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ARTICLE

Semimechanistic Pharmacodynamic Modeling of 
Aztreonam-Avibactam Combination to Understand Its 
Antimicrobial Activity Against Multidrug-Resistant Gram-
Negative Bacteria

Alexia Chauzy1,2,†, Bruna Gaelzer Silva Torres1,2,†, Julien Buyck1,2, Boudewijn de Jonge3, Christophe Adier1,4, Sandrine Marchand1,2,4, 
William Couet1,2,4,* and Nicolas Grégoire1,2

Aztreonam-avibactam (ATM-AVI) is a promising combination to treat serious infections caused by multidrug-resistant (MDR) 
pathogens. Three distinct mechanisms of action have been previously characterized for AVI: inhibition of ATM degradation by 
β-lactamases, proper bactericidal effect, and enhancement of ATM bactericidal activity. The aim of this study was to quan-
tify the individual contribution of each of the three AVI effects. In vitro static time-kill studies were performed on four MDR 
Enterobacteriaceae with different β-lactamase profiles. β-Lactamase activity was characterized by measuring ATM con-
centrations over 27 hours. Data were analyzed by a semimechanistic pharmacodynamics modeling approach. Surprisingly, 
even though AVI prevented ATM degradation, the combined bactericidal activity was mostly explained by the enhancement 
of ATM effect within clinical range of ATM (5–125 mg/L) and AVI concentrations (0.9–22.5 mg/L). Therefore, when selecting a 
β-lactamase inhibitor for combination with a β-lactam, its capability to enhance the β-lactam activity should be considered 
in addition to the spectrum of β-lactamases inhibited.

Aztreonam-avibactam (ATM-AVI) is a promising combination 
intended to treat serious infections caused by multidrug-re-
sistant (MDR) pathogens, in particular those producing 
metallo-β-lactamases (MBLs). AVI is a new and potent in-
hibitor of β-lactamases of Ambler classes A and C, includ-
ing serine-based carbapenemases, and some class D, but 
it does not inhibit class B MBLs. However, in combination 
with ATM, a monobactam antibiotic, which is not hydrolyzed 

by MBLs, AVI can restore the ATM antibiotic activity against 
strains that produce a broad range of β-lactamases.1

β-Lactamase inhibitors belonging to the diazabicyclooc-
tane (DBO) class, of which AVI is a representative, can show 
different types of activities.2 These compounds are able to 
covalently bind to serine residues at the active site of a va-
riety of β-lactamases causing enzyme inhibition. They can 
also have a direct antibacterial activity mainly due to the 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔  Three distinct effects have been previously character-
ized for avibactam (AVI): inhibition of aztreonam (ATM) 
degradation by β-lactamases, proper bactericidal effect, 
and enhancement of ATM bactericidal activity.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔  What is the individual contribution of each of the three 
AVI effects on the combined bactericidal activity with ATM?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
✔  The combined bactericidal activity was mostly ex-
plained by the enhancement of ATM effect by AVI, whereas 

the inhibition of β-lactamases by AVI poorly contributed to 
the total effect.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, 
DEVELOPMENT, AND/OR THERAPEUTICS?
✔  Decisions on suitable dosing regimens for ATM-AVI 
combination in particular and, more generally, for any 
β-lactam/β-lactamase inhibitor combination should be 
made considering if the β-lactamase inhibitor is able 
or not to enhance β-lactam activity and not only the  
spectrum of β-lactamases inhibited by β-lactamase 
inhibitor.
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*inhibition of penicillin-binding proteins 2 (PBP2)3 and can 
act as an enhancer when combined with β-lactam agents 
that bind to other PBPs.

To better understand the complex pharmacodynamics 
(PDs) of ATM-AVI combination, a semimechanistic model−
derived from constant-concentration time-kill experiments−
was developed by Sy et  al.4 for MDR Enterobacteriaceae 
(Escherichia coli and Klebsiella pneumonia) and Pseudo- 
monas aeruginosa strains. The model considered the intrin-
sic bactericidal activities of ATM and AVI, degradation of 
ATM due to β-lactamases, and inhibition of ATM degradation 
due to AVI. Additionally, a synergistic function characterizing 
the ability of AVI to enhance ATM activity was implemented 
into the model. The same approach was used to charac-
terize the activity of ceftazidime in combination with AVI for 
P. aeruginosa strains.5

This study aimed to further investigate the individual 
contribution of each of the three AVI PD effects3,6 with 
the following steps: first, extend the semimechanistic PD 
model previously described4 with four additional MDR 
Enterobacteriaceae isolates (representing two additional 
species), and, thereafter, quantify the impact of each AVI ef-
fect by simulating these effects separately in response to 
clinical ATM and AVI concentrations.

METHODS
Chemicals
ATM was purchased from Sigma-Aldrich, St. Quentin 
Fallavier, France. AVI was supplied by Pfizer, New York, NY. 
Stock solutions of 50 mg/mL of ATM in methanol/dimethyl 
sulfoxide (50/50, v/v) and 1 mg/mL of AVI in sterile water 
were prepared and frozen at −80°C. The stock solutions 
were diluted in cation-adjusted Mueller-Hinton broth on the 
day of experiment to achieve the desired concentrations 
used in the static time-kill studies.

Bacterial strains
Four MDR Enterobacteriaceae were obtained from 
International Health Management Associates Laboratory 
(International Health Management Associates, Schaumburg, 
IL). All isolates investigated in the present study produced mul-
tiple β-lactamases as follows: E. coli 1266865 (TEM-OSBL(b),  
CMY-42, and NDM-5), Citrobacter freundii 974673 (SHV-
12(2be), TEM-OSBL(2b), CTX-M-3, CMY-34, and NDM-1), 
Enterobacter cloacae 1285905 (CTX-M-15 and NDM-1), and 
E. cloacae 1318536 (CTX-M-15 and NDM-1). Bacteria were 
stored at −80°C and subcultured in Mueller-Hinton agar 
plates (bioMérieux, Marcy-l’Etoile, France) for 24  hours at 
37°C prior to each experiment.

In vitro strain susceptibility
For each strain, ATM minimum inhibitory concentrations 
(MICs) were determined in the absence and in the presence 
of AVI (0.004–4  mg/L, in twofold increments), according 
to EUCAST broth microdilution method.7 The MICs of AVI 
without ATM were also determined for the four strains.

Static time-kill studies
The in vitro constant-concentration time-kill studies in-
cluded a growth control, AVI alone, ATM alone, and ATM-AVI 

combinations. The concentrations of ATM alone and in 
combination were based on its respective MIC values at 
selected AVI concentrations (ranging from 0−8 mg/L), con-
sisting of 0.25–4 times the MIC in twofold increment.8 In 
the experiments performed with AVI as monotherapy, AVI 
concentrations were chosen to cover the concentrations 
used in combination plus onefold and twofold its MIC, rang-
ing from 0.004−64 mg/L. In sum, 32 static time-kill assays 
were conducted for each strain, including 1 control, 6 lev-
els of AVI alone, 5 levels of ATM alone, and 20 ATM-AVI 
combinations.

On the day of experiment, bacteria inoculum was pre-
pared in sterile saline solution by adjusting the turbidity to a 
McFarland value of 0.5 corresponding to ~1.5 × 108 cfu/mL.  
Then, 200 μL of the bacterial suspension was added to 20 mL 
of cation-adjusted Mueller-Hinton broth containing different 
ATM and AVI concentrations, as described above, achiev-
ing a final bacterial density of 1.5 × 106 cfu/mL. The flasks 
were incubated at 37°C with shaking (150 rpm), and samples 
were collected up to 27  hours (at times 0, 2, 4, 6, 8, 10, 
15, 21, 24, and 27 hours). The samples were diluted in 100-
fold increments in sterile water, and 100 μL of each dilution 
and also undiluted samples were spread on Mueller-Hinton 
agar plates using an automatic diluter and plater (easySpiral 
Pro; Interscience, Saint-Nom-la-Bretèche, France). Bacterial 
colonies were counted using an automatic colony counter 
(Scan 300; Interscience, Saint-Nom-la-Bretèche, France) 
after 16–18 hours of incubation at 37°C. The lower limit of 
bacterial colony quantification was 200  cfu/mL. All exper-
iments were performed at least in duplicate on separate 
occasions.

The presence of less-susceptible subpopulations of bac-
teria was assessed by plating an initial inoculum of 108 cfu/
mL onto agar plates supplemented with ATM-AVI at concen-
trations of 1–16 times the ATM MIC in combination.

Drug stability analysis
Actual concentrations of ATM and AVI in the media during 
the time-kill experiments were measured by liquid chro-
matography tandem mass spectrometry (Supplementary 
Material S1) in order to monitor ATM and AVI degradation. 
Samples collected for bacterial counts at times 0, 8, 15, 
and 24 hours were centrifuged (14,000g for 5 minutes), and 
supernatants were stored at −80°C until assay. For the ex-
periments performed with ATM alone, all samples collected 
during time-kill studies were used for drug quantification 
because a higher degradation rate was expected in the ab-
sence of AVI.

PD model
The previous semimechanistic model developed by Sy 
et al.4 was applied to the time-kill studies data—bacterial 
counts and drug concentrations—and slightly modified to 
describe bacterial response to ATM-AVI combinations and 
ATM degradation for the additional studied strains.

The model was developed using NONMEM 7.4 in two 
steps: first, bacterial counts were fitted assuming no drug 
degradation; then, parameters related to bacterial response 
were fixed, and drug concentrations data were included in 
the data set to estimate the parameters for ATM degradation 
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and inhibition by AVI. In the final model, parameters for both 
bacteria and drug data were estimated simultaneously. The 
detailed explanation of the in vitro PD model is available in 
the Supplementary Material.

Simulations
Simulations using the final model (full model) were con-
ducted to predict bacterial counts in response to a con-
stant concentration of 25  mg/L of ATM and 4.5  mg/L of 
AVI, mimicking the average concentrations (Cavg) achieved 
in humans after administration every 8 hours of 2 g ATM 
alone9 and 0.5  g AVI in combination with ceftazidime.10 
ATM degradation and its inhibition by AVI were also pre-
dicted. Additionally, the final model was reduced by keep-
ing the parameters related to only one AVI effect each 
time—β-lactamase inhibition, bactericidal activity, or en-
hancement of β-lactam activity—and new simulations were 
conducted in order to evaluate the individual contribution 
of each AVI effect. A detailed procedure of how the full 
model was reduced is described in the Supplementary 
Material. Simulations using a model maintaining only the 
parameters related to ATM bactericidal effect were also 
performed for comparison purposes. For all additional sim-
ulations, the same constant average concentrations were 
used. Moreover, the way that clinically observed range of 
ATM-AVI concentrations impacts AVI effects was investi-
gated. Complementary simulations were carried at high 
(125 and 22.5 mg/L for ATM and AVI, respectively) and low 
(5 and 0.9  mg/L for ATM and AVI, respectively) concen-
tration levels using the final and the reduced models. The 
high levels were close to peak concentrations (Cmax) and 
the low levels to concentrations achieved during the elimi-
nation phase after administration of 2 g ATM and 0.5 g AVI 
every 8 hours.9,10 The area under each simulated log10 col-
ony-forming unit (CFU)-time curve (AUCCFU) was then de-
termined. The maximum effect of the combination for each 
concentration level was defined as the difference between 
the AUCCFU of the control (AUCCFU,control, with no drug) and 
the AUCCFU when all effects (ATM effect + the three AVI ef-
fects) were taken into account (AUCCFU,full). The percentage 
of the maximum effect induced by each AVI effect was then 
calculated, as follows:

Where i corresponded to the AVI effect considered.

RESULTS
In vitro strains susceptibility
MICs of ATM in the absence and presence of 4 mg/L of 
AVI and MICs of AVI alone are presented in Table 1 for 
the four strains studied. All strains were resistant to ATM 
alone resulting in elevated MIC values (between 32 and 
512 mg/L). AVI restored the susceptibility of all strains to 
ATM according to the EUCAST resistant breakpoint of ATM 
for Enterobacteriaceae (>4 mg/L),11 although the impact of 
AVI on E. coli strain was much less pronounced than on 
the others. AVI showed some, while limited, intrinsic anti-
microbial activity with MIC values of 16 and 32 mg/L.

Static time-kill studies and drug stability
The static time-kill profiles and ATM degradation are 
partly shown in representative Figures 1 and 2 for E. coli 
1266865 and E.  cloacae 1285905. Complete profiles 
containing all ATM-AVI combinations tested for the four 
strains are shown in Supplementary Material (Figures 
S1–S4). Top panels represent bacterial counts over time, 
and bottom panels show the corresponding percentage 
of ATM remaining in the system.
In the experiments performed with ATM alone (Figures 1 and 2,  
top panels a), for all studied strains, an increase in ATM 
concentrations resulted in an increase in bacterial killing. 
Except for E.  coli 1266865 (Figure 1, bottom panels a),  
ATM degradation was observed for all the other strains 
when ATM concentrations were not sufficient to decrease 
bacterial counts from the initial inoculum (Figure 2, bottom 
panels a). ATM degradation was, thus, dependent on bac-
terial counts and visual observation of curves suggested 
that ATM degradation was rapid when bacteria reached 
~107 cfu/mL, consistent with previous results.12

AVI alone had bactericidal activity against all strains at con-
centration levels of onefold and twofold the MIC (Figures 1  
and 2, top panels b), and no relevant AVI degradation was 
observed (data not shown).

In combination, an increase in bacterial susceptibility 
to ATM was observed resulting from increasing concen-
trations of AVI; therefore, at the same ATM level, different 
bactericidal activity was observed according to AVI con-
centrations (Figures 1 and 2, top panels c). In addition, 
the rate and extent of ATM degradation was also related to 
AVI concentrations because AVI could prevent ATM deg-
radation in a concentration-dependent manner starting at 
very low AVI concentrations, such as 0.004 mg/L (Figure 2, 
bottom panels c). By contrast, in E. coli 1266865, in which 
no relevant ATM degradation was observed even in the 
absence of AVI (Figure 1, bottom panels), an increase of 
ATM bactericidal activity related to AVI concentration was 
still observed (Figure 1, top panels c).

PD model
The schematic representation of the refined model 
that characterized the bacterial response of these four 

% maximum effect=
(AUCCFU,control−AUCCFU,i )

(AUCCFU,control−AUCCFU,full)
×100

Table 1 Susceptibility and β-lactamase content of the MDR strains

Strain β-lactamases

MIC (mg/L)

ATM ATM-AVIa AVI

Escherichia 
coli 1266865

NDM-5, TEM-
OSBL(b), CMY-42

32 4 16

Citrobacter 
freundii 
974673

NDM-1, SHV-12(2be), 
TEM-OSBL(2b), 

CTX-M-3, CMY-34

512 0.125 16

Enterobacter 
cloacae 
1285905

NDM-1, CTX-M-15 64 0.25 32

Enterobacter 
cloacae 
1318536

NDM-1, CTX-M-15 512 0.125 16

ATM, aztreonam; AVI, avibactam; MDR, multidrug resistant; MIC, minimum 
inhibitory concentration.
aAVI at 4 mg/L.
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additional studied strains to ATM-AVI combination is il-
lustrated in Figure 3, and model parameter estimates are 
summarized in Table 2. The semimechanistic PD model 
presented here described reasonably well the growth and 

death of the four strains in response to ATM and AVI, as well 
as the  bacteria-mediated ATM degradation and the inhibi-
tion of ATM degradation by AVI, as shown in Figures 1, 2 
and Figures S1–S4.

Figure 1 Model-prediction and observed static time-kill curves of (a) ATM alone, (b) AVI alone, and (c) ATM-AVI in combination against 
Escherichia coli 1266865 over 27 hours (top panels) and the percentage of the initial ATM concentration remaining in the system 
during the time-kill experiments (bottom panels). The symbols represent the experimental data (n = 2) and the color-matched lines the 
predictions from the pharmacodynamic model. ATM, aztreonam; AVI, avibactam.

Figure 2 Model-prediction and observed static time-kill curves of (a) ATM alone, (b) AVI alone, and (c) ATM-AVI in combination against 
Enterobacter cloacae 1285905 over 27 hours (top panels) and the percentage of the initial ATM concentration remaining in the system 
during the time-kill experiments (bottom panels). The symbols represent the experimental data (n = 2) and the color-matched lines the 
predictions from the pharmacodynamic model. ATM, aztreonam; AVI, avibactam.
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Bacterial population was divided into two subpopulations: 
P1 (responding to changes in ATM and AVI concentrations) 
and P2 (less susceptible to ATM and not responding to AVI). 
The proportion of P2 in the initial inoculum experimentally de-
termined for each strain was used to define the initial con-
ditions of P1 and P2 (P2 fraction; Table 2). At the start of the 
experiment, the majority of bacteria was in the susceptible 
state with P2 being around 1/105  −  1/107 of P1. Moreover, 
differently from the reference model,4 both subpopula-
tions were actively growing at the same growth rate (Kgrowth,  
Table 2 and Figure 3), because the estimation of two different 
parameters for P1 and P2 resulted in very close values and a 
nonsignificant decrease in the objective function value given 
by NONMEM. No conversion between bacteria subpopulation 
was assumed.

ATM bactericidal activity was characterized by a sigmoidal 
maximum effect (Emax) model, and AVI enhancing effect was 
modeled as a decrease of ATM half-maximal effective con-
centration (EC50) with increasing AVI concentrations using a 
bi-exponential function,4 except for E. coli 1266865 for which 
a mono-exponential function better described the interaction 
between AVI concentration and ATM EC50. The ATM-AVI inter-
action can be evaluated based on α and β values. At the same 
AVI concentrations, high α and β values result in an important 
decrease in ATM EC50 and, thus, an increase in ATM potency. 
Between the strains investigated, E.  coli 1266865 showed 
the lowest α value (α = 0.42 L/mg), meaning that higher AVI 
concentrations are necessary to observe the same decay in 
ATM EC50 as for the other strains (α = 25.9−42.3 L/mg). In the 
present model, the ratio between EC50 values for the P1 and 
P2 subpopulations was referred as resistance factor and was 
ranging between 8 and 29, depending on the strains (Table 2).

Another sigmoidal Emax model was used to describe the 
bactericidal activity of AVI observed in all strains. For E. coli 

1266865 and E.  cloacae 1318536, large values were pre-
dicted for the Hill coefficient (φ = 12.9 and 8.91, respectively), 
and consequently, AVI effect could be described as an all-
or-none response. Thus, no AVI bactericidal activity was 
observed at concentrations lower than the predicted EC50 
and, at levels above the EC50, AVI showed almost maximum 
bactericidal activity (Figures 1 and 2, top panels b). No AVI 
effect was assumed on the P2 subpopulation because the 
EC50 values predicted by the model were much greater than 
the highest AVI concentrations used in the time-kill studies 
(32–64 mg/L) and were estimated with low precision.

Like in the reference model, ATM degradation rate was 
proportional to ATM concentration and depended on bac-
terial counts (P1 + P2). Different models were investigated to 
describe ATM degradation, and the selection of a model was 
based on the objective function value and graphical analysis 
(goodness-of-fit graphics). In the present model, the bacterial 
counts impacted on ATM degradation according to an expo-
nential function instead of an Emax model. The prevention of 
degradation by AVI was modeled according to a fractional in-
hibitory Emax model, as described elsewhere.5,8 Very low AVI 
concentrations were sufficient to prevent ATM degradation, as 
shown by the low estimated IC50 values (Table 2). Drug deg-
radation model was not incorporated for the E. coli 1266865 
strain because none was observed (Figure 1, bottom panels).

Simulations
The final model was used to simulate bacterial counts and 
ATM concentrations over time by taking into account ATM 
bactericidal effect and each of the three different effects of 
AVI separately against the four investigated strains. The indi-
vidual contribution of each AVI effect during simulated static 
time-kill studies is shown in representative Figures 4 and 5 
for E. coli 1266865 and E. cloacae 1285905. The result of the 

Figure 3 Schematic representation of the final model used to characterize ATM-AVI killing effect on drug-susceptible (P1) and less-
susceptible (P2) bacteria. The model also included ATM degradation due to β-lactamases and its inhibition by AVI. ATM, aztreonam; 
AVI, avibactam.
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Table 2 Parameter estimates for the PD model based on four Enterobacteriaceae strains static time-kill kinetics and ATM degradation

Parameter Description

Estimate (RSE%)

Escherichia 
coli 1266865

Citrobacter 
 freundii 974673

Enterobacter 
cloacae 1285905

Enterobacter 
cloacae 1318536

Structural model

Nmax (log10 cfu/mL) Maximum bacterial population size sup-
ported by the system

8.44 (0.27) 8.44 (0.27) 8.44 (0.27) 8.44 (0.27)

INOC (log10 cfu/mL) Bacterial count at t = 0 6.01 (0.39) 6.01 (0.39) 6.01 (0.39) 6.01 (0.39)

P2 fraction Fraction of less sensitive subpopulation 
(P2) present at t = 0

0.00001 fix 0.00001 fix 0.00002 fix 0.0000001 fix

Kgrowth (h
−1) Bacterial growth rate constant 0.907 (5.43) 1.1 (3.64) 1.15 (2.86) 1.24 (1.23)

Emax,ATM (h−1) Maximum kill rate constant associated to 
ATM

2.62 (5.1) 1.76 (3.1) 1.6 (2.3) 1.86 (1.7)

A (mg/L) First parameter of bi-exponential func-
tion to characterize ATM EC50 in 

monotherapy

31.8 (11.5) 99.1 (6.8) 2.94 (7.7) 67.9 (3.3)

B (mg/L) Second parameter of bi-exponential 
function to characterize ATM EC50 in 

monotherapy

0 fix 0.494 (6.5) 0.241 (6.7) 0.402 (5.7)

α (L/mg) Exponential constant associated with A 
parameter that describes the relation-

ship between AVI concentration and ATM 
potency

0.42 (1.5) 37.2 (1.2) 25.9 (3.1) 42.3 (2.8)

β (L/mg) Exponential constant associated with B 
parameter that describes the relation-

ship between AVI concentration and ATM 
potency

0 fix 0.548 (1.8) 0.602 (3.4) 0.412 (5.8)

γ Hill coefficient that determined the steep-
ness of the slope of the sigmoidal Emax 
curve associated with ATM bactericidal 

effect

1.48 (8.1) 1.42 (5.6) 2.65 (7.0) 1.52 (3.7)

Resistance factor EC50 increasing factor for the less sensitive 
subpopulation

8.09 (5.7) 9.39 (4.2) 18 (7.2) 29.1 (4.2)

Emax,AVI (h
−1) Maximum kill rate constant associated to 

AVI
2.28 (2.0) 1.29 (7.1) 1.69 (7.0) 2.14 (4.3)

EC50,AVI (mg/L) Concentration of AVI that achieves half of 
the maximum kill rate for P1

14.5 (2.8) 17.3 (6.8) 14.8 (14.7) 12 (5.1)

φ Hill coefficient that described the steep-
ness of the slope of the sigmoidal Emax 
curve associated with AVI bactericidal 

effect

12.9 (29.5) 4.63 (15.1) 2.1 (15.3) 8.91 (22.9)

Degmin (h
−1) Minimum degradation rate constant of ATM – 0.00462 (8.9) 0.000129 (2.9) 0.000166 (2.7)

ψ (mL/cfu) Exponential constant associated with 
Degmin that describes the relationship 
between the bacterial density (P1 + P2) 

and ATM degradation

– 0.563 (2.2) 1 fix 1 fix

IC50 (mg/L) AVI concentration corresponding to a 50% 
decrease in ATM degradation rate

– 0.0000213 (48.4) 0.000185 (22.0) 0.0128 (8.3)

ϕ Hill coefficient that described the steep-
ness of the slope of the sigmoidal Emax 
model for inhibition of ATM degradation 

by AVI

– 0.207 (6.5) 0.522 (6.9) 1.48 (5.9)

Residual variability

Additive error for 
bacterial counts 
(log10 cfu/mL)

Additive residual error that accounts to the 
difference between the observed values 
and model-predicted values for bacterial 

counts

0.97 (2.8) 0.708 (2.2) 0.845 (2.8) 0.782 (2.1)

Proportional error 
for ATM concen-
trations (%)

Proportional residual error that accounts 
to the difference between the observed 
values and model-predicted values for 

ATM concentration

10.1 (3.8) 49.4 (3.6) 24.4 (4.1) 33.3 (3.4)

ATM, aztreonam; EC50, half-maximal effective concentration; Emax, maximum effect; PD, pharmacodynamic; RSE, Relative standard error.
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simulations for C.  freundii 974673 and E. cloacae 1318536 
can be found in Figure S5. For all strains investigated, at a 
constant concentration of 25 mg/L of ATM and 4.5 mg/L of 
AVI, simulations based on the full model (i.e., with all effects 
taken into account) predicted bacterial killing, representing 
maximum effect of the combination, and no ATM degrada-
tion. The inhibitory effect of 4.5 mg/L AVI was predicted to 
prevent ATM degradation whatever the strain. However, this 
inhibitory effect did not prevent bacterial growth and resulted 
in a percentage of maximum effect close to that obtained 
with ATM alone (between 1.9% and 28.7% depending on the 
strain). When only ATM + AVI bactericidal effects were con-
sidered, bacterial growth was also predicted for all strains. 
According to the simulations, the effect that explained the 
combination efficacy was AVI enhancing effect, which by it-
self yielded a similar bacterial killing to the one obtained with 
the full model (around 100% of the maximum effect).

The different effects of AVI were also assessed at low 
and high ATM (5 and 125 mg/L, respectively) and AVI (0.9 
and 22.5  mg/L, respectively) concentrations, that can be 
obtained in clinical practice when dosed every 8 hours at 
2 g and 0.5 g, respectively (Figures S6 and S7). At low AVI 
levels, a bactericidal effect similar to that predicted with the 
full model was solely simulated with the AVI enhancing ef-
fect (between 82.5% and 100% of maximum effect), as it 
was observed at average concentrations. At high concentra-
tions, AVI enhancing effect remained predominant for three 
of four strains, but the bactericidal effects of ATM and AVI 

also contributed to total effect (up to 99.3% for E. cloacae 
1285905). Whatever the strain, the inhibitory effect of AVI 
poorly contributed to total effect (ATM effect + AVI inhibitory 
effect resulted in bacterial response similar to that for ATM 
alone with prediction of the corresponding AUCCFU very 
close).

DISCUSSION

Drug interactions can be complex, and a more complete 
understanding of the pharmacokinetic-PD relationship of 
both drugs is crucial for optimizing drug combination dos-
ing regimens.13 Semimechanistic PD models are promis-
ing tools to quantify drug interactions, and, in this context, 
a PD model previously developed for ATM-AVI combi-
nation4 could be extended for the four additional MDR 
Enterobacteriaceae evaluated in this study. The strains 
were chosen due to their various levels of resistance to 
ATM (MICs ranging from 32−512 mg/L), β-lactamase pro-
files—all strains producing diverse β-lactamases, includ-
ing MBLs, such as NDM-1 and NDM-5—and for being of 
different species from those previously studied.

According to Sy et  al.,4 a phenomenon of heteroresis-
tance was observed. However, to better characterize our 
data, slight modifications were made on the original model: 
both subpopulations were assumed to grow actively and 
ATM to exhibit bactericidal effect also on the less-suscep-
tible subpopulation with a higher EC50. In doing this, there 

Figure 4 Simulations of the different effects of AVI on bacterial counts (top panels) in response to constant concentrations of 25–
4.5 mg/L ATM-AVI in Escherichia coli 1266865, for which no ATM degradation was observed (bottom panels). Dashed lines correspond 
to the limit of quantification. Grey curve represents the control (0% effect) and red curve the maximum effect in bacterial killing (100%) 
predicted when all effects (ATM effect + the three AVI effects) are taken into account. The percentage of the maximum effect induced 
by ATM and each AVI effect is indicated for each simulated profile. ATM, aztreonam; AVI, avibactam.
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was no need for a delay function to explain regrowth. In 
our model, the proportion of P2 varied over time because 
this subpopulation was less susceptible to ATM-AVI and 
observed regrowth corresponded to P2. However, this P2 
subpopulation was not microbiologically characterized, and 
it is not clear if this subpopulation was stable with time or if 
some other mechanisms of resistance developed over time 
(e.g., persisters). Moreover, ATM degradation was modeled 
according to an exponential function instead of an Emax 
model, and the prevention of ATM degradation was related 
to AVI concentrations. In our study, this could be explained 
by the fact that lower AVI concentrations were used in com-
bination and not only high AVI levels that could prevent the 
whole degradation. In this way, the relationship between AVI 
levels and the degree of ATM degradation could be charac-
terized as performed for ceftazidime-avibactam.5

β-Lactamase inhibition by AVI was evaluated indirectly 
by monitoring the time course of ATM concentrations in the 
presence and absence of AVI. Similar to what was reported 
by Sy et al.,12 in the absence of AVI, no ATM degradation was 
observed in the time-kill study for the E. coli isolate, despite 
the differences between β-lactamases expressed by these 
isolates (Figure 1, bottom panels). As expected, for the other 
strains, AVI could prevent ATM degradation even at very low 
concentrations consistent with its very high efficacy.2

Surprisingly, although AVI efficiently prevented ATM deg-
radation by β-lactamases, our model suggested that this 
effect was not the most important to explain bacterial kill-
ing. In fact, at an average concentration of ATM of 25 mg/L, 
when only AVI inhibitory effect was taken into account and 
ATM degradation was totally prevented for most strains, 
ATM concentrations were not high enough to yield bacterial 

killing, producing no more than 30% of maximum effect 
(Figure 5). Indeed, ATM concentrations were still lower than 
EC50 of ATM in monotherapy (EC50 either for the susceptible 
or less-susceptible subpopulation). Therefore, keeping ATM 
concentrations stable thanks to β-lactamases inhibition was 
not sufficient to explain bacterial killing observed when ATM 
was combined with AVI.

Besides the β-lactamase inhibitory effect, AVI shows in-
trinsic bactericidal activity at higher concentrations14 due to 
inhibition of PBP2.3 MIC values for AVI alone were around 
16–32 mg/L for the four Enterobacteriaceae studied, consis-
tent with previously reported values for others isolates.3,14,15 
This effect affected bacterial counts only at high concentra-
tion (22.5 mg/L), which suggests that in clinical practice it 
would be marginal because concentrations will rapidly de-
crease due to the short half-lives of both compounds (termi-
nal half-life ATM = terminal half-life AVI = 2 hours).10,16

As described for other β-lactamase inhibitors belonging to 
the DBO class, a third effect could be characterized for AVI, 
which is the capability to enhance ATM activity. Although AVI is 
not considered a potent β-lactam enhancer,2,17 this effect was 
shown to be the most important to achieve full bacterial erad-
ication, according to the simulations performed in the present 
study (around 100% of maximum effect; Figures 4 and 5).  
The enhancement of the activity of ATM by AVI occurs due 
to the simultaneous binding to different PBPs in the bacte-
rial membrane.2,18 ATM targets PBP3,19 whereas AVI binds to 
PBP2.3 Similar findings were observed when AVI was com-
bined with ceftazidime,5 a β-lactam that also targets PBP3.20 
This AVI mechanism of action, successfully implemented in 
the model, confirms the recent results from Sutaria et  al.18 
suggesting that when combining two β-lactams, or a β-lactam 

Figure 5 Simulations of the different effects of AVI on bacterial counts (top panels) and ATM degradation (bottom panels) in 
Enterobacter cloacae 1285905 in response to constant concentrations of 25–4.5 mg/L ATM-AVI. Dashed lines correspond to the limit 
of quantification. Grey curve represents the control (0% effect) and red curve the maximum effect in bacterial killing (100%) predicted 
when all effects (ATM effect + the three AVI effects) are taken into account. The percentage of the maximum effect induced by ATM 
and each AVI effect is indicated for each simulated profile. ATM, aztreonam; AVI, avibactam.
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with a β-lactamase inhibitor that has affinity for PBPs, it is im-
portant to consider their respective affinity for PBPs and the 
relative expression of PBPs. Differently to what was observed 
for AVI combined with ceftazidime against an E. coli strain,2 
the enhancing effect could be observed even at low and clini-
cally attainable concentrations (Figure S6). This enhancing ef-
fect was characterized in the model by a dramatic decrease of 
ATM EC50 in the presence of clinically achievable AVI concen-
trations, restoring the susceptibility of the four different strains 
to ATM. This effect can be particularly apprehended with the 
E. coli strain, for which no hydrolysis of ATM was observed but 
whose ATM MIC decreased from 32 to 4 mg/L in the presence 
of 4 mg/L of AVI. Moreover, it should be noted that by enhanc-
ing ATM efficacy, this effect decreased bacterial counts and, 
thus, reduced ATM hydrolysis by β-lactamases (Figure 5).

Knowing that AVI has three distinct effects—β-lactamases 
inhibition, bactericidal activity, and enhancement of ATM ac-
tivity—and the last one being the major contributor for the 
final combined effect, at least during time-kill studies, dosing 
regimens should be optimized in order to achieve the maxi-
mum interaction. Today, the majority of dosing regimens for 
β-lactam/β-lactamase inhibitor combinations are chosen as-
suming that the only effect of the β-lactamase inhibitor is to 
prevent β-lactam degradation, and, thus, the combination 
is chosen mainly based on the β-lactamases expressed by 
pathogens. The findings of the present study suggest that 
β-lactamase inhibitors belonging to the DBO class should 
rather be chosen based on their pharmacological synergy 
with the β-lactam, and particularly, as suggested by Sutaria 
et al.,18 on their respective affinity for PBPs.

Nevertheless, this study has its limitations. The model and 
simulations were derived from static time-kill experiments 
and could, therefore, characterize the relative contribution 
of the various mechanism of action to the overall antimicro-
bial effect, at least during the early stage of treatment, be-
cause a time effect on ATM-AVI PDs may not be excluded. 
Therefore, complementary in vitro (hollow-fiber) and even in 
vivo experiments (using murine infection models) should be 
necessary before using this PD model to evaluate the con-
tribution of each AVI effect in the clinical setting. Moreover, a 
small number of strains was included in this study due to the 
time and resources required for time-kill studies with drug 
combinations, and, thus, no inter-strain variability was im-
plemented in the model. More strains should be investigated 
to well characterize such variability, identify relevant covari-
ates, and predict responses for other isolates not studied. 
It is also important to keep in mind that semimechanistic 
models are simplifications of the biological processes and 
do not predict with accuracy what will occur in patients but 
still are informative tools that enable the integration of all 
available data to explore the complex interaction between 
drug combinations.

In conclusion, clinical concentrations of ATM and AVI 
showed efficacy in vitro against MDR Enterobacteriaceae 
producing MBLs, and the semimechanistic PD model 
could well characterize the three previously reported 
effects of AVI. On top of that, in the present study, the 
individual contribution of each AVI effect to the com-
bined activity with ATM was evaluated. Within the clini-
cal range of ATM-AVI concentrations, even though AVI 

demonstrated high efficiency to prevent ATM hydrolysis, 
the combined bactericidal activity was mostly explained 
by AVI enhancing effect. This suggests that, in the choice 
of a β-lactam/β-lactamase inhibitor combination, the syn-
ergy between the β-lactamase inhibitor and the β-lactam 
should also be considered in addition to the spectrum of 
β-lactamases covered by the β-lactamase inhibitor.

Supporting Information. Supplementary information accompa-
nies this paper on the CPT: Pharmacometrics & Systems Pharmacology 
website (www.psp-journal.com).

Figure S1. Model-prediction and observed static-time kill curves of ATM 
and AVI against E. coli 1266865 over 27 hours (top panels) and the per-
centage of the initial ATM concentration remaining in the system during 
the time-kill experiments (bottom panels).
Figure S2. Model-prediction and observed static-time kill curves of 
ATM and AVI against C. freundii 974673 over 27 hours (top panels) and 
the percentage of the initial ATM concentration remaining in the system 
during the time-kill experiments (bottom panels).
Figure S3. Model-prediction and observed static-time kill curves of 
ATM and AVI against E. cloacae 1285905 over 27 hours (top panels) and 
the percentage of the initial ATM concentration remaining in the system 
during the time-kill experiments (bottom panels).
Figure S4. Model-prediction and observed static-time kill curves of 
ATM and AVI against E. cloacae 1318536 over 27 hours (top panels) and 
the percentage of the initial ATM concentration remaining in the system 
during the time-kill experiments (bottom panels).
Figure S5. Simulations of the different effects of AVI on bacterial counts 
in response to constant concentrations of 25–4.5 mg/L ATM-AVI in four 
Enterobacteriaceae strains.
Figure S6. Simulations of the different effects of AVI on bacterial counts 
in response to constant concentrations of 5–0.9 mg/L ATM-AVI in four 
Enterobacteriaceae strains.
Figure S7. Simulations of the different effects of AVI on bacterial counts 
in response to constant concentrations of 125–22.5 mg/L ATM-AVI in 
four Enterobacteriaceae strains.
Supplementary Material S1. Contains drug stability analysis, a de-
tailed explanation of the in vitro PD model, the procedure of how the full 
model was reduced to conduct simulations and the model code.
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