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Relationship Between Real-time TDM-guided 
Pharmacodynamic Target Attainment of Continuous Infusion 
Beta-lactam Monotherapy and Microbiologic Outcome in the 
Treatment of Critically Ill Children With Severe Documented 

Gram-negative Infections
Milo Gatti , MD,*† Caterina Campoli, MD,‡ Maria Elena Latrofa, MD,§ Stefania Ramirez¶  

Tommaso Sasso, MD,§ Rita Mancini¶ Fabio Caramelli, MD,§ Pierluigi Viale, MD,*‡ and Federico Pea, MD*†    

Objectives: To explore the relationship between real-time therapeutic drug 
monitoring (TDM)-guided pharmacodynamic target attainment of continu-
ous infusion (CI) beta-lactam monotherapy and microbiological outcome 
in the treatment of critically ill children with severe documented Gram-
negative infections.
Methods: Observational, monocentric, retrospective study of critically 
ill patients receiving CI piperacillin-tazobactam, ceftazidime, or merope-
nem in monotherapy for documented Gram-negative infections optimized 
by means of a real-time TDM-guided strategy. Average steady-state beta-
lactam concentrations (C

ss
) were calculated for each patient, and the beta-

lactam C
ss
/minimum inhibitory concentration (MIC) ratio was selected as a 

pharmacodynamic parameter of efficacy. The C
ss
/MIC ratio was defined as 

optimal if ≥4, quasi-optimal if between 1 and 4, and suboptimal if <1. The 
relationship between C

ss
/MIC and microbiological outcome was assessed.

Results: Forty-six TDM assessments were carried out in 21 patients 
[median age 2 (interquartile range: 1–8) years]. C

ss
/MIC ratios were optimal 

in 76.2% of cases. Patients with optimal C
ss
/MIC ratios had both a signifi-

cantly higher microbiological eradication rate (75.0% vs. 0.0%; P = 0.006) 
and lower resistance development rate (25.0% vs. 80.0%; P = 0.047) than 
those with quasi-optimal or suboptimal C

ss
/MIC ratios. Quasi-optimal/sub-

optimal C
ss
/MIC ratio occurred more frequently when patients had infec-

tions caused by pathogens with MIC values above the European Commit-
tee on Antimicrobial Susceptibility Testing clinical breakpoint (100.0% vs. 
6.3%; P < 0.001).
Conclusions: Real-time TDM-guided pharmacodynamic target attainment of 
CI beta-lactam monotherapy allowed to maximize treatment efficacy in most 
critically ill children with severe Gram-negative infections. Attaining early opti-
mal C

ss
/MIC ratios of CI beta-lactams could be a key determinant associated 

with microbiologic eradication during the treatment of Gram-negative infec-
tions. Larger prospective studies are warranted for confirming our findings.

Key Words: beta-lactams, continuous infusion, PK/PD target attainment, 
pediatric intensive care unit, microbiologic eradication

(Pediatr Infect Dis J 2023;42:975–982)

Sepsis is a leading cause of morbidity and mortality among 
critically ill children admitted to pediatric intensive care units 

(PICU), and the mortality rate in septic shock may be up to 50%.1–3 
Gram-negatives are the predominant causative pathogens of health-
care-associated infections in the PICU,4,5 and the prevalence of 
multidrug-resistant isolates is growing.4,5

Beta-lactams are the backbone of treatment for severe 
Gram-negative infections. The recent Surviving Sepsis Campaign 
international guidelines for the management of septic shock in 
children recommended the need of optimizing antimicrobial dos-
ing strategies according to well-established pharmacokinetic/phar-
macodynamic (PK/PD) principles and specific drug properties for 
maximizing treatment efficacy.6 Beta-lactams are time-dependent 
agents and efficacy is related to the percentage of time of the dos-
ing interval in which free plasma concentrations are maintained 
above the minimum inhibitory concentration (MIC) of the patho-
gen (%fT

>MIC
).7 However, choosing proper antibiotic dosing for 

granting appropriate exposure may be extremely challenging in 
critically ill children. Remarkable pathophysiologic alterations may 
affect the PK behavior of beta-lactams.8–11 Some real-world studies 
showed that the prevalence of underexposure and failure in attain-
ing optimal PK/PD targets among critically ill children treated with 
a standard dose of beta-lactams may range from 65% to 90%.12,13 
This may cause unfavorable clinical and microbiologic outcomes, 
prolonged organ dysfunction, and the development of antimicrobial 
resistance.14,15

Continuous infusion (CI) may represent the best strategy 
for maximizing beta-lactam PK/PD targets. Recent findings sug-
gest that attaining a PK/PD target of 100%fT

>4-5 x MIC
 may minimize 

the emergence of antibiotic resistance during beta-lactam treatment 
among critically ill patients.14,15 Real-time therapeutic drug moni-
toring (TDM)-guided dosing adjustments of CI beta-lactams may 
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represent a useful approach for optimizing promptly these targets 
among critically ill patients.16,17 Only a few studies assessed the 
impact that prolonged or CI may have on PK/PD target attainment 
and clinical outcome among critically ill children treated with beta-
lactams.18,19 A cross-sectional survey on the implementation pro-
longed or CI of beta-lactams among neonatal sepsis patients found 
that only approximately 30% of respondents had access to this infu-
sion modality.18 Likewise, a recent scoping review concerning beta-
lactams TDM among septic children showed that administration by 
prolonged or CI was implemented only in 2 studies, even if none of 
these investigated the probability of attainment of aggressive PK/
PD targets or the relationship with clinical outcome.19

The aim of this study was to explore the relationship 
between PK/PD target attainment and microbiologic eradication in 
critically ill children with severe documented Gram-negative infec-
tions treated with CI beta-lactam monotherapy.

METHODS

Study Design
Medical records of critically ill children admitted to the PICU 

of the  Istituto di Ricovero e Cura a Carattere Scientifico Azienda 
Ospedaliero-Universitaria in Bologna from February 2021 to Janu-
ary 2022 who were treated with CI beta-lactams because of docu-
mented Gram-negative infections were retrospectively retrieved. 
Inclusion criteria were: age <18 years; targeted monotherapy with 
CI piperacillin-tazobactam, ceftazidime or meropenem because of 
documented Gram-negative infections; and TDM assessment within 
the first 72 hours. The study was conducted in accordance with the 
Declaration of Helsinki and was reviewed and approved by the Eth-
ics Committee of Azienda Ospedaliero-Universitaria of Bologna 
(title: “Feasibility and utility of antimicrobial therapeutic drug mon-
itoring in pediatric settings: a retrospective study”; No. 443/2021/
Oss/AOUBo approved on 22nd June 2021). Signed informed con-
sent was waived due to the retrospective and observational nature of 
the investigation according to hospital agreements.

Beta-lactam Administration and Sampling 
Procedures

Piperacillin/tazobactam, ceftazidime and/or meropenem 
were prescribed at the discretion of the treating physician and/or of 
the infectious disease consultant in terms of therapeutic indication, 
dosage, and duration according to the current clinical practices 
implemented at the  Istituto di Ricovero e Cura a Carattere Scien-
tifico Azienda Ospedaliero-Universitaria in Bologna. Beta-lactam 
therapy was started with a loading dose (200 mg/kg for piperacil-
lin-tazobactam, 50–100 mg/kg for ceftazidime and 20–40 mg/kg 
for meropenem over 2 hours), followed by a CI full maintenance 
dose (MD) of 400/50 mg/kg/day up to maximum 16/2 g/day for 
piperacillin/tazobactam; 150–200 mg/kg/day up to maximum 6g/
day for ceftazidime; 60–120 mg/kg/day up to maximum 4g/day for 
meropenem. This strategy was routinely adopted in the early phase 
of sepsis/septic shock in all patients, including those with sepsis-
associated acute kidney injury. The rationale was that of maximiz-
ing the likelihood of attaining early aggressive PK/PD targets while 
overcoming major pathophysiologic/iatrogenic factors that could 
have caused potential underexposure. Only in the presence of pre-
existing anuria/oliguria associated with severe renal dysfunction, 
maintenance doses were adjusted according to the revised bedside 
Schwartz formula for minimizing the risk of neurotoxicity. Fresh 
solutions were prepared every 24 hours for piperacillin-tazobactam 
and ceftazidime, and every 6–8 hours for meropenem due to its 
limited stability in aqueous solution at room temperature.20

Blood samples for assessing TDM steady-state concentra-
tions (C

ss
) were collected first after 24–72 hours from the start of 

the treatment and subsequently whenever feasible. Total serum 
C

ss
 was measured by means of previously described methods14 at 

the Unique Metropolitan Laboratory of Bologna. Average C
ss
 was 

calculated in each single patient as the mean of all the C
ss
 values 

assessed (the first one before any dosage adjustment and the subse-
quent ones after eventual dosage adjustments). TDM results were 
made available within 6–8 hours via the intranet to the MD clinical 
pharmacologists, who provided expert interpretation [expert clini-
cal pharmacologic advice (ECPA)] for personalizing beta-lactam 
exposure in each critically ill child.16,17 The TDM-guided ECPA was 
structured as an expert interpretation of the TDM result based on 
some specific factors. In regard to beta-lactams, dosing adaptation 
was defined by taking into account the in vitro susceptibility of 
the bacterial clinical isolate, the site of infection, and the patho-
physiologic/iatrogenic features of each single patient [eg, body 
surface area, measured or estimated creatinine clearance (CL

Cr
), 

presence of sepsis/septic shock and/or of other co-morbidities, 
eventual application of renal replacement therapy], as previously 
reported.16,17

The MICs of the beta-lactams against the clinical isolates 
of Enterobacterales and Pseudomonas aeruginosa were deter-
mined by means of a semi-automated broth microdilution method 
(Microscan Beckman NMDRM1) and interpreted according to 
the European Committee on Antimicrobial Susceptibility Testing 
(EUCAST) clinical breakpoints.

The ratio between average C
ss
 and the MIC of the clini-

cal isolate (C
ss
/MIC ratio) was selected as the PD determinant of 

beta-lactam efficacy in each single patient and defined as optimal 
when ranging from 4 to 8, quasi-optimal when ranging between 1 
and 4, suboptimal if <1 and supra-optimal if >8. These thresholds 
were based on the findings of in vitro studies, experimental animal 
models and clinical studies showing that aggressive PK/PD targets 
based on C

ss
/MIC ratios and/or trough concentration/MIC ratios ≥4 

(equivalent to 100% fT
> 4 × MIC

) may be associated with increased 
microbiologic eradication and suppression of resistance emergence 
to beta-lactams, as opposed to conservative PK/PD targets (40%–
70% fT

> MIC
) commonly implemented in clinical trials.14,15 Dosage 

increases or decreases were applied whenever C
ss
/MIC ratios were 

<4 and >8, respectively.16

Data Collection
Demographic (age, sex, weight, height, body surface area 

and underlying disease) and clinical/laboratory data [need for 
vasopressors, vasopressors dosage, requirement for mechanical 
ventilation, administration of loop diuretics, implementation of 
continuous renal replacement therapy (CRRT) during beta-lactam 
treatment, fluid and volume balance, 24-hour measured and esti-
mated creatinine clearance, beta-lactam dosage, average C

ss
, over-

all number of ECPA, ECPA-recommended dosing adjustments, 
ECPA-recommended dosing adjustments at first TDM assess-
ment, site/type of infection, Gram-negative isolates, MIC, micro-
biologic failure, resistance development and PICU mortality) were 
retrieved. Estimated CL

Cr
 (eCL

Cr
) was calculated according to the 

revised bedside Schwartz formula.21 Measured CL
Cr

 (mCL
Cr

) was 
defined according to 24-hour urine collection. Augmented renal 
clearance (ARC) was defined as a mCL

Cr
 value ≥130 mL/min/1.73 

m2 in males and ≥120 mL/min/1.73 m2 in females coupled with 
a normal serum creatinine value.22 Fluid balance was defined as 
the difference between hydric input (ie, crystalloids, drug infusions 
and enteral/parenteral nutrition) and output (ie, diuresis, CRRT 
net removal and perspiration). Volume balance was defined as the 
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difference between volume input (ie, colloids, albumin and blood 
components) and output (ie, drainages and ascites).

Relationship Between PK/PD Target Attainment 
of CI Beta-lactam Monotherapy and Microbiologic 
Outcome

The relationship between the average PK/PD target attain-
ment of CI beta-lactam monotherapy (in terms of optimal, quasi-
optimal, suboptimal or supra-optimal C

ss
/MIC ratio) and the 

microbiologic outcome was assessed.
Microbiologic eradication was defined as the finding of 

negative cultures of samples collected at the infection site (namely 
bronchoalveolar lavage/bronchial aspirate, peritoneal fluid, urine or 
blood) in at least 2 subsequent assessments. Microbiologic failure 
was defined as the persistence of the same bacterial pathogen after 
≥7 days from starting treatment in the follow-up cultures, as pre-
viously reported.23 Resistance development was defined as a MIC 
increase of the used beta-lactam against the clinical isolate beyond 
the EUCAST clinical breakpoint of susceptibility.

Statistical Analysis
Descriptive statistics were used to describe the patient 

sample. Continuous data were presented as the median and inter-
quartile range (IQR), and categorical variables were expressed as 
counts or percentages. Univariate analysis was assessed by means 
of the Mann-Whitney test in case of continuous variables and of 
the Fisher exact test or the χ2 test in case of categorical variables 
for comparing PICU patients with optimal and those with subopti-
mal/quasi-optimal beta-lactam PK/PD target attainment. The rela-
tionship between the average measured and estimated CLcr was 
assessed by means of simple linear regression. A P value of <0.05 
was considered statistically significant. Statistical analysis was per-
formed using MedCalc for Windows (MedCalc statistical software, 
version 19.6.1, MedCalc Software Ltd, Ostend, Belgium).

RESULTS
Overall, 21 critically ill children were included in the study. 

Demographics and clinical features of the patients are reported in 
Tables 1 and 2. The median (IQR) age was 2 years (1–8 years), 
and 52.3% were female. The median (IQR) body surface area 
was 0.60 m2 (0.41–1.03 m2). The median (IQR) baseline 24-hour 
mCLcr and eCLcr were 62.5 mL/min (30.9–104.4 mL/min) and 
139.6 mL/min/1.73m2 (91.8–171.5 mL/min/1.73m2), respectively 
(eCLcr vs. mCLcr, r2 = 0.28; see Figure, Supplemental Digital 
Content 1, http://links.lww.com/INF/F177). ARC based on mCLcr 
was found in 6 cases. Bowel obstruction or perforation (33.3%), 
pneumonia (23.8%), esophageal atresia (19.0%) and febrile 
neutropenia (14.3%) were the main causes for PICU admission. 
Sixteen of the 21 critically ill children needed loop diuretics, 10 
needed mechanical ventilation and 6 needed vasopressors. CRRT 
was implemented in only 1 case. The median (IQR) pediatric index 
of mortality (PIM) at admission was 1.27 (0.39–6.51) and 1.04 
(0.30–5.49) for PIM2 and PIM3, respectively. The overall PICU 
mortality rate was 4.8%.

The types of infection were pneumonia (13/21 cases, of 
which 9 were ventilator-associated pneumonia), bloodstream 
infections (7/21 cases), intrabdominal infections (4/21 cases) and 
complicated urinary tract infections (3/21 cases) (Table 1). Some 
patients had multi-site infections. Overall, 28 Gram-negative 
pathogens were isolated, being Pseudomonas aeruginosa (32.1%), 
Escherichia coli (25.0%) and Enterobacter spp (14.3%) the most 
frequent.

Piperacillin-tazobactam and meropenem were used in 10 
patients each, and ceftazidime in 1 case. A total of 46 TDM-guided 

ECPA were performed, with a median (IQR) of 2 (1–3) per patient. 
The first TDM assessment was performed at 24, 48 and 72 hours in 
2, 7 and 12 patients, respectively. At the first TDM assessment, beta-
lactam dosing adjustments were needed in 8 of 21 cases (38.0%, of 
which 19.0% decreased and 19.0% increased). Specifically, in 4 
patients, beta-lactam dosing was decreased (by 25%, 33% and 50% 

TABLE 1.  Demographics and Clinical Characteris-
tics of Included Critically Ill Children

Patient Demographic Patients (N = 21) 

Age (years) [median (IQR)] 2 (1–8)
Gender (male/female) [n (%)] 10/11 (47.6/52.3)
Body weight (kg) [median (IQR)] 15 (8.1–28)
Body surface area (m2) [median (IQR)] 0.60 (0.41–1.03)
Measured CLcr (mL/min)* [median (IQR)] 62.5 (30.9–104.4)
Estimated CLcr (mL/min)* [median (IQR)] 139.6 (91.8–171.5)
Clinical variables  
  Mechanical ventilation [n (%)] 10 (47.6)
  Vasopressors [n (%)] 6 (28.6)
  Continuous renal replacement therapy [n (%)] 1 (4.8)
  Loop diuretics [n (%)] 16 (76.2)
  Augmented renal clearance [n (%)] 6 (28.6)
  PIM 2 score at admission [median (IQR)] 1.27 (0.39–6.51)
  PIM 3 score at admission [median (IQR)] 1.04 (0.30–5.49)
  Hydric balance (mL) [median (IQR)] −83.8 (−225.4 to 32.5)
  Volume balance (mL) [median (IQR)] −8.8 (−14.3 to 14.6)
Underlying disease [n (%)]  
  Bowel obstruction/perforation 7 (33.3)
  Pneumonia 5 (23.8)
  Esophageal atresia 4 (19.0)
  Febrile neutropenia 3 (14.3)
  Necrotizing enterocolitis 1 (4.8)
  Drug-resistant epilepsy 1 (4.8)
Site of infection (targeted therapy)*  
  Pneumonia 13 (61.9)
  Bloodstream 7 (33.3)
  Intrabdominal 4 (19.0)
  Urinary tract 3 (14.3)
Beta-lactam treatment  
  Piperacillin-tazobactam [n (%)] 10 (47.6)
  Meropenem [n (%)] 10 (47.6)
  Ceftazidime [n (%)] 1 (4.8)
Beta-lactam TDM  
  Piperacillin/tazobactam average Css [median 

(IQR)]
44.8 (40.5–72.7)

  Meropenem average Css [median (IQR)] 9.4 (6.9–17.7)
  Ceftazidime average Css [median (IQR)] 20.2 (NA)
  No. of TDM-guided ECPA per patient 

[median (IQR)]
2 (1–3)

  Css/MIC >4 16 (76.2)
  Css/MIC = 1–4 2 (9.5)
  Css/MIC <1 3 (14.3)
Expert clinical pharmacological advice  
  Overall ECPAs 46
  No. of dosages confirmed 31 (67.4)
  No. of dosage increases 8 (17.4)
  No. of dosage decreases 7 (15.2)
  First TDM assessment within desired range 13 (62.0)
  First TDM increase 4 (19.0)
  First TDM decrease 4 (19.0)
Clinical outcome [n (%)]  
  PICU mortality rate 1 (4.8)
Microbiological outcome [n (%)]  
  Microbiological eradication 12 (57.1)
  Resistance development 8 (38.1)

*Two patients with concomitant bloodstream infection + pneumonia; one patient 
with UTI + pneumonia; one patient with UTI + BSI; one patient with UTI + IAI + 
pneumonia.

CLcr indicates creatinine clearance; Css, steady-state concentration; ECPA, expert 
clinical pharmacological advice; IQR, interquartile range; MIC, minimum inhibitory con-
centration; NA, not assessed; PICU, pediatric intensive care unit; PIM 2, pediatric index 
of mortality; PIM 3, pediatric index of mortality; TDM, therapeutic drug monitoring.

http://links.lww.com/INF/F177


	 The Pediatric Infectious Disease Journal  •  Volume 42, Number 11, November 2023

978  |  www.pidj.com� © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.

Gatti et al
T

A
B

L
E

 2
. 

C
as

e-
by

-c
as

e 
D

em
og

ra
ph

ic
 a

n
d 

C
li

n
ic

al
 F

ea
tu

re
s 

of
 2

1 
P

IC
U

 P
at

ie
n

ts
 w

it
h

 D
oc

u
m

en
te

d 
G

ra
m

-n
eg

at
iv

e 
In

fe
ct

io
n

s

Id
 C

as
es

 A
ge

 (
ye

ar
s)

/
S

ex
 

H
ei

gh
t 

(c
m

) 
W

ei
gh

t 
(K

g)
 

A
ve

ra
ge

 
M

ea
su

re
d 

C
L

cr
 

U
n

de
rl

yi
n

g 
D

is
ea

se
 

V
as

op
re

ss
or

s 
M

ec
h

an
ic

al
 

V
en

ti
la

ti
on

 
C

R
R

T
 

L
oo

p 
D

iu
-

re
ti

cs
 

T
yp

e 
of

 
In

fe
c-

ti
on

 
P

at
h

og
en

 
M

IC
 

(m
g/

L
) 

B
et

a-
la

ct
am

 
do

si
n

g 

C
ss
 a

v/
 

M
IC

 
R

at
io

 

M
ic

ro
bi

ol
og

i-
ca

l E
ra

di
-

ca
ti

on
 

R
es

is
ta

n
ce

 
D

ev
el

op
-

m
en

t 

#1
6 

m
on

th
s/

F
56

/4
1.

4
B

ow
el

 o
bs

tr
u

c-
ti

on
D

op
am

in
e

4 
m

cg
/k

g/
m

in
D

ob
u

ta
m

in
e

4 
m

cg
/k

g/
m

in

Ye
s

N
o

Ye
s

V
A

P
E

. c
lo

ac
ae

8
P

IT
60

0 
m

g/
da

y 
C

I
10

.0
4

N
o

Ye
s

(M
IC

 >
 1

6)

#2
1 

m
on

th
/M

40
/1

.6
1.

8
N

ec
ro

ti
zi

n
g 

en
te

ro
co

li
ti

s
D

op
am

in
e

3 
m

cg
/k

g/
m

in
N

o
N

o
N

o
IA

I
K

. o
xy

to
ca

8
P

IT
52

8 
m

g/
da

y 
C

I
9.

89
Ye

s
N

o

#3
1/

F
80

/1
5

42
.8

E
so

ph
ag

ea
l 

at
re

si
a

N
o

Ye
s

N
o

Ye
s

V
A

P
P.

 a
er

u
gi

n
os

a
8

M
E

R
60

0 
m

g 
q8

h
 C

I
2.

99
N

o
N

o

#4
1/

F
65

/7
.6

30
.3

P
n

eu
m

on
ia

N
o

N
o

N
o

Ye
s

U
T

I
H

A
P

E
. c

ol
i

S
. m

ar
ce

sc
en

s
4 8

P
IT

3 
g/

da
y 

C
I

5.
06

Ye
s 

(U
T

I)
N

o 
(H

A
P

)
N

o 
(U

T
I)

Ye
s 

(H
A

P
; 

M
IC

 1
6)

#5
1/

F
65

/8
34

.5
P

n
eu

m
on

ia
N

o
Ye

s
N

o
Ye

s
V

A
P

S
. m

ar
ce

sc
en

s
E

. c
ol

i
0.

12
0.

12
M

E
R

15
0 

m
g 

q8
h

 C
I

64
.5

Ye
s

N
o

#6
1/

F
68

/5
.4

10
2.

0
B

ow
el

 o
bs

tr
u

c-
ti

on
N

o
N

o
N

o
N

o
B

S
I

P
an

to
ea

 
se

pt
ic

a
1

C
T

Z
1 

g/
da

y 
C

I
20

.1
Ye

s
N

o

#7
1/

F
80

/1
5

56
.8

E
so

ph
ag

ea
l 

at
re

si
a

N
o

N
o

N
o

Ye
s

B
S

I
H

A
P

P.
 a

er
u

gi
n

os
a

8 8
M

E
R

37
5 

m
g 

q6
h

 C
I

3.
23

Ye
s 

(B
S

I)
N

o 
(H

A
P

)
N

o 
(B

S
I)

Ye
s 

(H
A

P
; 

M
IC

 3
2)

#8
1/

F
73

/8
.1

31
.1

P
n

eu
m

on
ia

N
o

Ye
s

N
o

Ye
s

B
S

I
V

A
P

S
. m

ar
ce

sc
en

s
8 8

P
IT

3 
g/

da
y 

C
I

4.
53

Ye
s 

(B
S

I)
N

o 
(V

A
P

)
N

o 
(B

S
I)

Ye
s 

(V
A

P
; 

M
IC

 >
 1

6)
#9

2/
M

85
/1

5.
6

68
.1

P
n

eu
m

on
ia

N
o

Ye
s

N
o

Ye
s

V
A

P
P.

 a
er

u
gi

n
os

a
8

M
E

R
25

0 
m

g 
q8

h
 C

I
0.

56
N

o
Ye

s
(M

IC
 >

 3
2)

#1
0

2/
F

95
/1

5
32

.9
P

n
eu

m
on

ia
N

o
Ye

s
N

o
Ye

s
IA

I
V

A
P

U
T

I

E
. c

ol
i/

 K
p

P.
 a

er
u

gi
n

os
a

C
. f

re
u

n
d

ii

4 
8 8 4

P
IT

6.
75

 g
/d

ay
 C

I
5.

16
Ye

s
N

o

#1
1

2/
M

87
/1

2
13

1.
3

N
eo

es
op

h
ag

ou
s 

pe
rf

or
at

io
n

D
op

am
in

e
10

 m
cg

/k
g/

m
in

Ye
s

N
o

Ye
s

V
A

P
P.

 a
er

u
gi

n
os

a
8

M
E

R
25

0 
m

g 
q8

h
 C

I
0.

83
N

o
Ye

s
(M

IC
 >

 3
2)

#1
2

2/
M

10
0/

10
15

.6
E

so
ph

ag
ea

l -
 r

ec
-

ta
l a

tr
es

ia
N

o
N

o
N

o
Ye

s
H

A
P

P.
 a

er
u

gi
n

os
a

8
P

IT
4.

5 
g/

da
y 

C
I

5.
08

N
o

Ye
s

(M
IC

 >
 1

6)
#1

3
3/

M
88

/1
4.

5
13

2.
1

E
so

ph
ag

ea
l 

at
re

si
a

N
o

Ye
s

N
o

N
o

V
A

P
P.

 a
er

u
gi

n
os

a
8

M
E

R
25

0 
m

g 
q8

h
 C

I
0.

58
N

o
Ye

s
(M

IC
 >

 3
2)

#1
4

4/
F

10
9/

19
4.

5
F

eb
ri

le
 n

eu
tr

o-
pe

n
ia

E
pi

n
ep

h
ri

n
e

0.
15

 m
cg

/k
g/

m
in

D
ob

u
ta

m
in

e
8 

m
cg

/k
g/

m
in

M
il

ri
n

on
e

0.
5 

m
cg

/k
g/

m
in

Ye
s

Ye
s

N
o

B
S

I
E

. c
ol

i
0.

12
M

E
R

40
0 

m
g 

q6
h

 C
I

16
0.

8
Ye

s
N

o

#1
5

5/
M

98
/1

7
78

.2
D

ru
g-

re
si

st
an

t 
ep

il
ep

sy
N

o
Ye

s
N

o
Ye

s
V

A
P

E
. c

lo
ac

ae
E

. h
or

m
an

e-
ch

ei

8 4
P

IT
10

.8
 g

/d
ay

 C
I

4.
74

Ye
s

N
o

#1
6

8/
M

14
0/

33
14

6.
3

B
ow

el
 p

er
fo

ra
-

ti
on

N
o

N
o

N
o

Ye
s

IA
I

E
. c

ol
i

8
P

IT
4.

5 
g/

da
y 

C
I

6.
08

Ye
s

N
o

#1
7

11
/F

14
0/

28
81

.3
B

ow
el

 o
bs

tr
u

c-
ti

on
N

o
N

o
N

o
N

o
H

A
P

P.
 a

er
u

gi
n

os
a

16
P

IT
11

.2
5g

/d
ay

 C
I

4.
78

Ye
s

N
o

#1
8

12
/M

16
0/

60
14

8.
7

B
ow

el
 p

er
fo

ra
-

ti
on

N
o

N
o

N
o

Ye
s

IA
I

E
. c

ol
i

8
P

IT
18

 g
/d

ay
 C

I
15

.3
7

Ye
s

N
o

#1
9

16
/M

18
6/

80
20

1.
9

F
eb

ri
le

 n
eu

tr
o-

pe
n

ia
D

op
am

in
e

2 
m

cg
/k

g/
m

in
N

o
N

o
Ye

s
B

S
I

E
. c

lo
ac

ae
1

M
E

R
1 

g 
q6

h
 C

I
8.

45
Ye

s
N

o

#2
0

17
/F

15
0/

51
12

3.
9

B
ow

el
 o

bs
tr

u
c-

ti
on

N
o

N
o

N
o

Ye
s

B
S

I
U

T
I

P.
 a

er
u

gi
n

os
a

1 0.
5

M
E

R
50

0 
m

g 
q6

h
 C

I
12

.9
Ye

s
N

o

#2
1

17
/M

19
1/

70
.5

10
2.

2
F

eb
ri

le
 n

eu
tr

o-
pe

n
ia

N
or

ep
in

ep
h

ri
n

e
0.

26
 m

cg
/k

g/
m

in
E

pi
n

ep
h

ri
n

e
0.

04
 m

cg
/k

g/
m

in

N
o

N
o

Ye
s

B
S

I
E

. c
ol

i
K

p
0.

12
M

E
R

50
0 

m
g 

q6
h

 C
I

85
.8

Ye
s

N
o

B
S

I 
in

di
ca

te
s 

bl
oo

ds
tr

ea
m

 in
fe

ct
io

n;
 C

I,
 c

on
ti

nu
ou

s 
in

fu
si

on
; C

L
cr

, c
re

at
in

in
e 

cl
ea

ra
nc

e;
 C

R
R

T,
 c

on
ti

nu
ou

s 
re

na
l r

ep
la

ce
m

en
t 

th
er

ap
y;

 C
ss
 a

v,
 a

ve
ra

ge
 s

te
ad

y-
st

at
e 

co
nc

en
tr

at
io

n;
 C

T
Z,

 c
ef

ta
zi

di
m

e;
 F

, f
em

al
e;

 H
A

P,
 h

os
pi

ta
l-

ac
qu

ir
ed

 
pn

eu
m

on
ia

; H
S

C
T,

 h
em

at
op

oi
et

ic
 s

te
m

 c
el

l t
ra

ns
pl

an
t;

 I
A

I,
 in

tr
ab

do
m

in
al

 in
fe

ct
io

n;
 K

p,
 K

le
bs

ie
ll

a 
pn

eu
m

on
ia

e;
 M

, m
al

e;
 M

E
R

, m
er

op
en

em
; M

IC
, m

in
im

um
 in

hi
bi

to
ry

 c
on

ce
nt

ra
ti

on
; P

IT
, p

ip
er

ac
il

li
n-

ta
zo

ba
ct

am
; U

T
I,

 u
ri

na
ry

 t
ra

ct
 

in
fe

ct
io

n;
 V

A
P,

 v
en

ti
la

to
r-

as
so

ci
at

ed
 p

ne
um

on
ia

.
R

ed
 c

ol
or

 in
di

ca
te

s 
m

ic
ro

bi
ol

og
ic

al
 f

ai
lu

re
.



The Pediatric Infectious Disease Journal  •  Volume 42, Number 11, November 2023	

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.� www.pidj.com  |  979

PK/PD of CI Beta-lactam in PICU

in 2 and 1 case each, respectively) according to the achievement 
of supra-optimal C

ss
/MIC ratio after the first TDM assessment. 

At subsequent TDM reassessments, beta-lactam dosing was con-
firmed in 3 patients, whereas a further dosing reduction by 25% 
was implemented in 1 case. In the other 4 patients, beta-lactam was 
increased (by 25%, 33% and 50% in 2, and 1 case each) according 
to the attainment of quasi-optimal (in 1 patient) or suboptimal (in 3 
patients) C

ss
/MIC ratio. At subsequent TDM reassessments, further 

dosing increase by 33% was implemented in 1 patient with a sub-
optimal C

ss
/MIC ratio for attaining a quasi-optimal PK/PD target.

Overall, beta-lactam dosing adjustments were recommended 
in 15 of 46 ECPAs (32.6%, of which 17.4% increased and 15.2% 
decreased). The average C

ss
/MIC ratios were optimal in 16 cases 

(76.2%), quasi-optimal in 2 cases (9.5%) and suboptimal in 3 cases 
(14.3%).

A comparison between patients attaining optimal versus 
quasi-optimal/suboptimal C

ss
/MIC ratios of beta-lactams targeted 

therapy is reported in Table 3 and Fig. 1. Quasi-optimal/suboptimal 
C

ss
/MIC ratio occurred more frequently when patients had infec-

tions caused by pathogens with MIC values above the EUCAST 
clinical breakpoint (100.0% vs. 6.3%; P < 0.001). Beta-lactam dos-
age increases were needed more frequently in patients with quasi-
optimal/suboptimal C

ss
/MIC ratio than in those with optimal C

ss
/

MIC ratio (77.8% vs. 2.7%; P < 0.001).
Microbiologic eradication was achieved in 12 of 21 cases. 

Overall, patients with optimal C
ss
/MIC ratios had both a higher 

microbiologic eradication rate (75.0% vs. 0.0%; P = 0.006) and 

a lower resistance development rate (25.0% vs. 80.0%; P = 0.047) 
than those with quasi-optimal or suboptimal C

ss
/MIC ratios.

Seventeen of 21 patients had early attainment of C
ss
/MIC 

ratio >4 (within the first 72 hours). Patients with early attainment 
of C

ss
/MIC ratio >4 showed a higher microbiologic eradication rate 

compared to those having early attainment of quasi-optimal or sub-
optimal C

ss
/MIC ratio (70.6% vs. 0.0%; P = 0.02).

Microbiologic failure occurred in 9 patients. All of these 
had pneumonia (due to Pseudomonas aeruginosa in 6 cases, Ser-
ratia marcescens in 2 cases and Enterobacter cloacae in 1 case; 
ventilator-associated pneumonia in 66.7% of cases). Antibiotic 
therapy was changed in 6/9 cases (combination with another anti-
Gram-negative active agent in 4 cases and escalation to broader-
spectrum antibiotic in 2 cases) and maintained unchanged in the 
other 3 cases (as significant clinical improvement was achieved 
anyway).

DISCUSSION
Our study first assessed the relationship between PK/PD tar-

get attainment of CI beta-lactams and microbiologic outcome in 
the challenging scenario of PICU critically ill children with docu-
mented Gram-negative infections.

The findings suggest that administering beta-lactams by 
CI and optimizing PK/PD target attainment by means of a real-
time TDM-guided ECPA approach could play a key role in ensur-
ing microbiologic eradication. Some real-world studies found that 

TABLE 3.  PICU Patients with Documented Infections: Comparison of Optimal vs. Quasi-optimal/Suboptimal PK/
PD Target Attainment

Patient Variables Css/MIC ≥4 mg/L (n = 16) Css/MIC <4 mg/L (n = 5) P   Value 

Age (years) [median (IQR)] 3 (1–11.3) 2 (1–2.25) 0.40
Gender (male/female) [n (%)] 7/9 (43.8/56.2) 3/2 (60.0/40.0) 0.64
Body weight (kg) [median (IQR)] 16 (7.6–42) 15.6 (15–16.2) 0.99
Body surface area (m2) [median (IQR)] 0.64 (0.38–1.30) 0.62 (0.59–0.64) 0.93
Measured CLcr (mL/min)* [median (IQR)] 34.5 (19.2–99.8) 68.1 (53.3–116.4) 0.35
Mechanical ventilation [n (%)] 6 (37.5) 4 (80.0) 0.15
Vasopressors [n (%)] 5 (31.3) 1 (20.0) 0.99
Continuous renal replacement therapy [n (%)] 1 (6.3) 0 (0.0) 0.99
Loop diuretics [n (%)] 12 (75.0) 4 (80.0) 0.99
Augmented renal clearance [n (%)] 4 (25.0) 2 (40.0) 0.60
PIM 2 score at admission [median (IQR)] 2.44 (0.77–6.56) 0.18 (0.13–5.46) 0.15
PIM 3 score at admission [median (IQR)] 1.40 (0.45–5.72) 0.07 (0.06–3.28) 0.17
Hydric balance [median (IQR)] −61.5 (−413.4 to 27.1) −106 (−180.7 to 71.5) 0.55
Volemic balance [median (IQR)] −6 (−13.9 to 39) −13.4 (−15 to −9.8) 0.26
Site of infection (targeted therapy)* [n (%)]    
  Pneumonia 8 (50.0) 5 (100.0) 0.11
  Bloodstream 6 (37.5) 1 (20.0) 0.62
  Intrabdominal 4 (25.0) 0 (0.0) 0.53
  Urinary tract 3 (18.8) 0 (0.0) 0.55
MIC of clinical isolates [n (%)]    
  MIC below EUCAST clinical breakpoint 15 (93.7) 0 (0.0) <0.001
  MIC above EUCAST clinical breakpoint 1 (6.3) 5 (100.0)
Clinical pharmacological advice [n (%)]    
  No. of dosages confirmed 30 (81.1) 1 (11.1) <0.001
  No. of dosages increase 1 (2.7) 7 (77.8)
  No. of dosages decrease 6 (16.2) 1 (11.1)
  First TDM assessment within desired range 12 (75.0) 1 (20.0) <0.001
  First TDM increase 0 (0.0) 4 (80.0)
  First TDM decrease 4 (25.0) 0 (0.0)
Microbiological outcome [n (%)]    
  Microbiological eradication 12 (75.0) 0 (0.0) 0.006
  Resistance development 4 (25.0) 4 (80.0) 0.047
*One patient with concomitant bloodstream infection + pneumonia; one patient with UTI + pneumonia; one patient with UTI + BSI; one patient with UTI + IAI + pneumonia 

in Css/MIC > 4 group; one patient with concomitant BSI + pneumonia in Css/MIC < 4 group.
CLcr indicates creatinine clearance; Css, steady-state concentration; MIC, minimum inhibitory concentration; PICU, pediatric intensive care unit; PIM, Pediatric Index of 

Mortality; SD, standard deviation; TDM, therapeutic drug monitoring.
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intermittent and/or prolonged infusion of beta-lactams may allow 
optimal PK/PD target attainment only in a minority of critically ill 
children.12,13 Cies et al.13 found that standard doses of various beta-
lactams (ampicillin, cefazolin, cefepime, cefotaxime, ceftaroline, 
doripenem, meropenem and piperacillin/tazobactam) by intermit-
tent or by prolonged infusion over 3–4 hours failed in attaining a 
PK/PD target of 40% fT

> 4-6 × MIC
 in as much as 95% (78/82) of criti-

cally ill children with eCL
Cr

 >60 mL/min/1.73m2 and/or undergo-
ing CRRT. Likewise, Van Der Heggen et al.12 recently reported that 
standard doses of amoxicillin-clavulanate, piperacillin-tazobactam 
or meropenem by intermittent infusion failed in attaining the 
aggressive PK/PD target of 100% fT

> 4 × MIC
 in 92.4% (145/157) of 

PICU patients, and that 2 independent predictors of subtherapeutic 
beta-lactam exposure were high glomerular filtration rate estimates 
and no need for vasopressors.

In this scenario, administration by CI may be a valuable strat-
egy for maximizing the time-dependent activity of beta-lactams in 
critically ill pediatric patients. CI may allow the attainment of very 
aggressive PK/PD targets of beta-lactams, as previously reported in 
critically ill adults,24,25 often with lower doses than needed by inter-
mittent infusion. Additionally, CI administration may be helpful in 
counteracting the neurotoxicity risk associated with the high peak 
levels achieved during intermittent infusion.26,27 The latter could be 
especially remarkable in neonates and toddlers, who could be at 

higher toxicity risk due to the immature status of the blood-brain 
barrier.28,29

The findings may support the role that a real-time TDM-
based approach may have in improving outcomes among PICU 
patients treated with CI beta-lactams for severe documented Gram-
negative infections. This strategy may allow the identification of 
patients not attaining optimal PK/PD targets of beta-lactams in 
the first 72 hours who may benefit from prompt dosing adapta-
tion, thus minimizing, on the one hand, the risk of microbiologic 
failure and, on the other hand, that of drug-related toxicity. It is 
noteworthy that this approach grants the attainment of optimal PK/
PD targets in most cases, often even when dealing with infections 
caused by pathogens with borderline susceptibility to beta-lactams. 
Additionally, it granted microbiologic eradication and prevention 
of resistance development in more than half of cases. Notewor-
thy, PICU patients with optimal PK/PD target attainment achieved 
microbiologic eradication more frequently compared to those with 
quasi-optimal or suboptimal ones. This is consistent with what was 
previously observed with both traditional and novel beta-lactams in 
critically ill adult patients.14,15,30–34

The need for a TDM-based approach is also supported by 
the fact that PICU patients may frequently have major pathophysi-
ologic alterations that may affect the PK behavior of beta-lactams.7 
Occurrence of ARC or transient acute kidney injury, vasopressors 

FIGURE 1.  Relationship between pharmacokinetic/pharmacodynamic target attainment (expressed as average Css/MIC 
ratio) and microbiologic outcome among critically ill children treated with CI beta-lactams. Green box, microbiologic 
eradication; red box, microbiologic failure; white box, absence of specific type of infection (in terms of infection site). Each 
row corresponds to a single patient. The Css/MIC ratio is shown for each patient and defined as optimal if ≥4, or quasi-
optimal/suboptimal if < 4. BSI indicates bloodstream infection; Css, beta-lactam average steady-state concentrations; CTZ, 
ceftazidime; HAP, hospital-acquired pneumonia; IAI, intrabdominal infection; Kp, Klebsiella pneumoniae; MER, meropenem; 
MIC, minimum inhibitory concentration; PIT, piperacillin-tazobactam; UTI, complicated urinary tract infection. 
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requirement, use of loop diuretics and negative fluid balance may 
be key determinants in affecting beta-lactam exposure.8–11,35 In this 
regard, it is worth mentioning that estimating glomerular filtration 
rate by means of the revised bedside Schwartz formula turned out 
to be unreliable in our cohort, as witnessed by the very poor cor-
relation with the mCLcr. If renal function were only estimated, the 
glomerular filtration rate would have been overestimated by the 
revised bedside Schwartz formula, and most of our PICU patients 
would have been wrongly considered as having ARC. The unfor-
tunate consequence of this could have been the inappropriate 
selection of too high doses of beta-lactams. Therefore, measuring 
CLcr must be considered the only effective and safe way for prop-
erly assessing renal function in PICU patients, as just previously 
shown.36,37

Microbiologic failures occurred only among PICU patients 
with pneumonia. The high failure rate in pneumonia could have 
been related to the high inoculum effect, which may have attenuated 
the effectiveness of beta-lactams,38 and/or to the limited penetration 
rate of beta-lactams into the epithelial lining fluid.39,40 Indeed, both 
of these could have been responsible for suboptimal PK/PD target 
attainment at the infection site, especially in those patients who had 
borderline optimal PK/PD targets, namely a C

ss
/MIC ratio of 4–5. 

Overall, this may support the contention that when treating pneu-
monia with CI beta-lactams probably more aggressive C

ss
/MIC 

ratios of 6–8 rather than of 4–8 should be considered for attaining 
microbiologic eradication, as recently suggested.16

We recognize that our study has some limits. The study 
assessed only a small cohort of critical pediatric patients and there-
fore should be considered simply as a proof-of-concept whose 
findings should be confirmed in larger prospective studies. The 
retrospective monocentric design should be acknowledged. The 
PK/PD analysis was based on total drug concentrations, even if no 
relevant impact on interpretation would be expected given the low 
plasma protein binding of the tested beta-lactams (ranging from 
<10% for meropenem and ceftazidime and approximately 20% for 
piperacillin). Average C

ss
 values were used for calculating C

ss
/MIC 

ratios in each single patient, whereas weighted approaches were not 
implemented. However, we believe that the detailed analysis of the 
relationship between PK/PD target attainment and microbiologic 
outcome in PICU patients with documented Gram-negative infec-
tions may represent a major strength.

In conclusion, administering beta-lactams by CI and personal-
izing treatment by means of a TDM-guided ECPA strategy may allow 
to maximize PK/PD target attainment in PICU critically ill children, 
and could be a key determinant for achieving microbiologic eradi-
cation when treating documented severe Gram-negative infections. 
Larger prospective studies are warranted for confirming our findings.

REFERENCES
	 1.	 Fleischmann-Struzek C, Goldfarb DM, Schlattmann P, et al. The global bur-

den of paediatric and neonatal sepsis: a systematic review. Lancet Respir 
Med. 2018;6:223–230.

	 2.	 Wolfler A, Silvani P, Musicco M, et al; Italian Pediatric Sepsis Study (SISPe) 
group. Incidence of and mortality due to sepsis, severe sepsis and septic 
shock in Italian Pediatric Intensive Care Units: a prospective national sur-
vey. Intensive Care Med. 2008;34:1690–1697.

	 3.	 Garcia PCR, Tonial CT, Piva JP. Septic shock in pediatrics: the state-of-the-
art. J Pediatr (Rio J). 2020;96(Suppl 1):87–98.

	 4.	 Aygun F, Aygun FD, Varol F, et al. Infections with carbapenem-resistant 
gram-negative bacteria are a serious problem among critically ill children: a 
single-centre retrospective study. Pathogens. 2019;8:69.

	 5.	 Akinkugbe O, Cooke FJ, Pathan N. Healthcare-associated bacterial infec-
tions in the paediatric ICU. JAC Antimicrob Resist. 2020;2:dlaa066.

	 6.	 Weiss SL, Peters MJ, Alhazzani W, et al. Surviving sepsis campaign interna-
tional guidelines for the management of septic shock and sepsis-associated 
organ dysfunction in children. Intensive Care Med. 2020;46:10–67.

	 7.	 Pea F, Viale P. Bench-to-bedside review: appropriate antibiotic therapy in 
severe sepsis and septic shock--does the dose matter? Crit Care. 2009;13:214.

	 8.	 Kearns GL, Abdel-Rahman SM, Alander SW, et al. Developmental pharma-
cology--drug disposition, action, and therapy in infants and children. N Engl 
J Med. 2003;349:1157–1167.

	 9.	 Marsot A. Pharmacokinetic variability in pediatrics and intensive care: toward 
a personalized dosing approach. J Pharm Pharm Sci. 2018;21:354–362.

	10.	 Dhont E, Van Der Heggen T, De Jaeger A, et al. Augmented renal clearance 
in pediatric intensive care: are we undertreating our sickest patients? Pediatr 
Nephrol. 2020;35:25–39.

	11.	 Hartman SJF, Brüggemann RJ, Orriëns L, et al. Pharmacokinetics and target 
attainment of antibiotics in critically ill children: a systematic review of cur-
rent literature. Clin Pharmacokinet. 2020;59:173–205.

	12.	 Van Der Heggen T, Dhont E, Willems J, et al. Suboptimal beta-lactam ther-
apy in critically ill children: risk factors and outcome. Pediatr Crit Care 
Med. 2022;23:e309–e318.

	13.	 Cies JJ, Moore WS, Enache A, et al. β-lactam therapeutic drug management 
in the PICU. Crit Care Med. 2018;46:272–279.

	14.	 Gatti M, Cojutti PG, Pascale R, et al. Assessment of a PK/PD target of con-
tinuous infusion beta-lactams useful for preventing microbiological failure 
and/or resistance development in critically ill patients affected by docu-
mented gram-negative infections. Antibiotics. 2021;10:1311.

	15.	 Sumi CD, Heffernan AJ, Lipman J, et al. What antibiotic exposures are 
required to suppress the emergence of resistance for gram-negative bacte-
ria? A systematic review. Clin Pharmacokinet. 2019;58:1407–1443.

	16.	 Gatti M, Cojutti PG, Bartoletti M, et al. Expert clinical pharmacological 
advice may make an antimicrobial TDM program for emerging candidates 
more clinically useful in tailoring therapy of critically ill patients. Crit Care. 
2022;26:178.

	17.	 Gatti M, Cojutti PG, Campoli C, et al. A proof of concept of the role of 
TDM-based clinical pharmacological advices in optimizing antimicrobial 
therapy on real-time in different paediatric settings. Front Pharmacol. 
2021;12:755075.

	18.	 Zhou P, Cheng Y, Cao G, et al. The OBTAINS study: a nationwide cross-sec-
tional survey on the implementation of extended or continuous infusion of 
β-lactams and vancomycin among neonatal sepsis patients in China. Front 
Pharmacol. 2022;13:1001924.

	19.	 Morales Junior R, Pereira GO, Tiguman GMB, et al. Beta-lactams therapeu-
tic monitoring in septic children-what target are we aiming for? A scoping 
review. Front Pediatr. 2022;10:777854.

	20.	 Viaene E, Chanteux H, Servais H, et al. Comparative stability studies of antipseu-
domonal beta-lactams for potential administration through portable elastomeric 
pumps (home therapy for cystic fibrosis patients) and motor-operated syringes 
(intensive care units). Antimicrob Agents Chemother. 2002;46:2327–2332.

	21.	 Schwartz GJ, Muñoz A, Schneider MF, et al. New equations to estimate 
GFR in children with CKD. J Am Soc Nephrol. 2009;20:629–637.

	22.	 Cook AM, Hatton-Kolpek J. Augmented renal clearance. Pharmacotherapy. 
2019;39:346–354.

	23.	 Shields RK, Nguyen MH, Chen L, et al. Pneumonia and renal replacement 
therapy are risk factors for ceftazidime-avibactam treatment failures and 
resistance among patients with carbapenem-resistant enterobacteriaceae 
infections. Antimicrob Agents Chemother. 2018;62:e02497–e02417.

	24.	 Abdul-Aziz MH, Sulaiman H, Mat-Nor M-B, et al. Beta-Lactam Infusion in 
Severe Sepsis (BLISS): a prospective, two-centre, open-labelled randomised 
controlled trial of continuous versus intermittent beta-lactam infusion in criti-
cally ill patients with severe sepsis. Intensive Care Med. 2016;42:1535–1545.

	25.	 Dulhunty JM, Roberts JA, Davis JS, et al. Continuous infusion of beta-
lactam antibiotics in severe sepsis: a multicenter double-blind, randomized 
controlled trial. Clin Infect Dis. 2013;56:236–244.

	26.	 Gatti M, Pea F. Continuous versus intermittent infusion of antibiotics 
in gram-negative multidrug-resistant infections. Curr Opin Infect Dis. 
2021;34:737–747.

	27.	 Roberts JA, Abdul-Aziz MH, Lipman J, et al; International Society of Anti-
Infective Pharmacology and the Pharmacokinetics and Pharmacodynamics 
Study Group of the European Society of Clinical Microbiology and Infectious 
Diseases. Individualised antibiotic dosing for patients who are critically ill: 
challenges and potential solutions. Lancet Infect Dis. 2014;14:498–509.

	28.	 Anagnostakis D, Messaritakis J, Damianos D, et al. Blood-brain bar-
rier permeability in “healthy” infected and stressed neonates. J Pediatr. 
1992;121:291–294.

	29.	 Saunders NR, Habgood MD, Dziegielewska KM. Barrier mechanisms in the 
brain, II. Immature brain. Clin Exp Pharmacol Physiol. 1999;26:85–91.



	 The Pediatric Infectious Disease Journal  •  Volume 42, Number 11, November 2023

982  |  www.pidj.com� © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.

Gatti et al

	30.	 Tam VH, Chang K-T, Zhou J, et al. Determining β-lactam exposure 
threshold to suppress resistance development in gram-negative bacteria. J 
Antimicrob Chemother. 2017;72:1421–1428.

	31.	 Sanz Codina M, Gatti M, Troisi C, et al. Relationship between pharma-
cokinetic/pharmacodynamic target attainment and microbiological out-
come in critically ill covid-19 patients with documented gram-negative 
superinfections treated with TDM-guided continuous-infusion meropenem. 
Pharmaceutics. 2022;14:1585.

	32.	 Gatti M, Bartoletti M, Cojutti PG, et al. A descriptive case series of PK/PD 
target attainment and microbiological outcome in critically ill patients with 
documented severe XDR acinetobacter baumannii BSI and/or VAP treated 
with cefiderocol. J Glob Antimicrob Resist. 2021;27:294–298.

	33.	 Gatti M, Tedeschi S, Trapani F, et al. A proof of concept of the usefulness of 
a TDM-guided strategy for optimizing pharmacokinetic/pharmacodynamic 
target of continuous infusion ampicillin-based regimens in a case series 
of patients with enterococcal bloodstream infections and/or endocarditis. 
Antibiotics (Basel). 2022;11:1037.

	34.	 Alshaer MH, Maranchick N, Alexander KM, et al. Beta-lactam target attain-
ment and associated outcomes in patients with bloodstream infections. Int J 
Antimicrob Agents. 2023;61:106727.

	35.	 Van Der Heggen T, Dhont E, Peperstraete H, et al. Augmented renal 
clearance: a common condition in critically ill children. Pediatr Nephrol. 
2019;34:1099–1106.

	36.	 Udy AA, Morton FJA, Nguyen-Pham S, et al. A comparison of CKD-EPI 
estimated glomerular filtration rate and measured creatinine clearance in 
recently admitted critically ill patients with normal plasma creatinine con-
centrations. BMC Nephrol. 2013;14:250.

	37.	 Harrison AM, Davis S, Eggleston S, et al. Serum creatinine and estimated 
creatinine clearance do not predict perioperatively measured creatinine 
clearance in neonates undergoing congenital heart surgery. Pediatr Crit 
Care Med. 2003;4:55–59.

	38.	 Lenhard JR, Bulman ZP. Inoculum effect of β-lactam antibiotics. J 
Antimicrob Chemother. 2019;74:2825–2843.

	39.	 Felton TW, Ogungbenro K, Boselli E, et al. Comparison of piperacillin 
exposure in the lungs of critically ill patients and healthy volunteers. J 
Antimicrob Chemother. 2018;73:1340–1347.

	40.	 Benítez-Cano A, Luque S, Sorlí L, et al. Intrapulmonary concentrations of 
meropenem administered by continuous infusion in critically ill patients 
with nosocomial pneumonia: a randomized pharmacokinetic trial. Crit 
Care. 2020;24:55.

Edited by Robert J. Leggiadro, MD

Increases in Group A Streptococcal Infections in the Pediatric 
Population in Houston, Texas, 2022
Aboulhosen A, Sanson MA, Vega LA, et al. Clin Infect Dis. 
2023;77:351–354
Invasive Streptococcus pyogenes [group A Streptococcus (iGAS)], defined 
as invading a normally sterile body site, results in significant morbidity and 
mortality in children. Recent reports of increases in iGAS cases relative to 
the numbers prior to the severe acute respiratory syndrome coronavirus 2 
pandemic have been recorded in multiple regions around the world (https://
www.who.int/emergencies/disease-outbreak-news/item/2022-DON429). 
These reports, along with growing concerns among United States health-
care providers, led the Centers for Disease Control and Prevention to pub-
lish a health advisory for possible increases in pediatric iGAS cases (https://
emergency.cdc.gov/han/2022/han00484.asp). Due to the sudden increase in 
the number of iGAS cases in other areas, the authors of this report queried 
their longitudinal pediatric GAS infection surveillance conducted over the 
past 10 years in the Houston metropolitan area for changes suggestive of a 
GAS outbreak.

Ongoing active GAS prospective surveillance in the Texas Chil-
dren’s Hospital was used. Available GAS strain surveillance data were 
grouped into 2 separate periods: prepandemic (2014–2018) and pandemic 
(2022). GAS isolates were grown, stocked and emm typed. Demographic 
information and GAS disease types invasive, skin and soft tissue and pha-
ryngeal were determined using data derived from the electronic medical 
record. Aggregated prepandemic (2014–2018) GAS disease trends were 
compared with the pandemic year for which complete data were available 
(2022). The authors also compared emm type frequency between the 2 peri-
ods.

In 2022, a total of 318 individual GAS cases were identified. GAS 
strains derived from invasive diseases (iGAS) accounted for 31.4% (n = 
100), skin and soft tissue for 17.6% (n = 56) and pharyngeal for 50.9% (n 
= 162). The median age of all GAS cases was 6.1 years with a slight male 
predominance (53.8%). Of cases with known race or ethnicity, [288/318 

(90.5%)], the majority were White [222/288 (77.0%)] and 48.3% were His-
panic (139/288). No significant differences in demographic characteristics 
were observed between disease types.

Total cases for 2022 exceeded prepandemic years only in the final 
quarter. The total number of cases in October through December 2022 
exceeded any interval in prepandemic surveillance. The proportion of cases 
defined as iGAS was also examined for each interval. Prepandemic sur-
veillance consistently showed a peak iGAS frequency in the first quarter 
(January–March). Of interest, the proportion of iGAS in October–Decem-
ber 2022 was similar to prior peaks in January–March, but not significantly 
different than the maximum observed prior to the pandemic.

Emm1 GAS was the dominant emm type in the prepandemic period, 
comprising 21.7% of the total and 24.9% of iGAS cases. In contrast, the 
marked increase in GAS cases at the end of 2022 was driven primarily by 
emm12 GAS. In fact, the proportion of total and iGAS cases caused by 
emm12 was significantly greater in 2022 than the mean emm12 frequency 
in the prior interval (2014–2018).

Comment: This study demonstrates a surge in pediatric GAS infec-
tions beginning in the last months of 2022. Previously a significant decline 
in iGAS infections was reported by these authors (McNeil JC, et al. Pedi-
atr Infect Dis J. 2021;40:e313–e316). Compared with expected incidences, 
the observed incidences of invasive bacterial disease due to Streptococcus 
pneumoniae, Haemophilus influenzae, GAS and group B Streptococcus 
were also reported to be lower in the United States during the pandemic 
period of 2020 (Prasad N, et al. J Infect Dis. 2023;227:907–916).

Most experts speculate that nonpharmaceutical interventions such 
as masking and social distancing contributed to the declines in the inci-
dence of many infectious diseases observed early in the coronavirus dis-
ease (COVID-19) pandemic. Unfortunately, the reduction or elimination 
of COVID-19 control measures had the unintended consequence of large 
outbreaks of non-COVID-19 infections due to exposure of a greater number 
of susceptible individuals. Heightened awareness among public health offi-
cials, infectious disease experts and other medical providers is essential to 
address these infectious disease outbreaks in the future.
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