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Abstract

Objective: To measure the impact of exposure to patients using carbapenem on the acquisition of carbapenem-resistant gram-negative bacilli
(CR-GNB) among patients not using carbapenems.

Design: An ecological study and a cohort study.

Setting: Two medical surgical intensive care units (ICUs) in inner Brazil.

Participants: Patients admitted to 2 ICUs from 2013 through 2018 to whom carbapenem was not prescribed.

Methods: In the ecologic study, the monthly use of carbapenems (days of therapy [DOT] per 1,000 patient days) was tested for linear corre-
lation with the 2-month moving average of incidence CR-GNB among patients to whom carbapenem was not prescribed. In the cohort study,
those patients were addressed individually for risk factors (demographics, invasive interventions, use of antimicrobials) for acquisition of CR-
GNB, including time at risk and the “carbapenem pressure,” described as the aggregate DOT among other ICU patients during time at risk.
The analysis was performed in univariate and multivariable Poisson regression models.

Results: The linear regression model revealed an association of total carbapenem use and incidence of CR-GNB (coefficient, 0.04; 95% con-
fidence interval [CI], 0.02–0.06; P = .001). In the cohort model, the adjusted rate ratio (RR) for carbapenem DOT was 1.009 (95% CI, 1.001–
1.018; P = .03). Other significant risk factors were mechanical ventilation and the previous use of ceftazidime (with or without avibactam).

Conclusions: Every additional DOT of total carbapenem use increased the risk of CR-GNB acquisition by patients not using carbapenems by
nearly 1%. We found evidence for a population (“herd effect”-like) impact of antimicrobial use in the ICUs.

(Received 29 May 2021; accepted 10 December 2021; electronically published 14 February 2022)

The impact of antimicrobial use on antimicrobial resistance within
healthcare settings is not straightforward.1 It is highly confused by
concurrent factors, such as illness severity, invasive procedures,
and length of exposure (ie, time at risk).2 Indeed, the impact of
interventions on antimicrobial use aimed at lowering resistance
rates is still a matter of debate.3 They are often conducted alongside
other infection control measures,4 and sometimes they result in
only short-term, unsustained benefits.5

A better understanding of the dynamics of emergence and
spread of resistance may result from a population approach to
the association of antimicrobial use and acquisition of resistant
microorganisms. In a classic review, Lipsitch and Samore6

addressed the complexity of the use–resistance relation and theo-
rized that a phenomenon similar to “herd effect”may occur. Thus,

patients not using antimicrobials may acquire resistant micro-
organisms from other patients in antimicrobial therapy.

Although theoretically logical, empirical support for the “herd
effect” is lacking. We investigated the association of carbapenem
use with the incidence of carbapenem-resistant (CR) gram-nega-
tive bacilli (GNB) among intensive care unit (ICU) patients not
directly exposed to carbapenems (ie, not using carbapenems).

Methods

Study design

We conducted 2 studies, with ecologic and cohort designs, respec-
tively. This study was approved by the local Committee for Ethics
inHuman Research. The details for each study are described below.

Setting and period

This retrspective study was conducted in the teaching hospital
from Faculdade de Medicina de Botucatu (Botucatu Medical
School, city of Botucatu, São Paulo State, Brazil) for the period
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2013–2018. At that time, previous to the coronavirus disease 2019
(COVID-19) pandemic, the hospital had 500 beds, 53 of which in
ICUs. This study included patients from 2 adult medical-surgical
ICUs (16 and 11 beds, respectively). The ICUs were spatially
related (neighboring each other), and there was extensive sharing
of patient care and healthcare staff between them.

Study participants and outcome of interest

Our primary target population comprised ICU patients who did
not use carbapenems during time at risk, that is, from hospital
admission until discharge or recovery of CR-GNB from blood cul-
tures. Aggregate carbapenem use (ie, days of therapy, DOT) from
all other patients was measured on monthly basis (in the ecologic
study) and for each participant’s time at risk (in the cohort study).
Our outcome of interest was CR-GNB recovered from clinical cul-
tures (ie, collected upon medical request) or surveillance cultures
(ie, oropharyngeal and rectal swabs collected upon admission to
the ICU and weekly thereafter). Only patients who did not present
CR-GNB in any surveillance or clinical cultures collected previ-
ously or upon admission were included in our study.

Ecological study

Monthly aggregate carbapenem use (DOT per 1,000 patient days)
was collected from patients’ electronic prescription charts. The
aggregate incidence of CR-GNB (per 1,000 patient days) among
patients who did not use carbapenems was determined using
the microbiology laboratory database, and the previous use of car-
bapenems was excluded by extensive chart review. We checked all
results for duplications, so that each patient was included only
once. A linear regression model was applied to test for the corre-
lation of each month’s carbapenem use with a moving average
comprising that month and the following month. Stata version
16 software (StataCorp, College Station, TX) was used for statistical
analyses.

Cohort study

The cohort was addressed retrospectively. The inclusion criterium
for this cohort was admission to one of the study ICUs between
2013 and 2018. In addition to carbapenem use, CR-GNB infection
or colonization previously to or upon ICU admission and length of
stay of<2were additional exclusion criteria. Extensive chart review
was performed to collect each patient’s data: demographics,
comorbidities, described as categories from the International
Classification of Diseases, Tenth Revision (ICD-10),7 as well as
aggregated using the Charlson comorbidity index,8 invasive proce-
dures and devices, and antimicrobial use. The “carbapenem pres-
sure” for each study patient was counted as the sum of DOT of
carbapenem for all other patients in the ICU during that patient’s
time at risk. Univariate and multivariable analyses were performed
using Poisson Regression models. Selection of variables for the
multivariable models were performed as follows9: an initial model
included all variables with univariate P < .10. Variables that pre-
sented P< .05 were included in newmodels until all variables had P
< .05. The resulting model was repeated adding all the other var-
iables individually. Those variables were kept in the model if they
presented P < .05 or if they changed the risk ratio (RR) of any sig-
nificant variable more than 10%. Time at risk and the “carbapenem
pressure” were forced in all models. The analysis was performed in
Stata version 16 software (StataCorp, College Station, TX).

Results

In total, 2,509 patients were admitted to the studied ICUs for 2 or
more days. Among them only 579 did not use carbapenem during
time at risk and thus met the criteria for inclusion. Among those
579 patients, 110 (19.0%) acquired CR-GNB: 45 (40.9%) acquired
Acinetobacter spp, 42 (38.2%) acquired Klebsiella spp, 11 (10.0%)
acquired Pseudomonas aeruginosa, 3 (2.7% acquired Enterobacter
spp, and 9 (8.2%) acquired other GNB. The most frequent speci-
mens from which CR-GNB were recovered were oropharyngeal/
rectal swabs (38%), tracheal aspirates (25%), blood (17%), and
urine (10%). The overall incidence of CR-GNB was 11.41 per
1,000 patient days, and the incidence for those not using carbape-
nems was 2.29 per 1,000 patient days.

Ecologic study

The results of linear regression analysis of the correlation of
monthly carbapenem use and incidence of CR-GNB among
patients not using carbapenem are presented in Figure 1. Briefly,
we detected a positive correlation with a coefficient of 0.04 (95%
confidence interval [CI], 0.02–0.04; P = .001).

Cohort study

The univariate analysis of risk factors for acquisition of CR-GNB is
presented in Table 1, and Table 2 lists the results of the final multi-
variable model. Notably, the “carbapenem pressure” was associ-
ated with the outcome both in the univariate Poisson regression
models (relative risk [RR], 1.006; 95% CI, 1.002–1.009; P = .006)
and multivariable (RR, 1.009; 95% CI, 1.001–1.018; P = .03) Poisson
regression models. Other significant risk factors in the final adjusted
analysis were mechanical ventilation (RR, 2.37; 95% CI, 1.42–3.93;
P < .001) and the previous use of ceftazidime (RR, 11.15; 95% CI,
1.42–86.84; P = .02).

Discussion

The term “herd effect” is often applied to imply protection of non-
immune persons against a specific disease when most others in the
population are immune (hence the usual term, “herd immunity”),
either because of natural infection9 or of mass vaccination.10,11 This

Fig. 1. Results of ecological analysis. Linear regression showing correlation of total
monthly use of carbapenems and the incidence of carbapenem-resistant gram-nega-
tive bacilli in patients not using carbapenems from two intensive care units in Brazil.
Note. The dashed line corresponds to the linear trend of correlation.
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Table 1. Univariate Analysis (Poisson Regression Models) of Risk Factors for Acquisition Carbapenem-Resistant Gram-Negative Bacilli in Patients Not Using
Carbapenems From 2 Adult Medical Surgical ICUs in Brazil

Risk Factor Cases (N = 110), No. (%)a
Noncases (N = 469),
No. (%)a RR (95% CI) P Value

Demographic data

Sex, female 43 (39.1) 206 (44.5) 0.84 (0.57–1.23) .36

Age, median y (IQR) 43 (53.5–72.5) 62 (48.0–72.75) 1.01 (0.99–1.02) .11

Comorbidities

Diabetes mellitus 27 (24.5) 106 (23.0) 1.07 (0.69–1.65) .76

Heart disease 20 (18.2) 96 (20.8) 0.87 (0.54–1.42) .59

Lung disease 15 (13.6) 76 (16.5) 0.83 (0.50–1.44) .52

Liver disase 8 (7.3) 25 (5.4) 1.27 (0.62–2.62) .51

Renal disease 6 (5.5) 49 (10.6) 0.54 (0.24–1.23) .15

Solid malignancy 27 (24.5) 96 (20.9) 1.18 (0.77–1.83) .45

Lymphoma/Leukemia 1 (0.9) 6 (1.3) 0.74 (0.10–5.30) .77

Central nervous system disease 25 (22.7) 70 (15.2) 1.48 (0.95–2.31) .09

Trauma 6 (5.5) 26 (5.6) 0.97 (0.43–2.22) .95

Chalrson comorbidity score, median (IQR) 1 (0–3) 2 (0–3) 0.93 (0.84–1.03) .15

Admission data

Transfer from other hospital 28 (25.5) 96 (20.8) 1.23 (0.80–1.90) .34

Admission in the past year 25 (23.6) 97 (21.4) 1.11 (0.71–1.74) .65

Invasive procedures or devices

Surgery 68 (61.8) 307 (66.9) 0.84 (0.57–1.23) .37

Mecanical ventilation 90 (81.8) 280 (60.5) 2.47 (1.52–4.00) .001

Central venous catheter 94 (85.5) 380 (82.6) 1.19 (0.70–2.02) .52

Urinary catheter 104 (94.5) 411 (88.8) 1.95 (0.86–4.44) .11

Immune suppression

Use of steroids 44 (41.1) 135 (29.7) 1.50 (1.01–2.19) .04

Use of other immune suppressors 5 (4.7) 19 (4.2) 1.10 (0.45–2.71) .83

Use of antimicrobials

Ampicillin 6 (5.5) 3 (0.6) 1.78 (0.78–4.05) .17

Amoxicillin-clavulanate 17 (15.5) 65 (14.0) 1.10 (0.65–1.84) .73

Oxacillin 2 (1.8) 8 (1.7) 1.04 (0.26–4.22) .96

Piperacillin-tazobactam 5 (4.5) 28 (6.) 0.78 (0.32–1.90) .59

Cefazolin 15 (13.6) 108 (23.3) 0.58 (0.34–1.00) .048

Cefuroxime 8 (7.3) 37 (8.0) 0.93 (0.45–1.89) .82

Ceftriaxone 7 (6.4) 21 (4.5) 1.32 (0.62–2.85) .48

Ceftazidime (±avibactam) 2 (1.8) 1 (0.2) 5.25 (0.73–37.59) .01

Cefepime 56 (50.9) 152 (32.9) 1.81 (1.25–2.64) .002

Gentamycin 1 (0.9) 3 (0.6) 1.31 (0.18–9.35) .79

Ciprofloxacin 10 (9.1) 49 (10.6) 0.87 (0.46–1.67_ .68

Lefofloxacin 5 (4.5) 21 (4.6) 1.00 (0.41–2.44) .99

Vancomiycina 19 (17.3) 42 (9.1) 1.75 (1.07–2.87) .03

Linezolid 1 (0.9) 1 (0.2) 2.62 (0.37–18.76) .34

Azithromycin 8 (7.3) 38 (8.2) 0.90 (0.44–1.84) .77

Clarithromycin 3 (2.7) 4 (0.9) 2.27 (0.72–7.14) .16

Clindamycin 5 (4.5) 19 (4.1) 1.09 (0.44–2.67) .85

Metronidazole 26 (23.6) 96 (20.7) 1.15 (0.74–1.78) .55

(Continued)
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topic has been a central issue in COVID-19 epidemiology debates
worldwide.12,13 Less frequently, herd protection has been addressed
in other interventions, such as improvements in sanitation and
hygiene.14 Presently, there is scarce (if any) evidence on herd effect
in infection control or antimicrobial resistance studies, except for
“one health” approaches of antimicrobial resistance in agricul-
ture.15 As stated by Lipsich and Samore,6 the “herd effect” of anti-
microbial use refers to increasing risk of acquisition of resistant
organisms by persons exposed to mass use of antibiotics. Those
indirect effects may be relevant in preventing the emergence
and spread of multidrug-resistant organisms.

We focused on that gap in the epidemiological approaches to
antimicrobial resistance within healthcare settings. We were spe-
cifically interested in the indirect impact of antimicrobial use on
the incidence of CR-GNB, which are hyperendemic in ICUs in
Brazil.16,17 As expected,18 we found not only a massive use of car-
bapenems but also a relevant incidence of CR-GNB, even among
patients to whom carbapenems were not prescribed.

Our findings provide evidence of association of overall use of
carbapenem in ICUs on the incidence of CR-GNB infections
among patients not using those antimicrobials. Antimicrobial
use seems to have an important indirect effect on carbapenem
resistance, both from collective and individual perspectives. This
finding is in line with current recommendations in epidemiological
studies, which stress the relevance of ecologic studies supple-
mented with individual-level information.19,20 This relevant meth-
odological aspect is best suited to analyze effects of exposures that
are essentially collective.

The theoretical construct of indirect impacts on acquisition of
antimicrobial resistance has been previously addressed regarding
colonization pressure, described as a quantitative approach to
the exposure to patients harboring multidrug-resistant organ-
isms.21 Indeed, previous studies have demonstrated the effect of
colonization pressure on the spread of CR-GNB.22,23 However,
the current approach points to causality as a continuum of factors
linking the exposures to the outcomes.24 In a cause-directed
acyclic graph, the colonization pressure may be an intermediary
intersection between antimicrobial use and the acquisition of an
antimicrobial-resistant organism by patients not exposed to the
antibiotic of interest.25 This is the appropriate theoretical construct
if we are to propose interventions based on antimicrobial prescrip-
tion to prevent antimicrobial resistance. Those interventions
should aim at the collective, focusing not only on antimicrobial
formularies, but also at environmental determinants (eg, inani-
mate reservoirs,26 prior room occupants,27 and even weather28).
Nonetheless, our results agree with previous studies pointing to
the ecologic relevance of antimicrobial stewardship.1,5,29

Our study had several limitations, mostly due to the observatio-
nal, retrospective, and the partially ecologic approaches.2,20 We did
not directly address interventions on antimicrobial prescription
formularies. Also, we did not analyze the impact of colonization
pressure or environmental reservoirs. Finally, both the correlation
coefficient in the ecological study and the incidence rate ratio in the
cohort present modest (though statistically significant) effect.
However, in an ICU with a monthly average 346 DOT of carbape-
nem use, decreasing a single DOT reduces the risk of CR-GNB
acquisition among those not using carbapenems by ∼1%.
Therefore, interventions aimed at reducing that use are likely to
have a beneficial impact on that population (and on those for
whom the carbapenem prescription would be prevented). Our
study had several strengths as well. We performed an extensive
chart review which allowed us to test the effect of “carbapenem
pressure” adjusting for patients’ severity, time at risk, and use of
other antimicrobials. Also, the simultaneous ecologic and individ-
ual-based approaches allowed us to infer causality from a popula-
tion perspective.6

In conclusion, total use of carbapenems in the ICU was inde-
pendently associated with acquisition of CR-GNB by patients
who did not use carbapenems. Although further studies (with
mathematical models, quasi-experimental approaches or including
other environmental confounding factors) are required to validate
our findings, we found relevant evidence for a population (“herd-
effect”-like) impact of antimicrobial use in the ICUs.

Table 1. (Continued )

Risk Factor Cases (N = 110), No. (%)a
Noncases (N = 469),
No. (%)a RR (95% CI) P Value

Amphotericin B 1 (0.9) 3 (0.6) 1.31 (0.18–9.35) .79

Azole antifungals 3 (2.7) 11 (2.4) 1.12 (0.35–3.53) .85

Exposure data

Time at risk, median d (IQR)b 5 (3–9.5) 5 (3–7) 1.03 (1.00–1.07) .09

Carbapenem pressure in DOT, median (IQR)c 52 (30–89.5) 42 (29–66) 1.006 (1.002–1.009) .006

Note. ICU, intensive care unit; RR, relative risk; CI, confidence interval; IQR, interquartile range. Bold indicates statistical significance.
aNumber in parenthesis indicates proportion (%) except when specified otherwise.
b“Time at risk” was counted from the day of admission through the discharge or the collection of blood cultures positive for carbapenem-resistant gram-negative bacilli.
c“Carbapenem pressure” refers to the sum of days of therapy (DOT) of carbapenems of other patients admitted to the ICUs during time at risk for each study subject.

Table 2. Final Poisson Regression Multivariable Model of Risk Factors for
Acquisition of Carbapenem-Resistant Gram-Negative Bacilli in Patients Not
Using Carbapenems From 2 Adult Medical Surgical ICUs in Brazil

Risk Factors RR (95% CI) P Value

Mechanical ventilation 2.37 (1.42–3.93) <.001

Use of cefazolin 0.66 (0.37–1.14) .14

Use of ceftazidime 11.15 (1.42–86.84) .02

Time at risk, da 0.93 (0.84–1.02) .11

Carbapenem pressure, DOTb 1.009 (1.001–1.018) .03

Note. ICU, intensive care unit; RR, relative risk; CI, confidence interval; DOT, days of therapy.
a“Time at risk”was counted from the day of admission through the discharge or the collection
of blood cultures positive for carbapenem-resistant gram-negative bacilli.
b“Carbapenem pressure” refers to the sum of days of therapy (DOT) of carbapenems of other
patients admitted to the ICUs during time at risk for each study subject.
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