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ABSTRACT In the phase 3 ASPECT-NP trial (NCT02070757), ceftolozane/tazobactam
(C/T) was noninferior to meropenem for treatment of Gram-negative ventilated
hospital-acquired bacterial pneumonia and ventilator-associated bacterial pneumonia
(vHABP/VABP). Here, we report outcomes in participants from ASPECT-NP with renal
impairment (RI). Participants were categorized by their baseline renal function as fol-
lows: normal renal function (NRF; creatinine clearance [CLCR], �80 ml/min), mild RI
(CLCR, �50 to �80 ml/min), moderate RI (CLCR, �30 to �50 ml/min), and severe RI
(CLCR, �15 to �30 ml/min). Dosing of both study drugs was adjusted based on re-
nal function. The following C/T doses were administered every 8 h: NRF or mild RI, 3
g; moderate RI, 1.5 g; and severe RI, 0.75 g. The primary and key secondary end-
points were day 28 all-cause mortality (ACM) and clinical response at the test-of-cure
visit in the intention-to-treat (ITT) population, respectively. In the ITT population, day
28 ACM rates for the C/T arm versus the meropenem arm were 17.6% versus 19.1%
(NRF), 36.6% versus 28.6% (mild RI), 31.4% versus 38.5% (moderate RI), and 35.3%
versus 61.9% (severe RI). Rates of clinical cure in the ITT population for the C/T arm
versus the meropenem arm were 58.1% versus 58.5% (NRF), 54.9% versus 45.5%
(mild RI), 37.1% versus 42.3% (moderate RI), and 41.2% versus 47.6% (severe RI).
Small sample sizes in the RI groups resulted in large 95% confidence intervals (CIs),
limiting conclusive interpretation of the analysis. Both drugs were well tolerated
across all renal function groups. Overall, these results support the use of the study
dosing regimens of C/T for treatment of vHABP/VABP in patients with RI. (This study
has been registered at ClinicalTrials.gov under identifier NCT02070757.)
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Nosocomial pneumonia (NP), which includes hospital-acquired bacterial pneumonia
(HABP) and ventilator-associated bacterial pneumonia (VABP), is one of the most

common hospital-associated infections (1, 2). Mortality rates are high in NP, ranging
from approximately 10% to 20% for nonventilated HABP to 10% to 30% for VABP and
20% to 40% for ventilated HABP (vHABP) (3–5). Patients with HABP/VABP caused by
antibacterial-resistant isolates have mortality rates 2.9-fold higher than those of pa-
tients infected with susceptible isolates (6).

Ceftolozane/tazobactam (C/T), a combination of the novel cephalosporin ceftolo-
zane and the �-lactamase inhibitor tazobactam, has activity against many pathogens
that cause HABP/VABP, including multidrug-resistant Pseudomonas aeruginosa and
extended-spectrum �-lactamase (ESBL)-producing Enterobacterales (7–10). The results
from a clinical trial conducted to assess bronchopulmonary penetration of ceftolozane
and tazobactam suggested that both agents penetrate the epithelial lining fluid of
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healthy participants and critically ill participants with confirmed or suspected pneu-
monia (11, 12). C/T was approved for the treatment of patients with HABP/VABP at a
dose of 3 g (2 g ceftolozane and 1 g tazobactam) every 8 h based on the phase 3
ASPECT-NP trial, which demonstrated that C/T was noninferior to meropenem for the
treatment of adults with vHABP or VABP (ClinicalTrials.gov registration NCT02070757)
(13). The C/T dose approved for HABP/VABP is double that approved for the treatment
of complicated intra-abdominal infections (cIAIs) and complicated urinary tract infec-
tions (cUTIs) (14).

Renal impairment (RI) is a common complication in critically ill patients and is
associated with a substantial mortality risk, particularly among patients in the intensive
care unit (15–17). C/T is primarily eliminated via the kidneys, and a previous clinical
study in participants with RI, along with previous pharmacokinetic (PK) analyses,
suggested that renal impairment was associated with reduced clearance of ceftolo-
zane and tazobactam, leading to greater exposures of both agents; therefore,
dosage reductions are recommended for patients with moderate and severe RI and
are designed to match the exposures obtained with recommended C/T doses in
patients with normal renal function (18–21).

As observed in clinical trials for other antibacterial agents, reduced clinical cure rates
were reported for participants with RI in clinical trials of C/T for the treatment of cIAI
and cUTI (22–25). ASPECT-NP included participants with severe RI on account of the
critically ill nature of the HABP/VABP participant population, while previous studies of
C/T for the treatment of cIAI/cUTI excluded these participants (13, 26, 27). Therefore, we
performed a secondary analysis of ASPECT-NP data to assess the efficacy and safety of
C/T for the treatment of vHABP/VABP in participants with RI, including participants with
severe RI.

RESULTS
Participant demographics and baseline characteristics. From January 2015 to

April 2018, a total of 119 study sites enrolled and randomized 726 participants
(intention-to-treat [ITT] population) to receive C/T (362 participants) or meropenem
(364 participants). Among participants who were randomized to receive C/T and
meropenem, 245 (67.7%) and 250 (68.7%), respectively, completed the study.
Participant disposition is shown in Fig. S1 in the supplemental material.

For purposes of this analysis, participants were assigned to renal function groups
based on their baseline creatinine clearance (CLCR) values. A total of 258 participants
(C/T, n � 134; meropenem, n � 124) had RI at baseline; of these, 217 participants
(84.1%; C/T, n � 115 [85.8%]; meropenem, n � 102 [82.3%]) continued to have RI
throughout the study treatment period (Table S1). Of these 217 participants who
remained renally impaired in both treatment arms, 171 (78.8%) remained in the same
RI group, while 32 (14.7%) had improved renal function to a less severe category of RI
(i.e., moderate to mild, or severe to moderate/mild) and 14 (6.5%) had worsening renal
function to a more severe category. Among the 46 participants with RI whose renal
function category changed, 43 (93.1%) had their study drug dosing adjusted according
to the protocol, as described in Materials and Methods.

Demographics and baseline clinical characteristics were generally well balanced
between treatment arms within renal function groups (Table 1) (28). Overall, partici-
pants with RI were older than those with normal renal function. Within both treatment
arms, the proportion of participants with a diagnosis of vHABP increased with wors-
ening RI. Participants with RI had greater severity of illness based on a higher propor-
tion of participants with Acute Physiology and Chronic Health Evaluation (APACHE) II
scores of �20 and Sequential Organ Failure Assessment (SOFA) scores of �7; mean
APACHE II scores were highest among participants in the moderate and severe RI
groups.

Efficacy. In both the ITT and microbiological ITT (mITT) groups, day 28 all-cause
mortality (ACM) rates were numerically higher for all RI groups in both treatment arms
compared with participants with normal renal function (Fig. 1A and B). Day 28 ACM
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rates for the C/T treatment arm were consistent across mild, moderate, and severe RI
groups (31.4% to 36.6% [ITT]; 27.3% to 34.5% [mITT]), while rates for the meropenem
arm increased as RI increased (mild RI, 28.6% [ITT] and 30.4% [mITT]; moderate RI, 38.5%
[ITT] and 42.1% [mITT]; severe RI, 61.9% [ITT] and 57.1% [mITT]). Within renal function
groups, day 28 ACM rates were generally comparable between treatment arms, as
demonstrated by 95% confidence intervals (CIs) that included 0 (Fig. 1A and B).

In the ITT population, clinical cure rates at the test-of-cure (TOC) visit were numer-
ically lower in the moderate and severe RI groups across both treatment arms (C/T,
37.1% to 41.2%; meropenem, 42.3% to 47.6%) compared with participants with normal
renal function (C/T, 58.1%; meropenem, 58.5%; Fig. 2A and Table S2). In the clinically
evaluable (CE) population, numerical differences in clinical cure rates between the
normal renal function group and the moderate and severe RI groups were smaller than
in the ITT population and were generally similar across treatment arms (from 50.0% to
70.5% for the C/T arm and 55.6% to 72.7% for the meropenem arm; Fig. 2B).

TABLE 1 Baseline demographics and clinical characteristics by renal function group (ITT population)a

Characteristic

Normal renal function
(CLCR, >80 ml/min)

Mild RI
(CLCR, >50 to <80 ml/min)

Moderate RI
(CLCR, >30 to <50 ml/min)

Severe RI
(CLCR, >15 to <30 ml/min)

C/T (n � 227) MEM (n � 236) C/T (n � 82) MEM (n � 77) C/T (n � 35) MEM (n � 26) C/T (n � 17) MEM (n � 21)

Primary diagnosis (n [%])
VABP 183 (80.6) 188 (79.7) 56 (68.3) 43 (55.8) 18 (51.4) 16 (61.5) 5 (29.4) 8 (38.1)
vHABP 44 (19.4) 48 (20.3) 26 (31.7) 34 (44.2) 17 (48.6) 10 (38.5) 12 (70.6) 13 (61.9)

Age, yrs
�65 (n [%]) 153 (67.4) 170 (72.0) 32 (39.0) 22 (28.6) 10 (28.6) 5 (19.2) 6 (35.3) 5 (23.8)
�65 (n [%]) 74 (32.6) 66 (28.0) 50 (61.0) 55 (71.4) 25 (71.4) 21 (80.8) 11 (64.7) 16 (76.2)
Mean (SD) 55.3 (16.7) 53.7 (16.4) 68.6 (12.7) 70.0 (13.6) 70.1 (10.7) 71.2 (9.9) 72.8 (12.2) 72.9 (8.8)
Median (range) 57.0 (18–90) 56.0 (18–86) 69.0 (24–89) 71.0 (19–92) 70.0 (44–89) 72.0 (39–87) 72.0 (53–98) 73.0 (60–90)

Sex (n [%])
Male 171 (75.3) 173 (73.3) 58 (70.7) 47 (61.0) 23 (65.7) 17 (65.4) 9 (52.9) 16 (76.2)
Female 56 (24.7) 63 (26.7) 24 (29.3) 30 (39.0) 12 (34.3) 9 (34.6) 8 (47.1) 5 (23.8)

APACHE II score
Mean (SD) 16.9 (4.9) 16.5 (5.4) 17.9 (5.1) 17.6 (5.0) 20.2 (6.5) 19.2 (6.3) 18.9 (5.5) 22.8 (7.2)
Median (range) 17 (2–29) 17 (2–30) 18 (4–32) 17 (7–34) 21 (10–33) 18 (10–38) 17 (12–28) 22 (12–39)

Failed prior antibacterial therapy for
vHABP/VABP (n [%])

35 (15.4) 26 (11.0) 11 (13.4) 9 (11.7) 5 (14.3) 3 (11.5) 2 (11.8) 2 (9.5)

Prior antibacterial therapy use (n [%] 202 (89.0) 211 (89.4) 69 (84.1) 69 (89.6) 32 (91.4) 24 (92.3) 15 (88.2) 18 (85.7)
Bacteremic at baseline (all Gram-negative

respiratory pathogens) (n [%])
11 (4.8) 14 (5.9) 8 (9.8) 3 (3.9) 3 (8.6) 1 (3.8) 3 (17.6) 1 (4.8)

Baseline Gram-negative adjunctive therapy
(n [%])

66 (29.1) 70 (29.7) 19 (23.2) 27 (35.1) 12 (34.3) 10 (38.5) 6 (35.3) 5 (23.8)

SOFA score at baseline (n [%])
�7 185 (81.5) 162 (68.6) 55 (67.1) 57 (74.0) 13 (37.1) 13 (50.0) 7 (41.2) 5 (23.8)
�7 42 (18.5) 74 (31.4) 27 (32.9) 20 (26.0) 22 (62.9) 13 (50.0) 10 (58.8) 16 (76.2)

CPIS at baseline (n [%])
�6 15 (6.6) 21 (8.9) 7 (8.5) 8 (10.4) 0 0 2 (11.8) 2 (9.5)
7 16 (7.0) 28 (11.9) 8 (9.8) 3 (3.9) 3 (8.6) 1 (3.8) 2 (11.8) 2 (9.5)
8 32 (14.1) 30 (12.7) 6 (7.3) 6 (7.8) 5 (14.3) 4 (15.4) 2 (11.8) 1 (4.8)
�8 164 (72.2) 157 (66.5) 61 (74.4) 60 (77.9) 27 (77.1) 21 (80.8) 11 (64.7) 16 (76.2)

Duration of mechanical ventilation
before randomization
�5 days (n [%]) 94 (41.4) 110 (46.6) 47 (57.3) 42 (54.5) 24 (68.6) 16 (61.5) 13 (76.5) 16 (76.2)
�5 days (n [%]) 132 (58.1) 125 (53.0) 34 (41.5) 35 (45.5) 11 (31.4) 10 (38.5) 4 (23.5) 5 (23.8)

Duration of hospitalization before
randomization
�5 days (n [%]) 44 (19.4) 55 (23.3) 25 (30.5) 14 (18.2) 8 (22.9) 6 (23.1) 3 (17.6) 6 (28.6)
�5 days (n [%]) 181 (79.7) 180 (76.3) 57 (69.5) 62 (80.5) 26 (74.3) 20 (76.9) 14 (82.4) 15 (71.4)

Randomized while in ICU (n [%]) 211 (93.0) 222 (94.1) 79 (96.3) 71 (92.2) 28 (80.0) 22 (84.6) 16 (94.1) 17 (81.0)
aRenal function groups were stratified by CLCR based on FDA guidance (28). BMI, body mass index; CPIS, Clinical Pulmonary Infection Score; CLCR, creatinine clearance;
C/T, ceftolozane/tazobactam; ICU, intensive care unit; ITT, intention-to-treat; MEM, meropenem; SOFA, Sequential Organ Failure Assessment; VABP, ventilator-
associated bacterial pneumonia; vHABP, ventilated hospital-acquired bacterial pneumonia.
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The per-participant microbiological cure rates (cure or presumed cure) in the mITT
population were robust across all renal function groups, ranging from 57.1% to 83.6%
(Table 2). Cure rates were comparable between treatment arms, except for the mild RI
group, where cure rates in the C/T group were higher than those in the meropenem
group (83.6% versus 57.1%, respectively; difference, 26.5; 95% CI, 9.5 to 41.5). The
per-pathogen clinical cure rates at the TOC visit in the mITT population are summarized
in Table 3; overall, clinical cure rates for Gram-negative isolates were numerically higher
in the normal renal function group (C/T, 66.5%; meropenem, 64.2%) than those in the
RI groups (33.3% to 57.1%). Between the treatment arms, clinical cure rates were
comparable within all renal function groups.

Pharmacokinetic analysis by renal function group. A total of 305 participants
receiving C/T in ASPECT-NP had evaluable PK exposure data. Summaries of plasma
exposures by renal function group are shown in Fig. 3. For both ceftolozane and
tazobactam, the median area under the concentration-time curve for the first 8 h after
dosing and the maximum plasma concentration for each RI group were within the 5th
to 95th percentile range of the normal renal function group, and the converse was
within the same range, indicating that exposures resulting from the proposed HABP/
VABP dosing regimens were generally comparable. Additionally, the plasma probability
of target attainment (PTA) for ceftolozane at up to a 2-log kill PK/pharmacodynamic
(PD) target (at up to 50% of the time that the free drug concentration exceeded the MIC
[fT�MIC] � 4 �g/ml), as well as the PTA for tazobactam at the PK/PD target associated
with restoring ceftolozane antibacterial activity to 1-log kill (35% fT � threshold
concentration [fT�CT] � 1 �g/ml), was �98% in all RI groups.

FIG 1 (A and B) Day 28 ACM by renal function group in the intention-to-treat (A) and microbiological intention-to-treat (B) populations.
Participants were classified by renal function groups as follows: normal renal function (CLCR, �80 ml/min), mild RI (CLCR, �50 to
�80 ml/min), moderate RI (CLCR, �30 to �50 ml/min), and severe RI (CLCR, �15 to �30 ml/min). Mortality rates (n/N, %) for each renal
function group are provided below the graphs, and percentage differences between treatment groups (95% CI) are indicated above each
renal function group. ACM, all-cause mortality; CI, confidence interval; CLCR, creatinine clearance; C/T, ceftolozane/tazobactam; MEM,
meropenem; n, number of participants who died by day 28; N, number of participants in the treatment group; RI, renal impairment.
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Safety results. Table 4 contains rates of treatment-emergent adverse events (AEs)
by renal function group and treatment arm. Overall, AE rates were similar between
treatment arms within renal function groups, with rates generally increasing with
increasing severity of RI. Rates of serious AEs were observed to be higher in participants
with moderate and severe RI (50.0% to 71.4%) compared with participants with normal
renal function or mild RI (30.2% to 51.2%). Rates of treatment-related AEs and discon-
tinuations due to treatment-related AEs were low (1.3% to 15.4% and 0% to 5.9%,
respectively), and these were similar between treatment arms within renal function
groups; the incidence of treatment-related AEs was generally similar between partici-
pants with normal renal function and those with mild, moderate, and severe RI. No

FIG 2 (A and B) Clinical cure rates at the test-of-cure visit by renal function group for the intention-to-treat (A) and clinically evaluable
(B) populations. Participants were classified by renal function groups as follows: normal renal function (CLCR, �80 ml/min), mild RI (CLCR,
�50 to �80 ml/min), moderate RI (CLCR, �30 to �50 ml/min), and severe RI (CLCR, �15 to �30 ml/min). Clinical cure rates (n/N, %) for
each renal function group are provided below the graphs, and percentage differences between treatment groups (95% CI) are indicated
above each renal function group. CI, confidence interval; CLCR, creatinine clearance; C/T, ceftolozane/tazobactam; MEM, meropenem; n,
number of participants who experienced clinical cure; N, number of participants in the treatment group; RI, renal impairment.

TABLE 2 Per-participant microbiological cure at TOC visit by renal function group (mITT population)a

Microbiological cure or presumed cureb C/T (n/N [%]) MEM (n/N [%])
Between treatment arm
difference (% [95% CI])c

Normal renal function (CLCR, �80 ml/min) 125/174 (71.8) 115/158 (72.8) –0.9 (–10.5 to 8.7)
Mild RI (CLCR, �50 to �80 ml/min) 46/55 (83.6) 32/56 (57.1) 26.5 (9.5 to 41.5)
Moderate RI (CLCR, �30 to �50 ml/min) 13/22 (59.1) 13/19 (68.4) –9.3 (–35.4 to 19.2)
Severe RI (CLCR, �15 to �30 ml/min) 9/13 (69.2) 8/14 (57.1) 12.1 (–22.3 to 42.6)
aCI, confidence interval; CLCR, creatinine clearance; C/T, ceftolozane/tazobactam; MEM, meropenem; mITT, microbiological intention to treat; RI, renal impairment; TOC,
test of cure; n, number of participants who experienced microbiological cure; N, number of participants in the treatment group.

bParticipants who had a clinical outcome of cure but did not have follow-up cultures to document eradication were assessed as presumed cures.
cThe 95% CIs are unstratified.
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treatment-related deaths were reported in the trial. Rates of specific AEs were compa-
rable between renal function groups and treatment arms (Table S3).

DISCUSSION

The ASPECT-NP trial demonstrated the noninferiority of C/T to meropenem for day
28 ACM and clinical response for the treatment of vHABP/VABP, a common, difficult-
to-treat infection with a high morbidity and mortality rate (1, 29–31). In this analysis of
participants from ASPECT-NP with RI at baseline, day 28 ACM rates and clinical cure
rates were comparable between the C/T and meropenem arms within all RI groups,
with 95% CIs for treatment differences that included 0, supporting the efficacy of C/T
in participants with RI. For both treatment arms, day 28 ACM rates were higher in
participants with RI than in participants with normal renal function. Given that both
acute and chronic RI are associated with higher mortality rates in patients in the
intensive care unit, this finding is expected (32, 33). In addition, participants with RI in
this study were older (approximately 70% were �65 years of age), and those with
moderate or severe RI had higher SOFA scores than participants with normal renal
function; thus, advanced age and increased severity of illness could account for some
of the mortality differences between the moderate and severe RI groups compared
with participants with normal renal function. Finally, a primary diagnosis of vHABP was
more common in participants with RI, particularly those with severe RI, than in
participants with normal renal function (20% in participants with normal renal function,
43% in all participants with RI, and 66% in participants with severe RI), which may also
account for part of the mortality difference, as vHABP is associated with higher
mortality than VABP (4). The lower observed clinical cure rates in participants with RI in
both treatment arms were more pronounced in the ITT population than in the CE
population. This difference may be explained in part by the higher mortality rates
observed in the RI groups, since participants in the ITT population who died from a
cause other than vHABP/VABP before the TOC visit were categorized as having an
indeterminate clinical response but were assessed as noncures (i.e., clinical failures) in
the ITT clinical response analyses (Table S2). This group of participants was excluded
from the CE population, where clinical cure rates were similar between the RI and
normal renal function groups. These results support the efficacy of the C/T dosing
regimens used in this study in participants with RI.

Per-participant microbiological cure rates were similar between treatment arms
within all renal function groups, with high rates of cure or presumed cure (�50%)
observed across all groups. Per-pathogen cure rates were also similar across treatment
arms, although a trend was observed in decreasing Gram-negative cure rates with
increasing RI (from 67% and 64% cure rates in participants with normal renal function
who received C/T and meropenem, respectively, to 33% and 35% cure rates in partic-
ipants with moderate RI who received C/T and meropenem, respectively). Because of

TABLE 3 Per-pathogen clinical cure at TOC visit by renal function group (mITT population)a

Baseline pathogen, n/N1 (%)

Normal renal function
(CLCR, >80 ml/min)

Mild RI
(CLCR, >50 to <80 ml/min)

Moderate RI
(CLCR, >30 to <50 ml/min)

Severe RI
(CLCR, >15 to <30 ml/min)

C/T (N � 227) MEM (N � 235) C/T (N � 82) MEM (N � 77) C/T (N � 35) MEM (N � 26) C/T (N � 17) MEM (N � 21)

Gram-negative 113/170 (66.5) 97/151 (64.2) 30/53 (56.6) 24/56 (42.9) 7/21 (33.3) 6/17 (35.3) 6/12 (50.0) 8/14 (57.1)
Pseudomonas aeruginosa 25/38 (65.8) 27/41 (65.9) 9/16 (56.3) 11/19 (57.9) 2/5 (40.0) 1/2 (50.0) 0/3 0/3

Enterobacterales 87/127 (68.5) 73/115 (63.5) 21/40 (52.5) 18/41 (43.9) 5/15 (33.3) 6/17 (35.3) 6/10 (60.0) 6/10 (60.0)
Escherichia coli 23/33 (69.7) 19/26 (73.1) 7/14 (50.0) 4/11 (36.4) 1/3 (33.3) 1/2 (50.0) 1/1 (100.0) 2/3 (66.7)
Klebsiella pneumoniae 38/53 (71.7) 42/58 (72.4) 10/21 (47.6) 11/22 (50.0) 1/5 (20.0) 2/5 (40.0) 3/6 (50.0) 3/6 (50.0)
ESBL-producing Enterobacterales 37/57 (64.9) 31/45 (68.9) 9/15 (60.0) 8/17 (47.1) 1/7 (14.3) 2/4 (50.0) 1/4 (25.0) 4/7 (57.1)

aCure was defined as eradication or presumed eradication. Eradication was defined as a �1-log reduction in bacterial burden from the baseline lower respiratory tract
specimen and a per-pathogen count of �104 CFU/ml for endotracheal aspiration or sputum specimens, �103 CFU/ml for bronchoalveolar lavage fluid specimens, or
�102 CFU/ml for protected brush specimens. Presumed eradication was defined as the absence of material to culture in a participant deemed a clinical cure. CLCR,
creatinine clearance; C/T, ceftolozane/tazobactam; ESBL, extended-spectrum �-lactamase; MEM, meropenem; mITT, microbiological intention-to-treat; n, number of
participants who experienced clinical cure; N, number of participants within the subgroup; N1, number of participants in the subgroup with the specified pathogen;
RI, renal impairment; TOC, test of cure.
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the small sample sizes in the RI groups, we cannot draw meaningful conclusions
regarding this apparent decrease in per-pathogen cure rates.

Our simulations using individual PK parameter estimates from the final PK models
suggested that steady-state exposures (measured by the area under the concentration-
time curve and maximum plasma concentration during the 8-h dosing interval) were
generally comparable between participants with normal renal function and those with
RI (12). Ceftolozane and tazobactam lung epithelial lining fluid exposures, driven by
plasma exposures, are therefore expected to be similar between participants with
normal renal function and those with RI, as was previously demonstrated. Additionally,
the plasma PTA for both ceftolozane and tazobactam at up to the 2-log kill PK/PD
target for ceftolozane (up to 50% fT�MIC � 4 �g/ml) and the PK/PD target associated
with restoring ceftolozane antibacterial activity to 1-log kill for tazobactam (35% fT�CT �

1 �g/ml) was �98% for both agents in all RI groups. As previously reported, %fT�MIC
and %fT�CT are the PK/PD indices that drive efficacy for ceftolozane and tazobactam,
respectively (34, 35). Caro and colleagues also reported that C/T achieved 50% to 60%

FIG 3 Ceftolozane and tazobactam steady-state exposures by renal function group. (A to D) The ceftolozane AUC0 – 8 (A) and Cmax (B) and tazobactam AUC0 – 8

(C) and Cmax (D) are shown. Participants were classified by renal function groups as follows: normal renal function (CLCR, �80 ml/min), mild RI (CLCR, �50 to
�80 ml/min), moderate RI (CLCR, �30 to �50 ml/min), and severe RI (CLCR, �15 to �30 ml/min). Boxes are the 25th, 50th, and 75th percentiles; whiskers are
the 5th to 95th percentiles. Asterisks show data points outside this range. Participant numbers are indicated above each box. AUC0 – 8, area under the
concentration-time curve for the first 8 h after dosing; CLCR, creatinine clearance; Cmax, maximum plasma concentration; RI, renal impairment.
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lung penetration in critically ill participants and that concentrations in plasma achieved
ƒT�MIC � 4 �g/ml for ceftolozane and ƒT�CT � 1 �g/ml for tazobactam for approxi-
mately 100% and 80% of the dosing interval, respectively (12, 36). The efficacy and
exposure results across renal function groups support the use of the recommended C/T
doses of 3 g (CLCR, �50 ml/min), 1.5 g (CLCR, 30 to 50 ml/min), and 0.75 g (CLCR, 15 to
29 ml/min) for treatment of vHABP/VABP.

Both study drugs were well tolerated across renal function groups, with similar rates
of AEs in both treatment arms in all renal function groups; rates generally increased
with increasing RI severity, which was expected in this critically ill population. However,
rates of treatment-related AEs were low, with less than 16% of participants in any group
or treatment arm experiencing treatment-related AEs. Rates of study drug discontinu-
ation due to AEs were also generally low, with higher rates of up to 28.6% in those with
severe RI; however, less than 6% of participants in any RI group in either treatment arm
discontinued due to a treatment-related AE. No participants died due to treatment-
related AEs in the trial. These data suggest that C/T is well tolerated in participants
across the renal function spectrum when administered at dosages that account for
reduced CLCR.

A key limitation of this analysis is the small sample sizes of the RI groups, particularly
of the moderate and severe RI groups. These small samples, resulting in large 95% CIs,
limit conclusive interpretation of the data.

Consistent with the primary and key secondary endpoints of the ASPECT-NP study,
day 28 ACM and clinical cure rates were similar between treatment arms across the
spectrum of renal function. The PK results suggest that adjusted C/T doses provide
adequate exposure in participants with RI. Both drugs were well tolerated, and no new
safety signals were identified. The results of this analysis demonstrate that the use of
dose-adjusted C/T is appropriate in patients with vHABP/VABP and RI.

MATERIALS AND METHODS
Study design and participants. ASPECT-NP (protocol MK-7625A-008) was a phase 3, randomized,

controlled, double-blind, multicenter noninferiority study that compared the safety and efficacy of C/T
with meropenem for the treatment of vHABP/VABP. The methods have been previously described (13).
The study design is shown in Fig. 4. ASPECT-NP was conducted at 263 hospitals in 34 countries. The study
was conducted in accordance with principles of Good Clinical Practice and was approved by the
appropriate institutional review boards and regulatory agencies. All participants (or legally acceptable
representatives) provided informed consent.

Eligible participants were �18 years of age, were intubated and mechanically ventilated, and had
confirmed vHABP or VABP (13). Pneumonia was diagnosed based on clinical and radiological evidence.
Diagnosis of vHABP required the presence of symptoms within 24 h before intubation or within 48 h after
intubation in participants who had been hospitalized at least 48 h. Diagnosis of VABP required

TABLE 4 Summary of the number of participants with AEs by renal function group (safety population)a

AE category, n (%)

Normal renal function
(CLCR, >80 ml/min)

Mild RI
(CLCR, >50 to <80 ml/min)

Moderate RI
(CLCR, >30 to <50 ml/min)

Severe RI
(CLCR, >15 to <30 ml/min)

C/T (n � 227) MEM (n � 235) C/T (n � 82) MEM (n � 77) C/T (n � 35) MEM (n � 26) C/T (n � 17) MEM (n � 21)

Any AEs 189 (83.3) 193 (82.1) 72 (87.8) 62 (80.5) 33 (94.3) 24 (92.3) 16 (94.1) 20 (95.2)

AEs by severity
Mild 48 (21.1) 44 (18.7) 15 (18.3) 10 (13.0) 3 (8.6) 3 (11.5) 3 (17.6) 1 (4.8)
Moderate 65 (28.6) 74 (31.5) 19 (23.2) 22 (28.6) 11 (31.4) 6 (23.1) 3 (17.6) 3 (14.3)
Severe 76 (33.5) 75 (31.9) 38 (46.3) 30 (39.0) 19 (54.3) 15 (57.7) 10 (58.8) 16 (76.2)

Any treatment-related AEsb 23 (10.1) 19 (8.1) 11 (13.4) 1 (1.3) 2 (5.7) 4 (15.4) 2 (11.8) 3 (14.3)
Any serious AEs 79 (34.8) 71 (30.2) 42 (51.2) 30 (39.0) 21 (60.0) 13 (50.0) 10 (58.8) 15 (71.4)
Any treatment-related serious AEsb 7 (3.1) 2 (0.9) 1 (1.2) 0 0 0 0 0
Any AEs that led to discontinuation of

study drug
16 (7.0) 23 (9.8) 10 (12.2) 10 (13.0) 7 (20.0) 3 (11.5) 4 (23.5) 6 (28.6)

Any treatment-related AEs that led to
discontinuation of study drugb

3 (1.3) 3 (1.3) 0 1 (1.3) 0 1 (3.8) 1 (5.9) 0

Any AEs that resulted in death 51 (22.5) 50 (21.3) 33 (40.2) 27 (35.1) 13 (37.1) 11 (42.3) 8 (47.1) 13 (61.9)
Any treatment-related AEs that resulted

in deathb
0 0 0 0 0 0 0 0

aAE, adverse event; CLCR, creatinine clearance; C/T, ceftolozane/tazobactam; MEM, meropenem; RI, renal impairment.
bIn participants with multiple events for which at least one was treatment related, the AE was counted as related to study drug.
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participants to have received mechanical ventilation for at least 48 h before symptom onset. Participants
were also required to have chest radiographs indicating infiltrate suggestive of bacterial pneumonia, plus
purulent tracheal secretions with �1 additional clinical criterion (e.g., fever [body temperature �38°C],
hypothermia [body temperature �35°C], elevated/decreased white blood cell counts [�10,000 cells/
mm3 or �4,500 cells/mm3], or �15% immature neutrophils) within 24 h before the first dose of study
drug. Collection of a baseline lower respiratory tract (LRT) specimen (for Gram stain and quantitative
culture) was required within 36 h before the first dose of study drug. Key exclusion criteria included
end-stage renal disease (defined as CLCR � 15 ml/min), requirement for peritoneal dialysis/hemodialysis/
hemofiltration, or decreased urine output (�20 ml/h over a 24-h period).

Procedures. Participants were stratified according to diagnosis (vHABP versus VABP) and age (�65
versus �65 years) and were randomized 1:1 to receive C/T or meropenem as a 1-h infusion every 8 h.
Dosing by renal function group is shown in Table 5. Per the protocol, dose adjustments were required
within 24 h if the renal function category changed during the treatment period; all dose adjustments
were implemented by an unblinded pharmacist. Participants with CLCR of �50 ml/min received dummy
dosing of intravenous saline to maintain blinding. The duration of study drug treatment was 8 to 14 days
(24 to 42 doses). While initial dosing was determined by baseline CLCR (calculated using the Cockcroft-
Gault formula), dosage was adjusted during the study period if a participant’s CLCR changed to levels

FIG 4 ASPECT-NP study design. ACM, all-cause mortality; CE, clinically evaluable; C/T, ceftolozane-tazobactam; CLCR,
creatinine clearance; EOT, end of treatment; ITT, intention-to-treat; MEM, meropenem; mITT, microbiological
intention-to-treat; q8h, every 8 h; TOC, test of cure; VABP, ventilator-associated bacterial pneumonia; vHABP,
ventilated hospital-acquired bacterial pneumonia.

TABLE 5 Dose by renal function groupa

Renal function category

C/T MEM

Dose
IV infusion
frequency Dose

IV infusion
frequency

CLCR, �50 ml/min 3 g (2 g ceftolozane and 1 g tazobactam) q8h 1 g q8h
CLCR, 30–50 ml/min 1.5 g (1 g ceftolozane and 0.5 g tazobactam) q8h 1 g q12h
CLCR, 26–29 ml/min 0.75 g (0.5 g ceftolozane and 0.25 g tazobactam) q8h 1 g q12h
CLCR, 15–25 ml/min 0.75 g (0.5 g ceftolozane and 0.25 g tazobactam) q8h 0.5 g q12h
CLCR, �15 ml/min or initiation of

renal replacement therapy
Discontinue study drug Discontinue study drug

aCLCR, creatinine clearance; C/T, ceftolozane/tazobactam; IV, intravenous; MEM, meropenem; q8h, every 8 h; q12h, every 12 h.
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within a different dosing category (37). Administration of the study drug was discontinued in participants
who developed end-stage renal disease or required initiation of renal replacement therapy. A baseline
LRT specimen was obtained for Gram stain and quantitative culture within 36 h before the first dose of
study drug. Pathogen identification and susceptibility were performed at the sites’ local laboratories and
confirmed at a central laboratory. Empiric adjunctive Gram-positive therapy (600 mg linezolid every 12
h or standard-of-care alternative) was administered to all participants at baseline until culture results
confirmed the absence of Staphylococcus aureus. Empiric Gram-negative adjunctive therapy (intravenous
amikacin, 15 mg/kg of body weight, once daily or alternative standard-of-care aminoglycoside) was
permitted for up to 72 h after the first dose of study drug at sites where the local prevalence of
meropenem-resistant P. aeruginosa was at least 15% (based on local antibiograms).

Study visits and analysis populations. Baseline screening assessments were performed within 24
h before randomization and the initiation of study drug administration. The TOC visit was conducted
within 7 to 14 days after the end-of-treatment visit. The ITT population included all randomized
participants, regardless of whether they received study drug. The mITT population, which was a subset
of the ITT population, included all participants who received any amount of study drug and had at least
one bacterial respiratory pathogen isolated from the baseline LRT culture that was susceptible to at least
one study drug. The CE population, which was a subset of the ITT population, included all participants
who received study drug, adhered to the study protocol through the TOC visit, and had an evaluable
clinical outcome (cure or failure) at the TOC visit. The safety population, which was a subset of the ITT
population, included all participants who received any amount of study drug.

Endpoints and clinical assessments. The primary efficacy endpoint of ASPECT-NP was day 28 ACM
in the ITT population, and the key secondary endpoint was clinical response at the TOC visit in the ITT
population (13). Additional efficacy endpoints included day 28 ACM in the mITT population and clinical
response at the TOC visit in the CE population. This secondary analysis assessed these efficacy responses
by renal function group. Clinical cure of vHABP/VABP was defined as a participant who was alive, with
complete resolution of all or most of the clinical signs and symptoms of pneumonia, with no new signs
or symptoms attributable to vHABP/VABP and no additional antibacterial therapy administered for
vHABP/VABP other than approved adjunctive therapy. Clinical failure was defined as a participant who
died from vHABP/VABP, who had progression, relapse, or recurrence of new symptoms or lack of
resolution, or who had a need for alternative or prolonged antibacterial therapy for vHABP/VABP.
Microbiological eradication was defined as a �1-log reduction in bacterial burden from the baseline LRT
pathogen and a per-pathogen count of �104 CFU/ml for endotracheal aspirate or sputum specimens,
�103 CFU/ml for bronchoalveolar lavage fluid specimens, and �102 CFU/ml for protected brush
specimens from a follow-up LRT culture. Persistence was defined as the continued presence of the
baseline LRT pathogen at or after the end of treatment (�1-log reduction or �104 CFU/ml for
endotracheal aspirate or sputum specimens, �103 CFU/ml for bronchoalveolar lavage fluid specimens,
and �102 CFU/ml for protected brush specimens). Microbiological assessments were performed on a
per-participant and per-pathogen basis. The incidence of AEs, serious AEs, and early termination of study
medication or participation due to an AE was also determined for each participant.

Pharmacokinetic analysis. To facilitate assessment of ceftolozane and tazobactam PK, plasma
samples were collected from participants enrolled in ASPECT-NP and receiving C/T. Population PK
modeling and simulation for C/T in adult participants with vHABP/VABP was performed, wherein the
previously developed plasma population PK models for ceftolozane and tazobactam were refined using
PK data from participants with vHABP/VABP from ASPECT-NP (20). In the updated model, CLCR was
identified as a significant covariate on clearance (38). Stochastic simulations were performed using the
refined population PK model to estimate steady-state plasma ceftolozane and tazobactam exposures in
participants who received adjusted dosing regimens based on RI. The PTA for each drug and each renal
function group was also assessed using Monte Carlo simulations (N � 1,000 for each RI group). The PTA
for ceftolozane was defined as the percentage of participants who achieved the PK/PD target at MIC up
to 64 �g/ml. The ceftolozane PK/PD target was to maintain the ceftolozane concentration above the MIC
based on free drug concentrations (%ƒT�MIC) for up to 50% of the dosing interval. The PTA for
tazobactam was defined as the percentage of participants who achieved the PK/PD target at a CT of
1 �g/ml. The tazobactam PK/PD target was to maintain a tazobactam concentration above the CT based
on free drug concentrations (%ƒT�CT) for up to 35% of the dosing interval.

Statistical analysis. The 2-sided 95% CIs for the treatment difference between C/T and meropenem
were calculated as unstratified Newcombe CIs. For negative outcomes (e.g., day 28 ACM), the difference
between groups was calculated as meropenem minus C/T. For positive outcomes (e.g., clinical cure), the
difference was calculated as C/T minus meropenem. This subgroup analysis was not powered for
noninferiority testing. Safety data were analyzed descriptively. All statistical analyses were performed
using SAS versions 9.3 and 9.4 (SAS Institute, Inc., Cary, NC).

Data availability. The data sharing policy of Merck Sharp & Dohme Corp., a subsidiary of Merck &
Co., Inc., Kenilworth, NJ, USA, including restrictions, is available at http://engagezone.msd.com/ds
_documentation.php. Requests for access to the study data can be submitted through the EngageZone
site or via email to dataaccess@merck.com.
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SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
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