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Abstract

Background: Pseudomonas aeruginosa-related pneumonia is an ongoing healthcare challenge. Estimating its
financial burden is complicated by the time-dependent nature of the disease.

Methods: Two hundred thirty-six cases of Pseudomonas aeruginosa-related pneumonia were recorded at a 2000
bed German teaching hospital between 2011 and 2014. Thirty-five cases (15%) were multidrug-resistant (MDR)
Pseudomonas aeruginosa. Hospital- and community-acquired cases were distinguished by main diagnoses and
exposure time. The impact of Pseudomonas aeruginosa-related pneumonia on the three endpoints cost, reimbursement,
and length of stay was analyzed, taking into account (1) the time-dependent nature of exposure, (2) clustering of costs
within diagnostic groups, and (3) additional confounders.

Results: Pseudomonas aeruginosa pneumonia is associated with substantial additional costs that are not fully reimbursed.
Costs are highest for hospital-acquired cases (€19,000 increase over uninfected controls). However, community-acquired
cases are also associated with a substantial burden (€8400 when Pseudomonas aeruginosa pneumonia is the main reason
for hospitalization, and €6700 when not). Sensitivity analyses for hospital-acquired cases showed that ignoring
or incorrectly adjusting for time-dependency substantially biases results. Furthermore, multidrug-resistance was
rare and only showed a measurable impact on the cost of community-acquired cases.

Conclusions: Pseudomonas aeruginosa pneumonia creates a substantial financial burden for hospitals. This is
particularly the case for nosocomial infections. Infection control interventions could yield significant cost reductions.
However, to evaluate the potential effectiveness of different interventions, the time-dependent aspects of incremental
costs must be considered to avoid introduction of bias.

Keywords: P. aeruginosa pneumonia, Community-acquired infection, Hospital-acquired infection, Statistical methods,
Time-dependent exposure

Background

Pneumonia presents an ongoing healthcare challenge.
Community-acquired cases account for a considerable
number of hospitalizations [1, 2], and hospital-acquired
pneumonia is a common complication in both ventilated
[3] and non-ventilated [4] patients. Hospital-acquired
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cases of pneumonia are furthermore associated with in-
creased total hospital expenditure, longer length of stay,
and greater likelihood of death [5, 6].

A variety of causative pathogens have been identified,
depending on the patient population and other factors
[7-11]. However, a relatively limited set of bacterial spe-
cies have been identified as causing a large number of
the hospital-acquired bacterial cases, i.e. Staphylococcus
aureus, Pseudomonas aeruginosa, Klebsiella species,
Escherichia coli, Acinetobacter species, and Enterobacter
species [7].
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Pseudomonas aeruginosa is not only a frequent causa-
tive agent of pneumonia in hospitalized patients [12],
immunocompromised hosts, and patients with cystic fi-
brosis [13], it is also a common cause of community-
acquired infection [14] and is responsible for considerable
additional healthcare costs and resource utilization [12].
However, assessing the cost of an infection such as pneu-
monia is prone to biases. Multidrug-resistance (MDR) in-
troduces additional difficulty and might be an important
variable in explaining the burden of pneumonia.

Precise measurement of infection-associated costs is
vital for hospital boards and administrators to guide in-
vestment and budgeting decisions and long-term plan-
ning of structural and non-structural infection control
measures. Lastly, it is also crucial for policy makers and
health insurance providers.

This study demonstrates appropriate analysis strategies
using real clinical data and estimates the economic burden
of both hospital-acquired and community-acquired pneu-
monia, taking into account exposure time, clustering of
costs within procedural groups, and multidrug-resistance.
Using Pseudomonas aeruginosa-related pneumonia as an
example, this study also discusses the methodological
challenges of estimating the hospital costs associated with
infections.

Methods

When analyzing the hospital costs attributable to a spe-
cific pathogen and condition such as Pseudomonas aeru-
ginosa-related pneumonia, a number of methodological
issues need to be kept in mind. Firstly, three categories
of cases should be differentiated when estimating the
cost of Pseudomonas aeruginosa-related pneumonia [15]:

(1) Hospital-acquired pneumonia (HAP), where
pneumonia is detected more than 48 h after
admission and by definition is not the main reason
for hospitalization. To estimate the additional cost
of HAPs, three particular aspects need to be kept in
mind. First, in-hospital costs are highly clustered
within diagnostic groups due to the high share of
disease- and procedure-related fixed costs. Secondy,
the time-dependent nature of healthcare-associated
infections (HAI) needs to be taken into account to
avoid an overestimation of the true effect due to
time-dependent bias [16—18]. Thirdly, the impact of
HALI on the costs of care may be confounded by
other cost drivers such as advanced age and
comorbidities.

(2) Community-acquired pneumonia cases (CAP),
where the infection is present upon hospital
admission, but not the primary reason for
hospitalization. Here, the additional costs of the
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infection are calculated by comparing these cases to
uninfected controls.

(3) CAPs in which the infection is the main reason for
hospitalization (e.g. main diagnosis group =
Pseudomonas aeruginosa-related pneumonia). These
cases pose little analytical challenge, as the
(additional) costs are identical to the total cost of
the hospital stay since the patient would not have
been hospitalized in the first place if not for the
infection.

Knowing the point in time when exposure took place
is crucial. If it is unknown, it is impossible to distinguish
between the three categories of infections outlined
above. Analyzing the excess cost of treating HAPs with-
out taking into account the timing of HAP onset causes
the results to be subject to time-dependent bias [18].
However, the exact exposure time often cannot be
gleaned from routinely collected clinical data [4, 12].
Given this limitation, some authors have proposed
matching (or adjusting) for total length of stay [12, 19].
This approach, however, is problematic as it is subject to
“conditioning on the future”, i.e. controlling for an out-
come [20, 21]. Essentially, this is a statistical variant of
the hindsight bias by predicting an outcome based on in-
formation influenced by the outcome itself [22].

Another challenge concerns the identification of ap-
propriate controls. The clustering of costs within pro-
cedural groups should be accounted for [23], and only
comorbidities which cannot plausibly occur as a conse-
quence of an infection should be used for risk adjust-
ment to prevent controlling for an outcome [24, 25].

We investigated the issues outlined above in clinical
data collected from a 2000 bed German University
teaching hospital between 2011 and 2014. Consisting of
204,914 complete patient records, the data included in-
formation on age, gender, main and secondary diagno-
ses, and cost figures calculated according to the
standardized costing system developed by the Institute
for the Hospital Remuneration System (InEK), the au-
thority responsible for reimbursement rates [26, 27]. All
patient data was anonymized in accordance with Ger-
man law. Written consent was thus determined to not
be necessary. The study’s use of the data was approved
by the University of Freiburg Ethics committee.

Cases of Pseudomonas aeruginosa-related pneumonia
were identified using the main or secondary diagnosis J.151
(ICD-10). Next, cases were confirmed and/or categorized
using additional information regarding the microbiological
and clinical details of the respective pathogen. The exact
time at which exposure took place (since admission) is
available for all confirmed cases of Pseudomonas aerugi-
nosa-related pneumonia. Pseudomonas aeruginosa-related
pneumonia cases are categorized by the place of acquisition
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(outside the hospital/inside the hospital) and the immunity
of the patient (immune competence). The status of a
Pseudomonas aeruginosa-related pneumonia case was only
applied to patients who fulfill the epidemiological, micro-
biological and clinical criteria for Pseudomonas aeruginosa-
related pneumonia in accordance to the relevant German
guidelines [28, 29].

We calculated the burden of Pseudomonas aeruginosa-
related pneumonia for (1) HAP, (2) CAP where Pseudo-
monas aeruginosa-related pneumonia was not the main
reason for hospitalization, and (3) CAP where Pseudo-
monas aeruginosa-related pneumonia was the main rea-
son for hospitalization. In each of the following steps
and scenarios, the three endpoints cost, reimbursement,
and length of stay were analyzed using quantile regres-
sion to account for the right skewed nature of the data.
Quantile regression does not require distributional as-
sumptions other than continuity of the dependent vari-
able, and the resulting estimates are considered
completely robust to extreme values of the dependent
variable [30]. All analyses were conducted using Stata 15
(StataCorp, College Station, TX, USA). We developed
the following 5-step approach:

Analysis of HAP

We used regression models with a within-main-
diagnosis time-to-exposure stratification approach that
allows for appropriate treatment of the time-dependent
exposure, while also accounting for the clustering of
costs within main diagnosis groups. Each case of HAP
was matched with up to four controls within the same
main diagnosis groups that had a length of stay at least
equal to the exposure time of each case. Time-to-
exposure matching has previously been suggested as a
suitable way to analyze the additional cost of hospital-
acquired infections [31]. In the regression analyses, the
strata consisting of the case and the four matched con-
trols have been added as fixed effects. Baseline risks are
controlled for by adding the Charlson Comorbidity
Index (CCI), sex, age, and age” as further covariates.

Analysis of CAP where pneumonia was not the main
reason for hospitalization

We used a within-main-diagnosis regression approach
that allows for a comparison of patients with a similar risk
and cost propensity on admission. Regression specification
and risk adjustment are analog to the model described
above, merely without the time-to-exposure component,
since the infection is already present on admission.

Analysis of CAP where pneumonia was the main reason
for hospitalization

As mentioned, these cases pose little analytical chal-
lenge, as the patient would not have been hospitalized
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had it not been for the infection and the (additional)
costs thus are identical to the total costs of the hospital
stay.

Potential biases from misspecification of HAP analyses
Analyses of the incremental costs of hospital-acquired
conditions are prone to time-related bias if the timing of
exposure is neglected [32]. We therefore developed two
sensitivity analyses. First, we presented a sensitivity ana-
lysis in which the time-dependency of exposure in HAP
is ignored in order to quantify the potential overesti-
mation of the true effect [33]. Next we conducted an
analysis that was done when the exposure time was still
unavailable [19, 34]. Specifically, we again ignored the
time-dependency of exposure, and rather adjusted for
total length of stay.

Impact of multidrug-resistance (MDR)

The burden of Pseudomonas aeruginosa pneumonia was
stratified for MDR. Analyses in Step (I), (II), and (III)
were repeated, but resistance status (MDR or non-MDR
Pseudomonas aeruginosa) was included in the regression
model as an effect modifier. This approach means that
different types of infections (MDR or non-MDR Pseudo-
monas aeruginosa) were compared to uninfected con-
trols. Previous studies often directly compared MDR and
non-MDR cases [35], which implies the assumption of
the so-called “replacement scenario” It assumes that
every infection caused by resistant bacteria would be re-
placed by an infection caused by more susceptible bac-
teria if the spread of resistant pathogens was prevented
[36-38]. Yet antibiotic resistance does not only increase
the burden of infections: It is also responsible for the on-
set of infection through the failure of antibiotic prophy-
laxis [39].

Results

As shown in Fig. 1, a total of 283 cases of Pseudomonas
aeruginosa-related pneumonia were recorded as main or
secondary diagnoses. Microbiological review confirmed
236 (83%) cases. Only 35 (15%) cases were MDR Pseudo-
1MONAs aeruginosa.

The data included 141 cases of HAP, which on average
were associated with €46,500 in costs and €40,500 in re-
imbursements (see Table 1). Furthermore, 63 cases of
CAP were identified where pneumonia was not the pri-
mary reason for hospitalization. The average costs and
reimbursements for these cases were €27,000 and €23,
000, respectively. Cases where CAP was the main reason
for hospitalization were associated with €14,000 in both
costs and reimbursements. The differences in costs are
reflected in the average length of stay for the three
groups of 35, 21 and 15 days, respectively. As shown in
Fig. 2, these mean values are to some extent driven by
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Patients with ICD-10 Code J151 as main or secondary diagnosis
No exposure time available via ICD coding
N=283

microbiological

details are reviewed manually

Main diagnosis J151
=community-acquired

Secondary diagnosis J151 and exposure
time available using microbiological details

Other or no pathogen
detected (=coding error)

(CAP), pneumonia
being the main reason
for hospitalization

N=204

N=47

N=32 | 1
Exposure time <48h Exposure time 248h
=community-acquired =hospital-acquired
(CAP), pneumonia not (HAP)
being the main reason for N=141
hospitalization
N=63
MDR MDR MDR
N=5 N=15 N=15
| non-MDR non-MDR non-MDR
N=27 N=48 N=126

Fig. 1 Patient selection and categorization of Pseudomonas aeruginosa related pneumonia

outliers, which results in a substantial difference between
the means and medians.

Results from regression analyses presented in Table 2
column 1 show that HAP cases are associated with add-
itional costs of €19,000 and reimbursements of €17,000
compared with uninfected controls.

As shown in Table 3, CAP where the pneumonia was
not the primary reason for hospital admission incurred
additional costs of about €6700, of which only €5400
were compensated through higher reimbursement.

Table 4 shows that cases where CAP was the primary
reason for hospitalization incurred a (median) total cost

of about €8400 and reimbursement of €5400. Since
Pseudomonas aeruginosa pneumonia is the reason for
hospital admission in the latter case, these costs repre-
sent the burden from the hospital perspective, as the pa-
tient would not otherwise have been admitted.

Table 2 also shows the effect of introducing various
biases into the regression model when analyzing HAP
cases. Column 1 shows the ‘correct’ model, whereas col-
umn 2 shows the effect of ignoring the time dependency
of exposure. Controls are matched to cases within the
same main diagnosis group (ICD-10) to control for cost
clustering, but no time-to-exposure matching is applied.

Table 1 Descriptive Statistics for cases of Pseudomonas aeruginosa pneumonia

Hospital-acquired cases

Community-acquired cases where the

Community-acquired cases where the

(HAP) infection was not the main diagnosis (CAP) infection was the main diagnosis (CAP)
Mean SD Mean SD Mean SD
Costs (in €) 46,542.7 31,6242 26,9549 33,5406 14,065.8 201774
Reimbursement (in €) 40,453.5 29,537.1 23,1220 28,216.1 13,7127 22,0113
Length of stay (in days) 3595 22.78 21.13 19.15 1547 12.74
Exposure time (in days) 24.28 95.91 0.84 2.86 4.25 1549
Charlson Comorbidity Index (CCl)  4.01 3.00 357 3.09 238 2.69
Deaths (in %) 23% 21% 12%
Age (in years) 65.22 14.51 59.00 15.63 61.72 19.82
Female gender (in %) 28% 30% 56%
N 141 63 32

Details on patients with Pseudomonas aeruginosa pneumonia which were confirmed by microbiological review at a German University teaching hospital between
2011 and 2014. Categorization according to main diagnosis and exposure time (HAP: detected more than 48 h after admission)
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Category (3): Community-acquired cases
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diagnosis
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100,000

75,000

total in-hospital costs (in €)
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25,000

0

150,000

125,000

100,000+

75,000

total in-hospital costs (in €)

50,000

post-infection days

non-MDR cases

Fig. 2 Hospital and community-acquired cases of Pseudomonas aeruginosa related pneumonia

50
post-infection days

MDR cases

The estimated incremental cost effect increases to €30,
500, with reimbursements estimated to be €29,500. Extra
length of stay increases more than twofold compared to
the correct model.

The third column shows the results of a regression
controlling for overall length of stay instead of matching
on the time of infection. Here, estimates are lower than
in the correct model. While length of stay adjustment
corrects the overestimation caused by the time-
dependent bias when ignoring the time-varying nature
of hospital-acquired infections, it underestimates the

true effect. Since increased length of stay is a result of a
hospital-acquired infection controlling for it ignores part
of the true effect by conditioning on the future.

Table 5 shows the burden of Pseudomonas aeruginosa
pneumonia stratified for multidrug-resistance. Interest-
ingly, the most pronounced effect of multidrug-
resistance was in community acquired cases. Although
the number of MDR-HAPs is rather low (n = 15), there
only seem to be slight differences (see Fig. 2) in the time
points of exposure between non-MDR-HAP and MDR-
HAP cases (14.4 days and 21.4 days, p = 0.088). See also
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Table 2 Additional burden of hospital-acquired cases of Pseudomonas aeruginosa pneumonia
m @ ©)]
Additional costs (in €) 19,0196 3045317 12,2894
[12,944.3, 250,94.9] [22,4184, 38/487.8] [5400.6, 19,178.2]
Additional reimbursement (in €) 16,599.9" 29,4014 78115
[10,025.9, 23,173.8] [22,536.2, 36,266.6] [1694.5, 13,928.5]
Additional length of stay (in days) 9141 1875
[6.941, 11.34] [16.20, 21.30]
Time-to exposure matching yes no no
Adjusting for total length of stay no no yes
N 555 584 584

95% confidence intervals in brackets, results of median regression
“p<0.1," p<005 " p<0.01

Results of multivariate quantile regressions including a case-control variable as well as CCl, sex, age, and age2 as fixed effects. Column (1) shows the ‘correct’
model, whereas column (2) shows the effect of ignoring the time dependency of exposure. Column (3) shows the results of a regression controlling for overall

length of stay instead of matching on the time of infection

Additional file 1: Figure S1 and S2 for details of the
comparison between (MDR-) HAPs and uninfected con-
trols. However, the substantial differences in total in-
hospital costs underline the need for the within-main-
diagnosis-time-to-exposure stratification approach ap-
plied that allows for appropriate treatment of time-
dependent exposure, while also accounting for the clus-
tering of costs within main diagnosis groups.

Discussion

Pseudomonas aeruginosa pneumonia is associated with
substantial additional hospitalization costs which, on
average, are not fully recovered through higher reim-
bursements. The additional costs generated are highest
for hospital-acquired cases. Our sensitivity analysis for
hospital-acquired cases showed that ignoring or incor-
rectly adjusting for the time-dependency substantially
biases results. The extent of this bias underlines the need
to carefully address time-varying exposure and to collect
and provide data on infection onset. Overall, the propor-
tion of MDR Pseudomonas aeruginosa is low (15%); and

Table 3 Additional burden of community-acquired cases where
the infection was not the main diagnosis

Additional costs (in €) 6689.17
[4368.3, 9009.9]
Additional reimbursement (in €) 535437
[2152.3, 8556.3]
Additional length of stay (in days) 7264
[3.996, 10.53]
N 262

95% confidence intervals in brackets

“p<0.1," p<005 " p<0.01

Results of multivariate quantile regressions including a case-control variable as
well as CCl, sex, age, and age? as fixed effects

a pronounced effect of multidrug-resistance was de-
tected for community acquired cases.

Our study has several limitations. First, being a single
center study, the generalizability of the estimated effects
may be limited. However, since the cost calculation
method is standardized and is used by most German
hospitals, the effects at other German hospitals should
be comparable. Another limitation concerns the defin-
ition of time-at-risk for acquiring pneumonia. A large
proportion of hospital-acquired pneumonia cases, par-
ticularly with Pseudomonas aeruginosa, are associated
with mechanical ventilation and/or intubation. Since
mechanical ventilation or intubation alters the likelihood
of contracting pneumonia, ventilation-associated pneu-
monia (VAP) cases are usually compared to controls that
are at risk, i.e. also ventilated [40]. This left truncation
means that cases and controls should “enter the study”
after ventilation has commenced. Attributing length of
stay before onset of ventilation to the burden of VAP
leads to length bias, which can overestimate the true ef-
fect. Since our dataset and routine data in general do
not provide information on the time point of ventilation

Table 4 Burden of community-acquired cases where the
infection was the main diagnosis

Total costs (in €) 83773
[4330.8, 12,423.7]
Total reimbursement (in €) 5442 6***

[2287.8, 8597.3]

Total length of stay (in days) 130"
[8.876, 17.12]
N 32

95% confidence intervals in brackets
“p<0.1, " p<005 " p<0.01
Results of univariate quantile regression
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Table 5 Burden of Pseudomonas aeruginosa pneumonia stratified for multidrug-resistance

Hospital-acquired cases (HAP)

Community-acquired cases (CAP)
where the infection was not the

Community-acquired cases (CAP)
where the infection was the main

main diagnosis diagnosis

Non-MDR-HAP MDR-HAP Non-MDR-CAP  MDR-CAP Non-MDR- CAP  MDR —CAP

(N=126) (N=15) (N=48) (N=15) (N=27) (N=5)
Additional costs (in €) 19,4483™" 12,8753 4051.7"" 2725106 61212 12,9817

(124727, 264239]  [-38900,29,6406] [19716,6131.7] [77324,46,7696]  [2657.6,9584.8] [-250788, 51,042.2]
Additional reimbursement 17,7298 47286 26475 18,0703 50774 76766
(in € (99430, 255167]  [-73462, 16,8035 [1196.5, 40986] [12,582.8, 23,557.7] [1979.8,81750] [-30,929.8, 46,283.1]
Additional length of stay ~ 9.524™" 6.693" 5102 15483 9™ 25
(in days) (6494, 12.554] [1532, 11.854] [2.498, 7.705] [10.490, 20477 (5302, 12.697]  [~10.087, 60.087]
N 555 262 32

95% confidence intervals in brackets, results of median regression
“p<0.1," p<005 " p<0.01

Results of multivariate quantile regressions including a case-control variable as well as CCl, sex, age, and age? as fixed effects (HAP and CAP) and MDR-status as

effect modifier. For HD-CAP cases univariate quantile regression was used

we are unable to take this into account, meaning that
our results potentially overestimate the true effect.

Another important limitation is that we cannot rule
out that the very large cost differences between HAP
and CAP we found might be due to outliers, since MDR
cases are rare (N = 15).

An additional limitation lies in the calculation of extra
costs of community onset cases that are the primary rea-
son for hospitalization. Setting the additional costs of
pneumonia equal to the total costs of hospitalization as-
sumes that patients would not have been admitted to the
hospital without the condition. However, the extra costs
may include costs unrelated to Pseudomonas aeruginosa-
related pneumonia but which are attributable to the treat-
ment of comorbidities unrelated to the main diagnosis
(e.g. a patient with a chronic condition is more expensive
than one without). The full costs of hospitalization may
therefore be an overestimate. It can however be argued
that these are societal costs, and that from the hospital
perspective the counterfactual is that those secondary
diagnosis conditions would not have led to hospital
admission.

Conclusions

For future research, we wish to stress the importance of
considering the time-dependent aspects of incremental
costs to provide reliable estimates for accurate evalu-
ation of the potential effectiveness of different interven-
tions. In addition, incremental costs should be calculated
giving adequate consideration of the risks at baseline
and with carefully chosen controls. Our estimates
provide a first detailed estimation of the additional
costs of Pseudomonas aeruginosa pneumonia in Ger-
man hospital settings and can guide further research
by quantifying the extent of the different biases these
analyses are prone to.
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