patients that have to be enrolled, in this way minimizing
blood loss and pain in the fragile neonatal population (17). The prospective character
of the study, the predeﬁned PK sampling schedule based on D-optimal design, and the
number of subjects included strengthened the quality of the data. However, it should
be noted that, regardless of the prior information, the model is developed without any
assumptions, and all choices are validated; however, a better-informed design produces
data with a higher information content that build a better model.
In the present study, a two-compartment model with linear elimination best described the data in accordance with previous pharmacokinetic studies in adults and
children with malignant hematological disease (18–20), as well as in a recent popPK
study in 18 neonates (12). Of the various covariates explored, wt was found to be a
signiﬁcant covariate on CL, V1, V2, and Q, following an allometric model, while eCRCL
was also found to have an effect on CL. IIV estimates for CL, V1, and V2 of the ﬁnal
model were reduced from 56.2%, 65.1%, and 54.3% to 36.5%, 45.7%, and 51.4%,
April 2020 Volume 64 Issue 4 e01971-19
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respectively, indicating that wt and eCRCL explained a signiﬁcant portion of the
observed variability. Covariate analysis ﬁtted the PK characteristics of teicoplanin well,
and considering that this drug is mainly renally eliminated by glomerular ﬁltration, it
was anticipated that both renal function and size have an impact on dosing in
neonates.
Ramos et al. found no relationship between teicoplanin clearance and estimated
glomerular ﬁltration rate (eGFR) or serum creatinine; these authors speculated that the
absence of such a relationship was attributed either to the small sample size of their
study or to poor estimates of eGFR in neonates using current nomograms (12). Our
study involving a large number of subjects bypassed this problem and found that
eCRCL explained a signiﬁcant portion of the observed variability. Other covariates like
GA, postmenstrual age (PMA), and postnatal age (PNA) failed to account for any portion
of the observed variability, probably because both wt and renal function reﬂect growth
and maturation.
In the last decade, the proposed dosing regimens for adults have been changed
(augmentation of loading and maintenance doses and the number of loading doses
depending on the site and the severity of the infection), as well as the recommended
Ctrough value for both adults and children (10). According to the SPC, teicoplanin trough
levels of at least 15 mg/liter, measured by the ﬂuorescence polarization immunoassay
(FPIA) method, are proposed for most Gram-positive infections (complicated skin and
soft tissue infections, pneumonia, and complicated urinary tract infections), but for the
treatment of deep-seated infections (bone and joint infections) and infective endocarditis, trough levels of 20 mg/liter and 30 to 40 mg/liter, respectively, are recommended
(10). Such modiﬁcations are parallel to growing evidence from studies, mainly in adults
and to a lesser extent in children, that have doubted whether a standard dosing
regimen can achieve optimal drug exposure in clinical practice and suggested that
April 2020 Volume 64 Issue 4 e01971-19
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FIG 2 Probability of target attainment (PTA) for each weight group versus MIC values of Staphylococcus spp. Blue solid lines, dose 8 mg/kg; black dotted line
in group 2, dose 10 mg/kg; red dashed line in group 1, dose 11 mg/kg.
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higher doses are needed (20–22). In contrast, there are sparse data for the neonatal
population, and no change of dosing has been proposed for children and neonates.
For glycopeptides, the most widely used PK/PD index associated with efﬁcacy in
clinical studies is AUC/MIC ratio, with the threshold of a total vancomycin AUC/MIC ratio
of ⱖ400 being commonly used, although there are indications that higher thresholds
of up to 600 may be needed (23, 24). Since Craig’s report, teicoplanin exposure targets
predictive of favorable clinical outcome are not well elucidated, and the optimal PK/PD
targets remain uncertain (24). Studies in adults with multidrug-resistant Staphylococcus
aureus (MRSA) infections have shown that an AUC24 value of 750 to 800 g · h/ml
increased the probability of treatment success, but neither studies could estimate
AUC24/MIC because exact MICs were not measured (25, 26). Interestingly, in the study
of Hagihara et al. (25), teicoplanin trough levels were adequate in both treatment
success and failure groups, but the AUC24 was signiﬁcantly higher in the cured group,
indicating what is already known about vancomycin, namely, that trough levels measured commonly in clinical practice are poorly indicative of AUC (27, 28). Matsumoto et
al. found an AUC24/MIC ratio of ⱖ900 associated with bacteriological response in adults
with MRSA infections (29). Recently, a total AUC/MIC ratio of 610.4 for an MRSA strain
(MIC ⫽ 0.5 mg/liter) was deﬁned for efﬁcacy in a hollow-ﬁber infection model and in a
neutropenic murine thigh infection model (30). To our knowledge, the optimal AUC/
MIC ratio of teicoplanin for treatment of CoNS infections has not been studied in
neonates nor in adults.
In the present study, it was not feasible to explore any relationship between a PD
index (e.g., AUC/MIC) and outcome. For the MC simulations, we used the target of an
AUC/MIC ratio of ⱖ400, based on the assumption that CoNS species, predominant in
neonatal LOS (1, 2), are less invasive and mainly cause bloodstream infections rather
than deep-seated infections, and based on the results from an experimental study that
found that a 2.5 to 3.0 times lower AUC/MIC ratio was needed to stop or kill methicillinresistant Staphylococcus epidermidis than methicillin-susceptible S. aureus (31). The
same target was recently used in a study for vancomycin in CoNS sepsis in neonates
(32). According to our simulations, the currently recommended neonatal dosing regimen resulted in a high risk of underdosing, primarily in neonates with a wt of ⬍2 kg.
Only 68.5% of neonates weighing ⬍1 kg achieved the target of an AUC/MIC ratio of
ⱖ400 at a MIC of 1 mg/liter, while a higher maintenance dose of 11 mg/kg was needed
for a PTA of 90%. Thus, inadequate empirical antimicrobial therapy is expected to result
in increased infection-related morbidity and mortality. Similarly to Kuti et al. (33), we
noticed that in a recent 16-month period in our NICU, 70% of CoNS isolated from the
blood of neonates with LOS displayed teicoplanin MICs of ⱖ2 mg/liter (unpublished
data). The increasing prevalence of staphylococcal species with increased MICs to
glycopeptides (ⱖ2 mg/liter) is quite worrisome and raises signiﬁcant concerns for the
management of neonatal sepsis (32, 34). Of note, for staphylococcal species with an
MIC of 2 mg/liter, a signiﬁcantly high proportion of the neonatal population is at risk for
therapeutic failure. In such situations, a doubling of the dose that can correspondingly
produce a doubled AUC value may be needed in order to achieve the same PTA values
and retain a constant ratio of AUC/MIC; whether such high doses of teicoplanin are safe
or an alternative agent should be given has to be studied.
The fact that no response data are available in this study cannot be considered a
drawback, since a rational approach to establish efﬁcacy for antibiotics is that efﬁcacy
studies are conducted in adults and extrapolated to neonates through PK. In addition,
we could not explore the effects of nonmaturational factors related to underlying
disease (sepsis and necrotizing enterocolitis [NEC]) and to its severity, comorbidities,
or/and treatment interventions on the PK proﬁle of teicoplanin, as our population was
comprised of mainly hemodynamically stable, non-critically ill neonates with normal
renal and liver function. Apart from the maturational changes in neonatal physiology,
the PK proﬁle of an antibiotic is also subject to factors related to the severity of sepsis
or NEC, such as the hemodynamic condition of the patient, hypoalbuminemia, and
treatment interventions that may alter drug distribution and elimination and conseaac.asm.org 9
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quently blood concentrations of hydrophilic antibiotics like teicoplanin (35, 36). Children with hematological malignancy are at higher risk of underdosing due to higher
teicoplanin clearance associated with higher CRCL; the altered PK proﬁle was attributed
to the high glomerular ﬁltration secondary to hyperhydration as part of the malignancy
therapeutic protocol (20). Further studies exploring the PK/PD of teicoplanin in critically
ill neonates are needed.
The data in the present study are derived from a single institution’s population, and
before they become the basis of general dosing recommendations, they need to be
validated in other institutions. The analytical methods used for determination of
teicoplanin concentrations and serum creatinine levels vary among centers, signiﬁcantly inﬂuencing the population PK parameters (7, 37). We also acknowledge that the
PK/PD target used for MC simulations is not evidence based, and, as a consequence,
the proposed dosing regimen based on these assumed targets may be questioned in
the future if new evidence is presented.
In conclusion, an informative popPK model for neonates with LOS, based on
high-quality data obtained prospectively, shows that teicoplanin PK is variable in
neonates, with body wt having the most signiﬁcant impact on the parameters, while
eCRCL is also an important covariate on CL. Furthermore, our results indicate that the
current teicoplanin dosing regimen is not suitable for the ELBW preterm neonates and
those with wt of ⬍2 kg. MC simulations suggest that stratiﬁcation of doses according
to wt minimizes the number of patients with suboptimal teicoplanin exposures.
Neonates with a wt of ⬍2 kg may need a higher maintenance dose than the 8 mg/kg
currently recommended for pathogens with MIC values of ⱕ1 mg/liter, while for
neonates with a wt of ⱖ2 kg, the recommended doses seem to be adequate. Augmentation of the maintenance dose up to 10 mg/kg and 11 mg/kg for preterm neonates with a wt of 1 to ⬍2 kg and ⬍1 kg, respectively, increases the probability of
reaching the therapeutic targets early in therapy and minimizes the risk of therapeutic
failure. A further prospective study to validate the proposed dosing regimen of
teicoplanin in clinical practice in neonates is warranted.
MATERIALS AND METHODS
Study design and population. This was a prospective, open-label population PK study performed
in a level 3 academic NICU between October 2013 and April 2016 using a D-optimal design approach.
The study was approved by the Ethics Committees of Aristotle University of Thessaloniki and Hippokration General Hospital. Signed written informed consent was obtained from parents/guardians prior to
study enrollment of the neonates. Term and preterm neonates with a gestational age (GA) of ⬎25 weeks
and a postnatal age (PNA) of ⬎3 days or ⬍60 days were enrolled in the study. Neonates that were
receiving teicoplanin for sepsis either empirically or as targeted therapy and were likely to survive for
⬎72 h were eligible for the study. The choice of teicoplanin as coverage against Gram-positive bacteria
was at the discretion of the caring physician. Infants with known congenital malformations, perinatal
asphyxia, acute kidney injury, and liver dysfunction were excluded from the study. Teicoplanin was
administered intravenously over 30 min, with a loading dose of 16 mg/kg and a maintenance dose of
8 mg/kg/day (24 h after the administration of the loading dose). The duration of treatment until blood
cultures were deﬁnitely negative was also at the discretion of the caring physician, with a minimum of
5 days.
Neonates enrolled in the study were divided in a number of sampling groups, determined by an
optimal design methodology; within these groups, 4 blood samples were taken from each neonate.
Additionally, in some randomly assigned neonates, one more sample was taken at 24 h after the 5th dose
(Ctrough), in coordination with the routine laboratory exams. Timing of blood sampling was coordinated
as much as possible with that of the clinical routine, and the maximum amount of plasma for PK analysis
was 300 l. Demographic data, clinical characteristics, results of the laboratory investigation (i.e., kidney
and liver function, sepsis workup), adverse reactions, and concomitant medications were prospectively
recorded in all studied patients. The exact time of sampling for PK analysis, dosing regimen, and drug
infusion time were recorded using speciﬁc documentation forms for each neonate.
Sample handling and assay for determination of teicoplanin concentrations. All blood samples
were collected in heparinized tubes and centrifuged at 3,500 ⫻ g for 10 min. Plasma samples were
extracted and frozen within 1 h of collection at ⫺20°C, and within a maximum of 24 h they were stored
in aliquots at ⫺80°C prior to analysis. All samples were stored for a maximum time period of 8 to
10 months until analysis. A previously developed and validated ultrahigh-pressure liquid chromatography–tandem mass spectrometry (UHPLC-MS/MS, Waters, UK) method was used for the quantiﬁcation of
plasma teicoplanin (38). Selected reaction monitoring mode was applied for the detection and quantiﬁcation of all six major components (A2-1, A2-2, A2-3, A2-4, A2-5, and A3-1) of teicoplanin. The limit of
detection (LOD) was 8.5 ng/ml, and the limit of quantiﬁcation (LOQ) was 25 ng/ml for total teicoplanin.
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Accuracy and precision of the method were within the acceptable criteria of a relative standard deviation
(RSD) of ⬎85% and ⬍15%, respectively, while the mean percent recovery for all isoforms was found to
be 87%.
Optimal design. A sparse PK study was designed, using a D-optimal design approach with the
PopDes MATLAB application script (39), using as prior information model and parameter estimates from
a pediatric study in children from 4 months to 10 years old (13). The D-optimal design approach
optimized the determinant of the population Fisher information matrix of a previously developed model,
as prior information, in order to determine the optimal sampling times of a prospective PK study such
that these carry the maximum information to estimate the population PK model parameters (17). Based
on the prior information for teicoplanin use in children from Lukas et al. (13), a two-compartment model
was considered with parameter values as follows: clearance (CL), 0.23 liters/h; central volume of
distribution, 3.16 liters; rate constant from central to peripheral compartment, 0.23 h⫺1; and rate constant
from peripheral to central compartment, 0.04 h⫺1. Furthermore, interindividual variability (IIV) for all
parameters was assumed to be 30%, and a residual variability was assumed as a proportional error of
20%. A homogeneous distribution of current body weight (wt) ranging from 1 to 4 kg was considered,
and CL and volume were scaled allometrically as a function of time with exponents of 0.75 and 1,
respectively. Various scenarios of optimal designs were considered that included different groups of
patients with different sampling times instead of a unique common design for all patients. One to 3
design groups were tested, and the number of subjects in each group was determined automatically
during the optimization of the design. Also, practical constraints were introduced and explored, e.g., up
to 4 samples per neonate and not more than 2 samples per neonate on the same day. The ﬁnal design
was evaluated by simulating a virtual clinical study of 50 subjects in NONMEM and also by estimating the
parameter values in NONMEM in order to verify that these are indeed accurate and precise, i.e., that
the estimates were close to the nominal values used in the simulation and the standard errors of the
estimates were small. Robustness of the estimates was also conﬁrmed by a bootstrap run.
PK modeling. The plasma teicoplanin concentrations were analyzed by a nonlinear mixed effects
modeling approach in order to develop a population PK model using NONMEM software (version 7.2;
Icon plc) with the ﬁrst-order conditional estimation with interaction (FOCEI) method. Various structural
modes, including 1, 2, and 3 disposition compartments, were tested, parameterized as clearances and
volumes of distributions. Exponential IIV was included in the parameters, and residual error models of
additive, proportional, and combined forms were tested.
The modeling choices during the development of the model were guided by goodness-of-ﬁt plots,
assessment of standard errors, and physical soundness of parameter values. Furthermore, the base model
was evaluated by visual predictive check (VPC) plots and by the bootstrap method. VPC was run using
Perl-speaks-NONMEM (PsN) scripts (https://uupharmacometrics.github.io/PsN/). Furthermore, for model
evaluation, a nonparametric bootstrap procedure, as implemented in PsN, was performed for each of the
candidate ﬁnal models to calculate the conﬁdence intervals and standard errors as a measure of the
stability and precision of model parameter estimates.
Having developed a base population PK model, various covariates were tested to explain part of the
observed variability of the PK parameters. The covariates considered were GA, PMA, PNA, wt, body
surface area, and estimated creatinine clearance (eCRCL) calculated by the Schwartz formula (k ⫻
height/serum creatinine; the current height of each neonate was used, and k ⫽ 0.33 or 0.45 for preterm
and term neonates, respectively) (40, 41). The functional form of covariate inclusion for parameters
followed a centered power law.
For the effect of wt, the performance of ﬁxed value allometric exponents, as described in Anderson
and Holford (42), was assessed. This approach considers that CL is proportional to the wt raised to the
power of three-fourths and volume scales proportionally to wt, and it is justiﬁed by physiological
arguments.
For the adoption of a covariate in the ﬁnal model, certain criteria must be fulﬁlled. The main statistical
criterion is the likelihood ratio test, according to which the inclusion of a covariate introducing one more
parameter to the model is statistically signiﬁcant at a level of ␣ ⫽ 0.001. Furthermore, the random
variability of the model with the covariate in question, as described by the corresponding  parameter,
must have a lower value compared to the respective value of the base model, i.e., the covariate must
explain part of the variability. Also, the overall performance and robustness of the model as assessed by
the goodness of ﬁt plots, the VPC plot, and the bootstrap test, are taken into consideration.
Simulations. MC simulations were performed using the developed popPK model in MATLAB,
generating a simulated population of 10,000 neonates in each of the following wt groups: group 1, wt
⬍1 kg; group 2, wt 1 to ⬍2 kg; group 3, wt 2 to ⬍3 kg; group 4, wt ⱖ 3 kg. The wt was considered to
follow a homogenous distribution, with a range from 500 to 3,700 g, while the random IIV of CL was
considered to follow the log-normal distribution, with parameter numbers as estimated in the popPK
model. These were used to calculate CL values and, in turn, the area under the concentration-time curve
over 24 h in the steady state (AUC24) values from the formula AUC24 ⫽ dose/CL, where the dose was
8 mg/kg. For a range of MIC values from 0.125 to 4 mg/liter, the ratio of AUC24 divided by the MIC
(AUC/MIC) was calculated for each of the virtual patients, and the probability of target attainment (PTA)
was calculated as the percentage of the population with an AUC/MIC ratio of ⱖ400. Although the
optimal PK/PD target of teicoplanin is not fully elucidated, we used an AUC/MIC ratio of ⱖ400 based on
vancomycin experience; the most widely used PK/PD index is AUC/MIC, with the threshold of ⱖ400 being
commonly used, although there are indications for higher thresholds of up to 600 (23, 24). Of note, both
AUC24 values and the attainment target of 400 consider the total drug concentrations and not the free
drug.
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