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Revisiting Beta-lactams — PK/PD improves dosing of old
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Pre-clinical pharmacokinetic-pharmacodynamic assessments
indicate Beta-lactam antibiotics have time-dependent killing,
variable persistent antibiotic effects and that free drug T > MIC
is the dominant pharmacodynamic index. Prolonged or
continuous infusion therapy has improved microbiological
responses in pathogens with MICs at or 2-4 fold higher than
existing EUCAST clinical breakpoints in pre-clinical studies.
Human population pharmacokinetic modelling combined with
Monte Carlo Simulation indicates improved pharmacodynamic
target attainment rates and hence predicts improved clinical
responses for those pathogens with raised MICs. However, the
majority of human clinical trials comparing prolonged or
continuous infusion to intermittent injection have failed to show
superior clinical cures and for the most part microbiological
successes. The exception being in various subgroup analyses.
Future clinical trials need to focus on defining the T > MIC sizes
associated with clinical or microbiological cure in man, on
those subgroups of patients where continuous, or prolonged
infusion, is likely to be of greatest benefit, seek to reduce
pharmacokinetic variability by the use of therapeutic drug
monitoring and include measurement of the risks of emergence
of resistance in target pathogens At present, the clinical
evidence base for prolonged or continuous infusion therapy is
insufficiently strong to support widespread use.
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Introduction

The pharmacokinetics and pharmacodynamics of Beta-
lactam drugs (penicillins, cephalosporins and carbape-
nems) have been extensively studied in pre-clinical in-
fection models and numerous clinical studies in man.
There is, therefore, a significant literature relevant to

both iz vitro, in vive, in silico and human trials findings.
The basic pharmacodynamic properties of Beta-lactams
imply that continuous infusion or prolonged infusion
therapies (see definitions — Table 1) should have bac-
teriological and clinical advantages over intermittent
injection when treating certain pathogens or infections.
"T'he topic of continuous infusion Beta-lactam therapy has
been reviewed previously [1°°,2,3°°]. In this review I will
discuss the pre-clinical rationale for prolonged or con-
tinuous infusion B. lactam therapy as well as bringing the
reported clinical experiences up to date. Finally, I will
discuss the unresolved pre-clinical and clinical issues
related to these therapeutic approaches.

Pre-clinical studies

The pre-clinical pharmacodynamics of Beta-lactam drugs
have been well understood for over a decade [[4] (T'able
2)]. Antibacterial killing owing to Beta-lactams increases
as drug concentrations increase below the pathogen MIC
value and up to 4-5 times above the MIC. Bacterial
killing at concentrations greater than these values does
not increase with Enterobacteriaceae, Staphylococcus aur-
eus or Pseudonomas aeruginosa [5,6]. Within the Beta-
lactam family it has been proposed that penicillins,
cephalosporins and carbapenems show different rates
and degrees of bactericidal activity against Gram-nega-
tive pathogens with carbapenems being most rapidly
bactericidal and penicillins least [7]. Persistent antibiotic
effects have been exhibited with penicillins, cephalos-
porins and carbapenems against most Gram-positive
pathogens including S. aureus, Streptococcus pyogenes and
S. pneumoniae. By contrast, penicillins and cephalosporins
have negligible persistent effects against Escherichia coli,
Klebsiella spp, Proteus spp and P. aeruginosa [8°]. Carbape-
nems have persistent effects against both Gram-positive
and negative pathogens [6].

The duration that the free Beta-lactam concentration is
maintained over a crucial threshold, usually the MIC
(fT > MIC), is the dominant pharmacodynamic index
in determining B. lactam antibactericidal effect.
fT > MIC has been related to antibacterial efficacy of
penicillins, cephalosporins and carbapenems against
Gram-positive and negative pathogens [9].

It follows, therefore, that dosing strategies that optimise
the fT > MIC will improve antibacterial effect — especi-
ally for those pathogens with borderline susceptibility to
existing intermittent doses. Alternatively, for more
susceptible pathogens, a lower daily dose of drug will
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Table 1

Beta-lactams MacGowan 471

Table 3

Proposed definitions of intermittent, prolonged and continuous
intravenous infusion

Pharmacodynamic index sizes for 24 h bacteriostatic and
bactericidal activity: data from the pre-clinical models

Intermittent injection
Prolonged infusion

Infusion lasting 0.5-1 h

Infusion lasting 3—4 h, usually 50%
dosing interval

Infusion over a 24 h period at a fixed
rate often proceeded by a bolus dose.

Continuous infusion

be required. One approach to optimising fT° > MIC is the
use of continuous infusion administration, or more fre-
quent dosing in each 24 h period. More frequent Beta-
lactam dosing has been shown to be advantageous in
producing pathogen clearance by cephalosporins and
carbapenems in animal and 7z vitro pharmacodynamic
models. However, it is worth noting that such relation-
ships may be only relevant over short term antibiotic
exposures (up to 48 h) and data from a K/lebsiella lung
infection treated with a cephalosporin indicated that
AUC/MIC was the best correlate to survival in long term
dosing experiments [10°].

It is perhaps unsurprising that continuous infusion or
prolonged infusion Beta-lactam therapy has been com-
pared to conventional dosing in a variety of pre-clinical
pharmacodynamic models. In an 7z vitro model continu-
ous infusion ceftazidine was as effective as bolus injection
for P. aeruginosa strains with low MICs but against strains
with elevated MICs, continuous infusion (Csg 20 mg/L.)
was superior [11]. Additional data have been reported
with the carbapenems doripenem and meropenem —
prolonged infusion doripenem (4 h duration) was as effec-
tive as intermittent injection for P. aeruginosa strains with
MIC <2 mg/L, however, 4 h infusion showed superiority
for strains with MIC 4 mg/l. and neither regimen was
effective when MICs were >8 mg/L. [12]. Similarly,
simulations of high dose, prolonged infusion meropenem
(2 g, 3 h infusion) were effective at clearing P. aeruginosa
with MIC 8-16 mg/LL from a pharmacokinetic model.
Such strains are resistant using conventional clinical
breakpoints [13].

The basic pharmacodynamic characteristics of B. lactams
in terms of bacteriological effect are shown on Table 2,
while the fT > MIC targets for 24 h bacteriostatic effect
and 2 log kill are summarised on Table 3.

Table 2

Pharmacodynamic characteristics of B. lactam antibiotics

o Time-dependent killing by therapeutically achievable
concentrations

e Minimal to moderate persistent antibiotic effects

e Maximising the duration of exposure optimises antibacterial effects

e Time above threshold amount of drug (for example MIC) is the
dominant pharmacodynamic index

fT > MIC%

Penicillins Cephalosporins Carbapenems
Enterobacteriaceae
static 30-35 35-40 20-40
-2 log kill - - 35-55
P. aeruginosa
static 30-35 25-40 20-45
-2 log kill - 45-55 35-55
S. pneumoniae
static 25-35 35-40 15-20
-2 log kill 35-45 - 25-40
H. influenzae
static 25-35 - -
-2 log kill 35-45 - -
S. aureus
static 15-35 20-30 10-30
-2 log kill 35-45 - 15-40

In the past 5 years a number of pre-clinical studies have
been performed in order to better understand the phar-
macodynamic drivers of emergence of resistance. The
risk of resistance follows an inverse U-shape curve with
drug exposure. No or little drug fails to promote resistance
while large drug exposures result in bacterial death with
out emergence of resistance [14,15]. The drug exposure
that maximally drives resistance is usually that just below
the 24 h bacteriostatic effect level [15]. In addition to
exposure, time of drug exposure is crucial with longer
drug exposures much more likely to result in emergence
of resistance than short ones [15]. It is unclear whether the
pharmacodynamic index that drives resistance is the same
as fT' > MIC, however, fT' > MIC can be related to risk
of resistance [14,15]. In other studies risk of emergence of
resistance to meropenem has been related to Cmin/MIC
and risk of resistance to a cephalosporin to AUC/MIC
[14,16].

Human pharmacokinetics

"T'he pharmacokinetic/pharmacodynamic characteristics of
continuous infusion therapy in comparison to intermittent
injection have been the subject of a systematic review for
all antibacterials with a time-dependent action — most of
these studies were of Beta-lactams [17°°]. Seventeen
randomised trials comparing continuous with intermittent
infusion of the same antibacterial regimen were identified.
The mean peak concentrations (Cmax) of the intermittent
administration was 5.5 times (range 1.9-11.2) higher than
the concentration at steady state (Cgg) of the continuous
infusion. Conversely, the trough concentration (Cmin) of
intermittent infection was on average 5.8 times (range 1.2—
15.6) lower than Cgg. In three of six studies where the
T' > MIC for the implicated pathogens was measured it
was longer for the continuous infusion.
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Table 4

Piperacillin-tazobactam MIC distributions of three key Gram-negative pathogens isolated from respiratory secretion or blood

E.coli Enterobacter cloacae P.aeruginosa
MIC
(mg/L) resp blood resp blood resp blood
secretions secretions secretions
(n=156)  (n=435) (n=116) (n=156) (n=168) (n=206)
0.25 1.0 0.2 0 0 1.2 0
0.5 11.8 0.5 3.9 0.6 1.2 0.5
1.0 42.4 6.4 26.3 3.8 4.2 1.1
2.0 23.2 55.6 421 32.7 15.2 2.6
4.0 11.3 21.6 9.7 39.7 47. 0 55.0
8.0* 3.4 7.6 2.6 5.8 11.3 254
15 10.1 9.2 10.6 18.6 35.5
16.0* 20 2.5 6.6 3.8 7.3 10.1
32.0 1.5 4 3.9 3.2 71 4.2
64.0 0.5 1.1 2.6 7.7 2.4 1.1
128.0 1.0 0.7 2.6 1.3 1.2 0
256.0 3.0 2.5 0 0.6 1.2 0

*MIC values were prolonged/continuous infusion therapy most probably to improve outcomes.

Recently, a number of authors have used population
pharmacokinetic modelling combined with Monte Carlo
Simulation to study the impact of prolonged or continu-
ous infusion therapy in order to predict clinical response
rates. Administration of piperacillin-tazobactam by 4 h
infusion (prolonged infusion) resulted in a greater pro-
portion of patients reaching the fT > MIC target of 50%
compared to conventional dosing if the MIC was in the
range 4-16 mg/LL [18-21]. Similar results have been
reported for meropenem administered as 1 g over 3 h
compared to conventional dosing. The proportion of
patients who reached the fT" > MIC target is increased
to a clinically meaningful level (>90%) if the MIC is in
the range 24 mg/L. Use of 2 g meropenem infusion over
3—4 h or continuous infusion of 6 g/day would increase
this to 2-8 mg/L. [22,23]. Doripenem has been studied in
clinical trials of hospital acquired pneumonia at a dose of
500 mg 8 h by 4 h infusion. Using fT > MIC target of 40—
50% the 4 h infusion resulted in a clinically meaningful
proportion of the modelled population reaching the phar-
macodynamic target for strains in the MIC range 2—4 mg/
L. [24]. Similar data on prolonged infusion ceftazidine or
cefepime are available [25,26].

Table 5

Using piperacillin tazobactam as an example, the MIC
range were prolonged or continuous infusion therapy is
likely to have a beneficial impact is illustrated on Table 4.
The pathogens were isolated in the UK in 2009-2010
from respiratory secretions of hospitalised patients with
pulmonary infection or those with blood stream infection
[27]. Prolonged or continuous infusion is most likely to be
of benefit as therapy in those patients infected with
strains in the range 8-16 mg/l. hence for P. aeruginosa
infection 18-36% of strains have MICs that may show
benefit. By contrast, for E. co/i or Enterobacter cloacae only
7.5-10% of strains fall within this range, hence the impact
of continuous or prolonged infusion therapy on outcomes
is likely to be much more modest. Selection of piper-
acillin-tazobactam dosing methods for aerobic Gram-
negative bacillary infection by MIC determination is
one way of identifying the subgroup of patients in whom
prolonged or continuation infusion therapy will be of most
benefit. However, this places significant emphasis on a
laboratory measure that can be variable.

Table 5 illustrates some possible therapeutic breakpoints
for four Beta-lactams if given by continuous or prolonged

Comparison of EUCAST clinical breakpoints for standard dosing of piperacillin-tazobactam, meropenem, doripenem and ceftazidine
compared to the same daily doses given by continuous or prolonged infusion

Clinical breakpoint (mg/L)

Breakpoint for prolonged/continuous infusion (mg/L)

Enterobacteriaceae P. aeruginosa
Ceftazidine <1 <8 <16
Doripenem <1 <1 <4
Meropenem <2 <2 <8
Piperacillin-tazobactam <8 <16 <16
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infusion therapy in comparison to those already recom-
mended by EUCAST for intermittent dosing.

Human clinical studies

Prolonged or continuous infusion therapy has been
investigated in a range of comparative trials with con-
ventional intermittent injection using different penicil-
lins, cephalosporins and the carbapenem, meropenem.
A range of different Gram-positive and Gram-negative
pathogens have been targeted as well as use an empiric
and definitive therapy in a range of healthcare settings.
It remains unclear which particular patient groups
benefit most from prolonged or continuous infusion
therapy but our existing data suggest patients infected
pathogens with elevated MICs (2—4 fold above existing
EUCAST clinical breakpoints), patients with altered
patho-physiology and those will more severe infection
are most likely to benefit most. However, a systematic
review of continuous infusion Beta-lactams involving
fourteen randomised controlled trials and 846 patients
indicated continuous infusion did not improve clinical
cure (7 = 755, odds ratio 1.10, 95% confidence intervals
0.74-1.46) or mortality (7 = 541, odds ratio 1.0, 95%
confidence interval 0.48-2.06) [28°°]. Hence, patient
selection for prolonged or continuous infusion remains
central to its use in clinical practice as well as the
construction of clinical trials designed to show benefit.
So far, few published studies in man have adequately
studied the risk of emergence of resistance comparing
prolonged or continuous infusion to standard therapy.

Penicillins

Piperacilllin-tazobactam has been studied in a number
of comparative trials comparing prolonged or continuous
infusion to conventional dosing. Continuous infusion
was compared to intermittent infusion in a group of
98 patients with mainly skin and skin structure, respir-
atory or intra abdominal infection and found to be
superior in terms of microbiological success, more rapid
resolution of fever and reduced costs. Clinical cure rates
were not changed [29]. A much larger prospective
randomised trial in complicated intra-abdominal infec-
tion (7 = 262) indicated no differences in clinical cure,
microbiological success, resolution of fever or peripheral
white blood cell count in the continuous infusion group
compared to intermittent injection [30]. Prolonged infu-
sion piperacillin-tazobactam (4 h infusion time) was
compared to intermittent infusion in a group of 194
patients with documented P. aeruginosa infection. In
those patients with APACHE II scores of >17
(n =79) prolonged infusion therapy reduced mortality
and shortened length of stay (p < 0.05). For the majority
of patients (# = 115) who had APACHE scores of <17
mortality and length of stay were unaltered [19]. Unfor-
tunately, in this study, MIC values of the P. aeruginosa
strains were not available and serum concentrations of
drug were not determined. However, in a different
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Table 6

Comparison of clinical cures with continuous infusion or
intermittent dosing piperacillin-tazobactam in VAP [31°]

Continuous Intermittent p value
infusion (n = 27) infusion (n = 46)
Cure (%) 33/37 (89) 26/46 (56) 0.001
Cure
MIC 4 mg/L 18/20 (90) 19/25 (76) 0.20
MIC 8 mg/L 8/9 (89) 6/15 (40) 0.02
MIC 16 mg/L 7/8 (88) 1/6 (17) 0.02

study of continuous infusion piperacillin-tazobactam
compared to standard dosing in patients with ventilator
associated pneumonia (VAP) due to Gram-negative
bacilli (mainly Enterobacteriaceae or P. aeruginosa) a
difference in clinical cure could be related to MIC value
(Table 6) [31°].

Finally, a large retrospective study of 107 patients com-
pared those who received continuous infusion oxacillin to
conventional dosing for MSSA infective endocarditis 30
day mortality and length of stay were similar between the
two groups but microbiological cure was superior with
continuous infusion [32].

Cephalosporins

The pharmacodynamics of cefepime was studied in 29
patients with documented Gram-negative bacillary in-
fection. T > MIC was related to outcome with a micro-
biological success rate of 89% if the T > MIC was 100%
and a cure rate of 0% of the T > MIC was <100% [33].
More recently the rate of clinical cure with ceftobiprole in
skin and skin structure infection was related to a
fT > MIC value of >30% or >50% [34°°].

T'wenty years ago Lagast ez a/. [35] compared continuous
infusion cefoperazone to intermittent injection in 45
patients with Gram-negative septicaemia. No difference
in clinical response was observed. Similar data were
reported for ceftazidime in acute exacerbation of severe
chronic bronchitis where continuous infusion therapy
was as effective as intermittent injections in terms of
clinical and bacteriological outcomes in a cohort of 81
patients [36]. In a retrospective analysis of continuous
versus intermittent infusion ceftazidine in VAP, con-
tinuous infusion therapy was associated a higher rate of
clinical cure (50/56 (89%)) vs 34/65 (52%) OR 12.2 98%
C1 3.5-43.2, p < 0.001). However, no association was
found between the type of ceftazidine infusion, the
MIC of the pathogen and clinical outcome [37]. A
multi-centre prospective randomised cross-over study
comparing continuous infusion to intermittent injection
ceftazidine in patients with cystic fibrosis recruited 69
patients [38°]. Improvement in FEV;, was taken as the
end point and showed no differences between the two
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groups except for patients from whom resistant
(MIC > 32 mg/LL) pathogens were isolated when
FEV,, was better with continuous infusion. The interval
between repeat courses of antibiotics was longer with
continuous infusion and patients preference was greater.
There was no difference in isolation of resistance organ-
isms [38°].

Continuous infusion ceftriaxone, cefuroxine and cepha-
mandole have also been studied in clinical trials. In a
prospective open label randomised study of 57 patients
with clinically diagnosed sepsis showed no difference in
clinical response, or bacteriological responses comparing
continuous versus intermittent infusion ceftriaxone.
However, a logistic regression analysis indicated continu-
ous infusion was associated with improved outcomes
when age and severity of sepsis were controlled for
[39]. A prospective randomised study comparing continu-
ous infusion to intermittent injection cefamandole to treat
febrile episodes in cancer patients the continuous infu-
sion group was equivalent over all to intermittent injec-
tion. However, improved responses were observed in
those with microbiologically confirmed Gram-negative
bacillary infection and those with persistent neutropenia
[40].

Finally, a cohort study comparing continuous infusion
cefuroxine to bolus injection in a range of infections —
mainly pulmonary indicated lower doses of cefuroxine
were used and length of treatment and hospital stay were
shorted and financial savings were made [41].

Carbapenems

A number of studies have reported meropenem phar-
macokinetic and pharmacodynamic properties when
administered by continuous or prolonged infusion.
However, there is very little clinical experience
reported from randomised controlled trials [42]. Lor-
ente e al. [43], performed a retrospective cohort study
in patients with VAP caused by Gram-negative bacilli
who were treated with meropenem by continuous infu-
sion or intermittent injection showing cure rates were
higher in those receiving continuous infusion (38/42

Table 7

(90.5%) vs 28/47 (59.6%), odds ratio 6.4 (95% confi-
dence limits 2.0-21.0, p < 0.001). Responses were not
stratified by MIC.

Risk of emergence of resistance

Clinical pharmacodynamic studies on the impact of
Beta-lactam dosing and risk of resistance are scarce.
It is known that low dose prolonged treatment oral B.
lactams favour the carriage of penicillin resistant Strep-
tococcus pneumoniae in children [44]. In addition, in a
randomised trial short course, high dose amoxicillin
reduced the carriage of penicillin resistant S. preumoniae
compared to low dose, long duration [45]. Data compar-
ing prolonged or continuous infusion therapy Beta-
lactam to conventional dosing are lacking, however,
continuous infusion ceftazidine did not seem to
increase the proportion of resistant P. aeruginosa in
cystic fibrosis patients [38°].

Conclusions

Pre-clinical and human population pharmacokinetic data,
combined with Monte Carlo Simulation, would predict
that continuous or prolonged infusion Beta-lactams would
have clinical benefit. However, the results of clinical trials
comparing these modes of administration to intermittent
injection most often fail to demonstrate superiority in
microbiological or clinical end points. This is most prob-
ably because such trials fail to enrich for the patients most
likely to see benefit and also fail to control for pharma-
cokinetic variability. The patients most likely to benefit
are those infected with pathogens with MIC values at, or
24 fold higher, than the existing EUCAST clinical
breakpoints (Table 5). In addition, therapeutic drug
monitoring of B. lactams with dose individualisation to
achieve pre-defined T > MIC targets may improve
clinical outcomes, reduce risks of resistance and produce
health economic improvements [46°]. At present, the
clinical data do not support the widespread use of con-
tinuous or prolonged infusion B. lactam therapy and it is
unlikely to have a significant impact on meeting the
challenges of increasing Gram-negative resistance as, at
best, it will allow treatment of borderline or low level
resistance.

Unresolved issues for continuous or prolonged infusion Beta-lactam therapy

e What is the optimal fT > MIC target to employ in man — some evidence suggests this needs to be higher than static effect targets in pre-clinical

models.

e |s dose individualisation based on measurement Beta-lactam serum concentrations merited - little data in this area at present
e Which pathogen MICs are most optimally treated with prolonged or continuous infusion therapies — clinical trials required to validate predictions

from population pharmacokinetics and Monte Carlo Simulation

e Which patient groups in which healthcare settings are mot likely to benefit — clinical trials required in severe sepsis and patients with multiple

comorbidities

e How continuous or prolonged infusion therapy impacts on the risk of emergence of resistance in the targeted pathogens — clinical trials required as

little data at present.
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The unresolved issues in continuous or prolonged B.
lactam therapy are listed on Table 7.
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