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Abstract

Background: Intensive care unit (ICU)–acquired infections with antibiotic-resistant bacteria have been associated with substantial health and
economic costs. Moreover, southern Europe has historically reported high levels of antimicrobial resistance.

Objectives: We estimated the attributable economic burden of ICU-acquired infections due to resistant bacteria based upon hospital excess
length of stay (LOS) in a selected sample of southern European countries.

Methods:We studied a cohort of adult patients admitted to the ICUwho developed an ICU-acquired infection related to an invasive procedure
in a sample of Spanish, Italian, and Portuguese hospitals between 2008 and 2016, using data from The European Surveillance System (TESSy)
released by the European Centers for Disease Control (ECDC). We analyzed the association between infections with selected antibiotic-
resistant bacteria of public health importance and excess LOS using regression, matching, and time-to-event methods. We controlled for
several confounding factors as well as time-dependent biases.We also computed the associated economic burden of excess resource utilization
for each selected country.

Results: In total, 13,441 patients with at least 1 ICU-acquired infection were included in the analysis: 4,106 patients (30.5%) were infected with
antimicrobial-resistant bacteria, whereas 9,335 patients (69.5%) were infected with susceptible bacteria. The unadjusted association between
resistance status and excess LOS was 7 days (95% CI, 6.13–7.87; P < .001). Fully adjusted models yielded significantly lower estimates:
2.76 days (95% CI, 1.98–3.54; P < .001) in the regression model, 2.60 days (95% CI, 1.66–3.55; P < .001) in the genetic matching model,
and a hazard ratio of 1.15 (95% CI, 1.11–1.19; P < .001) in the adjusted Cox regression model. These estimates, alongside the prevalence
of resistance, translated into direct hospitalization attributable costs per ICU-acquired infection of 5,224€ (95% CI, 3,691–6,757) for
Spain, 4,461€ (95% CI, 1,948–6,974) for Portugal, and 4,320€ (95% CI, 1,662–6,977) for Italy.

Conclusions: ICU-acquired infections associated with antibiotic-resistant bacteria are substantially associated with a 15% increase in excess
LOS and resource utilization in 3 southern European countries. However, failure to appropriately control for significant confounders inflates
estimates by ∼2.5-fold.

(Received 17 May 2021; accepted 1 September 2021; electronically published 18 October 2021)

Healthcare-associated infections (HAIs) represent major patient
safety problems, especially in intensive care units (ICUs). The
use of invasive procedures, such as intubation or the placement
of central venous catheters, always involves some risk of infection.1

Although a wide range of strategies is available to minimize this
risk,2,3 once an infection by antibiotic-resistant bacteria occurs, dif-
ficulties in adequately treating it can have a significant impact on
both patient and economic outcomes.4–10

Multiple studies have investigated the association between
ICU-acquired infections and mortality or excess length of stay
(LOS) of patients.7,11–13 Given that ICU LOS is the best predictor
of resource utilization and cost of care, special attention has been
given to this outcome.14–16

However, estimating the attributable LOS of patients with
resistant versus susceptible strains of ICU-acquired infections
presents several methodological17 and logistic challenges.18

Several well-known biases arise when analyzing the association
between multidrug resistance and prolonged LOS outcomes.19–22

The time-dependent bias of infection has been suggested
to inflate estimates around when time to occurrence is not
considered. Furthermore, significant confounding in the form of
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differential observable and unobservable baseline prognostic
factors between patients infected with susceptible and resistant
organisms have been reported, which poses a threat to the correct
assessment of attributable effects.

The objective of the present study was to estimate the effect of
multidrug resistance on excess LOS of ICU-acquired bacterial
infections. We emulated an unfeasible target trial23,24 in a sample
of southern European ICUs to measure the attributable economic
burden associated with an excess of resource utilisation. To over-
come the aforementioned biases, we made use of complementary
analytical approaches, multivariable regressions, and matching
methods.25,26

Methods

The present study is a multicentric retrospective cohort study of
ICU-admitted patients that developed an HAI, combined with
economic modelling. Our main hypothesis was that patients
infected with resistant organisms have an associated longer LOS
thereafter, which often entails increased utilization of resources.
Our study also compared different analytical strategies of estimat-
ing this association as means to approximate the causal effect of
antimicrobial resistance and to explore the potential biases
inherent to each model.19 This manuscript was prepared in accor-
dance with the STROBE guidelines for reporting observational
studies. The study was approved by the Ethics Committee
“Catania 1”, Catania, Italy (protocol nos. 111/2018/PO and
295/2019/EMPO).

Patient population and data source

A cohort based on data from The European Surveillance
System (TESSy), provided by Spain, Italy (SPIN-UTI network27–29),
and Portugal and released by European Centre for Disease
Prevention and Control (ECDC), was used.30 The cohort consisted
of adult patients admitted to ICUs who developed a HAI during
the surveillance period between 2008 and 2016.

Our patient population included adult patients with at least
1 confirmed HAI (ie, bloodstream, catheter-related infection,
pneumonia, or urinary tract infection) diagnosed at least 48 hours
after ICU admission and with at least 1 of 4 potential invasive pro-
cedures performed: central venous catheter (CVC), intubation
(INT), parenteral nutrition (PNUT) or a urinary catheter (UC).
Only adult patients with confirmed susceptibility testing to
selected antimicrobial agents and microorganisms were included
in the analysis.

Microbiology and susceptibility definitions

The antibiotic-resistant condition of bacteria was drawn from a
2019 study by Cassini et al,17 which selects specific microorganisms
and antibiotic resistance profiles based on public health impor-
tance. The microorganism–antibiotic resistance pairings were as
follows: third-generation cephalosporin-resistant Escherichia coli,
methicillin-resistant Staphylococcus aureus, carbapenem-resistant
Pseudomonas aeruginosa, third-generation cephalosporin-resistant
Klebsiella pneumoniae, carbapenem-resistant Acinetobacter
spp, carbapenem-resistant K. pneumoniae, colistin-resistant K.
pneumoniae, vancomycin-resistant Enterococcus faecalis and
Enterococcus faecium, colistin-resistant E. coli, penicillin-resistant
Streptococcus pneumoniae, penicillin-resistant and macrolide-
resistant Streptococcus pneumoniae, carbapenem-resistant E. coli,

colistin-resistant Acinetobacter spp, and colistin-resistant P.
aeruginosa.

Patients infected by >1 microorganism were classified as
resistant if at least 1 of the isolated microorganisms was deemed
resistant to at least 1 of the selected antibiotics.

Statistical and economic analyses

Balance across baseline patient characteristics of susceptible
and resistant infections was analyzed using unadjusted univariate
comparisons. For that purpose, t tests for continuous variables and
Fisher exact tests were used with a 2-tailed design, and a statistical
significance level of 0.05 was prespecified.

We followed 3 complimentary multivariable estimation strate-
gies with (1) an unadjusted linear specification,31 (2) adjusted
linear specification,32 (3) genetic 1:1 matching33 as well as adjusted
Cox regression.34 Genetic 1:1 matching automates a combination
of propensity scores and Mahalanobis distance matching for each
covariate such that the a version of optimal balance is achieved
after matching.35 The selection of control variables was driven
by availability of data regarding patient, procedure, and contextual
characteristics associated with both resistance and LOS. Variables
included in the matching process included: age, sex, time to infec-
tion, procedures, and infection site. Each other estimation strategy
was replicated with an incremental set of control variables (ie, age,
sex, bacteria fixed effects, ICU fixed effects, and time to infection)
to assess coefficient stability to assess unobservable selection to
resistance.36 Our study included deidentified fixed effects, country,
hospital, and ICU. Relevant patient parameters included age,
sex, type of exposure, type of infection, and type of microorganism.
Moreover, to assess the magnitude of time-dependent bias,37

all estimation strategies included at least 1 model specification
controlling or matching for time to infection. Uncertainty of
estimates was constructed with Huber-White robust standard
errors clustered at the ICU level.38 To assess the robustness of
the estimates to resistance unobservable selection, we performed
a quantitative bias analysis.36 We also estimated the linear model
for the number of antimicrobial-resistant organisms present at the
time of infection.

To approximate the attributable economic burden of
ICU-acquired resistant infections, we developed a simple
economic model relating the excess LOS estimates to direct hospi-
talization costs. Direct costs were obtained from national price lists
and standardized costing methods for ICU stays.39–41 Costs were
adjusted to 2019 euros with country-specific healthcare price
indices.42 All analyses were performed in R version 3.6.2 software
(2019).43

The study was approved by the Ethics Committee “Catania 1,”
Catania, Italy (protocol nos. 111/2018/PO and 295/2019/EMPO).

Results

In total, 18,773 patients with ICU-acquired bacterial infections
were assessed for eligibility, and 13,441 were included in the
analysis after meeting eligibility criteria: 9,335 patients (69.5%)
were infected with antimicrobial-susceptible microorganisms
and 4,106 patients (30.5%) were infected with resistant ones.
Figure 1 depicts the patient selection flow chart.

The mean age of the patients was 62 years (SD ±15.6).
Moreover, 65% of patients were from Spanish ICUs, 20% were
from Italian ICUs, and 15% were from Portuguese ICUs. In total,
66% of patients were male, and most patients (84%) stayed in
mixed ICUs. The most prevalent invasive procedures involved
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were central venous catheter (97.5% of patients) and intubation
(94% of patients). Table 1 shows patient characteristics by the
resistance status of bacteria isolated from ICU-acquired infections.
On average, patient characteristics, including the type of infection
and invasive procedures performed, were different regarding their
susceptibility classification. Supplementary Table S1 (online)
presents the empirical propensity distribution of organisms by type
of infection and antibiotic resistance level in kernel density
estimates. After genetic 1:1 matching, 4,106 susceptible patients
were included, whereas 5,229 were dropped from the matched
analysis. Balance across baseline prognostic factors greatly
improved, and only 3 baseline variables were statistically signifi-
cant different across groups. The right panel of Table 1 presents
the distribution of variables after matching. Supplementary
Figures S1 and S2 (online) present the propensity score distribu-
tions and the standardized bias plots before and after matching.

The association between resistance status and excess LOS
of unadjusted models was 6.998 days (95% CI, 6.130–7.866;
P < .001) in the linear regression model, it was 4.076 days (95%
CI, 3.001–5.151; P < .001) in the matched analysis, and the hazard
ratio (HR) was 1.278 (95% CI, 1.232–1.308; P < .001) in the Cox
regression model. Table 2 presents all 3 model estimates. The
inclusion of additional control variables (specifications b to d:
age, gender, bacteria fixed-effects, hospital-ICU fixed effects,

infection site, invasive procedures, and time to infection) yielded
a decrease in the association between resistance and excess LOS
by 30% for the linear regression model, 20% in the matched model,
and 9% in the Cox model. However, the greatest estimate change
resulted from the inclusion of time to infection confounding
control. Fully adjusted estimates were 2.756 days (95% CI,
1.977–3.535; P < .001) in the linear model and 2.604 days (95%
CI, 1.661–3.548; P < .001) in the matched model, and HR was
1.146 (95% CI, 1.101–1.178; P < .001) in the Cox model. Thus,
the inclusion of time-to-infection controls reduced the estimates
by 61% in the linear model, 35% in the matched model, and
11% in the Cox model.

In terms of time to discharge or death, Figure 2 displays the
Kaplan-Meier estimates of cumulative incidence. During the first
5 days after ICU admission, no significant differences between
resistant and susceptible infection groups were detected. After
day 6, the estimates started to diverge, leading to a difference of
2.7 days at median cumulative incidence.

Figure 3 presents the fully adjusted country-specific cumulative
incidence estimates of the Cox regression models in the upper
panel, while the lower panel illustrates the unadjusted and adjusted
cost estimates by country. Adjusting the estimates reduces the
attributable burden in all included countries. Unadjusted direct cost
estimates (2019) per resistant infection for Spain are 13,855€

Fig. 1. Patient flowchart diagram. *Included microorganisms: Acinetobacter baumannii, Enterobacter cloacae, Enterococcus faecalis, Enterococcus faecium, Escherichia
coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Staphylococcus aureus, and Staphylococcus epidermidis. **Included antimicrobial agents: third-generation cephalosporins
(cefotaxim, cetriaxone, ceftazidim), carbapenems (imipenem, meropenem, doripenem), methicillin, and vancomycin.
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Table 1. Patient Characteristics by Resistance Status of Bacteria Isolated From ICU-Acquired Infections, Full and Matched Samples

Variable

Full Sample

P Value

Matched Sample

P Value

Susceptible Resistant Susceptible Resistant

(N= 9,335) (N= 4,106) (N= 4,106) (N= 4,106)

Country <.001 <.001

Spain 6,572 (70.4) 2,404 (58.5) 2,894 (70.5) 2,404 (58.5)

Italy 1,538 (16.5) 944 (23.0) 613 (14.9) 944 (23.0)

Portugal 1,225 (13.1) 758 (18.5) 599 (14.6) 758 (18.5)

Age, mean y (SD) 62.0 (15.6) 62.1 (15.9) .732 62.3 (15.3) 62.1 (15.9) .599

Sex .003 .813

Female 3237 (34.7) 1314 (32.0) 1,325 (32.3) 1,314 (32.0)

Male 6,098 (65.3) 2,792 (68.0) 2,781 (67.7) 2,792 (68.0)

Type of ICU <.001 .003

Burned 27 (0.33) 11 (0.29) 10 (0.27) 11 (0.29)

Coronary 25 (0.30%) 10 (0.27) 12 (0.32) 10 (0.27)

Medical 202 (2.45 103 (2.75) 96 (2.58) 103 (2.75)

Mixed 6,864 (83.3) 3,194 (85.1) 3,106 (83.4) 3,194 (85.1)

Neuro-trauma 197 (2.39) 21 (0.56) 58 (1.56) 21 (0.56)

Other 418 (5.08) 189 (5.04) 211 (5.67) 189 (5.04)

Surgical 503 (6.11) 224 (5.97) 229 (6.15) 224 (5.97)

Invasive procedure

Central venous catheter .025 1

No 246 (2.64) 81 (1.97) 81 (1.97) 81 (1.97)

Yes 9,089 (97.4) 4,025 (98.0) 4,025 (98.0) 4,025 (98.0)

Intubation <.001 1

No 693 (7.42) 125 (3.04) 124 (3.02%) 125 (3.04)

Yes 8,642 (92.6) 3,981 (97.0) 3,982 (97.0) 3,981 (97.0)

Parenteral nutrition <.001 .883

No 7,212 (77.3) 2,941 (71.6) 2,948 (71.8) 2,941 (71.6)

Yes 2,123 (22.7) 1,165 (28.4) 1,158 (28.2) 1,165 (28.4)

Urinary catheter <.001 1

No 1,316 (14.1) 419 (10.2) 419 (10.2) 419 (10.2)

Yes 8,019 (85.9) 3,687 (89.8) 3,687 (89.8) 3,687 (89.8)

Infection site

Bloodstream .001 <.001

No 5,654 (60.6) 2,362 (57.5) 2,598 (63.3) 2,362 (57.5)

Yes 3,681 (39.4) 1,744 (42.5) 1,508 (36.7) 1,744 (42.5)

Cather-related <.001 .716

No 8,730 (93.5) 3,769 (91.8) 3,779 (92.0) 3,769 (91.8)

Yes 605 (6.48) 337 (8.21) 327 (7.96) 337 (8.21)

Pneumonia <.001 .009

No 5,778 (61.9) 1,754 (42.7) 1,873 (45.6) 1,754 (42.7)

Yes 3,557 (38.1) 2,352 (57.3) 2,233 (54.4) 2,352 (57.3)

Urinary tract <.001 .685

No 6,563 (70.3) 3,060 (74.5) 3,077 (74.9) 3,060 (74.5)

Yes 2,772 (29.7) 1,046 (25.5) 1,029 (25.1) 1,046 (25.5)

Note. ICU, intensive care unit; SD, standard deviation. To calculate P value, the Fisher exact test was used for categorical variables and the Student t test was used for continuous variables.
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Table 2. Regression, Matching and Time-to-Event Results

Regression model a) Unadjusted b) Age-sex adjusted
c) Hospital-ICU
fixed-effects

d) Infection site and
procedure adjusted

e) Full control
specification

Linear regression model

Resistance 6.998*** 7.001*** 6.942*** 4.983*** 2.756***

95% CI (6.130– 7.866) (6.132–7.869) (5.960–7.923) (3.990–5.977) (1.977–3.535)

Matched

Resistance 4.076*** 4.065*** 4.235*** 3.270*** 2.604***

95% CI (3.001–5.151) (2.990–5.140) (3.046–5.424) (2.073–4.468) (1.661–3.548)

Mean days LOS in outcome 29.32

Cox proportional hazards model

Resistance, hazard ratio 1.278*** 1.276*** 1.268*** 1.168*** 1.146***

95% CI (1.232–1.308) (1.231–1.309) (1.222–1.298) (1.121–1.198) (1.101, 1.178)

Included Control variables

Age ● ● ● ●

Sex ● ● ● ●

Bacteria fixed effects ● ● ●

Hospital-ICU fixed effects ● ●

Infection site ● ●

Procedures ● ●

Time to infection ●

Note. CI, confidence interval, LOS, length of stay; ICU, intensive care unit. Significance:
*** 0.01; ** 0.05; *0.10.

Fig. 2. Kaplan-Meier estimates cumulative time to discharge.
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[16,008USD] (95% CI, 12,148–15,562), 6,518€ [7,531USD]
(95% CI, 3,903–9,133) for Italy, and 7,301€ [8,435USD] (95% CI,
4,053–10,548) for Portugal. However, when fully adjusted for all
baseline characteristics, all estimates are reduced, with 5,224€
[6,036USD] per resistant infection (95% CI, 3,691–6,756) for
Spain, 4,461€ [5,154USD] (95% CI, 1,948–6,973) for Portugal,
and 4,320€ [4,991USD] (95% CI, 1,662–6,977) for Italy.

The estimates from the quantitative bias analysis show a 30%
increase in R2 alongside a δ = 1, meaning equal importance of
unobservable to current specification to drive resistance estimates
to 0 (Supplementary Fig. S3 online). Furthermore, the results of the
sensitivity analysis breaking down the estimate of the number of
resistant organisms at the time of infection showed that having
2 resistant organisms at the time of infection was associated with
an increase in LOS of 5.787 days (95% CI, 4.548–7.025; P < .001)
and that having 3 or more resistant organisms at the time of infec-
tion is associated with an increase in LOS of 15.249 days (95% CI,
12.911–17.587; P < .001).

Discussion

In this study, we approximated the causal effect of antimicrobial
resistance on excess LOS and direct in-hospital economic cost in
the ICU setting. We approached the research question using
complementary methodologies alongside variations in con-
founding control.44 Moreover, we estimated a significant burden
of resistance ranging from 2 to 3.5 extra days, resulting in a
plausible economic effect ranging from 1,600€ to 7,000€ per

resistant infection. These results contribute significantly to the
antimicrobial resistance literature that explores the consequences
of resistance on health and economic outcomes.

Notably, given that all patients in the sample had a relatively
long mean and median LOS (29–23 days), the relative size of
estimated effects ranges from 10% to 20% of the total LOS.
Considering that each invasive procedure increases the
patient’s chances of HAI by itself, the inclusion of confounding con-
trols did not substantially change the estimates except for time-to-
infection adjustments, which shrunk estimates between one-third
and one-half. Our findings are consistent with previous studies that
have explored the magnitude of time-dependent bias.19,20,22

However, we report an even larger reduction in the attributable asso-
ciation, up to 60% compared to the 33% previously reported upward
bias. Our results suggest that within southern European ICU set-
tings, the extent of this bias could be magnified. There are several
potential explanations: an older population on average, a historically
higher level of antimicrobial resistance, and a relatively lower eco-
nomic endowment in all areas of healthcare compared to the overall
European average. Compared to other international settings, in our
study, antimicrobial resistance levels fall below those of South
America and Asia/Middle East (45% and 44%, respectively).45

However, when compared to North America and Australasia
(19% and 21%, respectively), prevalence is much higher in our set-
ting, representing a relative increase of ∼50%. Our results should be
interpreted within high prevalence contexts in developed countries.

The strengths of the analyses performed here relate to (1) the
validity of our analysis for southern European countries, and by

Fig. 3. Adjusted cumulative discharge incidence Cox estimates and cost estimates by resistance status and country.
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extension, to developed countries with a high level of antimicrobial
resistance, (2) the extensive use of complementary methodological
approaches including multivariate and matching strategies along-
side differential confounding control strategies, and (3) the use
of a large and potentially representative sample of patients with
ICU-acquired infections.

This study also had several limitations. We were not able to
meet international definitions of antimicrobial resistance due to
limited antimicrobial reporting (although this likely reflects clini-
cal practice). The lack of observability in the use of inappropriate
antimicrobial therapy, could have had an independent effect over
LOS, alongside its independent economic effect. Potential unmeas-
ured confounding could represent a bias that moved our estimates
upward. We lacked information regarding severity of illness upon
initial presentation, comorbidities, and immune status. Finally, no
follow-up data were available after ICU discharge.

In conclusion, ICU-acquired HAI has been associated with
clinically important outcomes and significant healthcare costs.
Consequently, the prevention of HAI, particularly regarding those
associated with invasive procedures, is essential to reduce the
burden of HAI,46 including those caused by antibiotic-resistant
microorganisms. Overall, we observed a significant overall excess
LOS and a substantial economic burden of resistant ICU-acquired
infections compared to their susceptible counterparts. A relative
increase of ∼14% in excess LOS was estimated when time to infec-
tion was introduced in the models. Failure to account for or match
for HAI timing rendered an upward bias in the estimates between
10% to 60%, slightly alleviated by the inclusion of other con-
founding factors in line with Nelson et al.19 Further studies
estimating the attributable burden of antimicrobial-resistant infec-
tions in the ICU should be aware of the timing of infection.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/ice.2021.429
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