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Abstract: Different techniques have been proposed to measure antibiotic levels within the lung
parenchyma; however, their use is limited because they are invasive and associated with adverse
effects. We explore whether beta-lactam antibiotics could be measured in exhaled breath condensate
collected from heat and moisture exchange filters (HMEFs) and correlated with the concentration
of antibiotics measured from bronchoalveolar lavage (BAL). We designed an observational study
in patients undergoing mechanical ventilation, which required a BAL to confirm or discard the
diagnosis of pneumonia. We measured and correlated the concentration of beta-lactam antibiotics
in plasma, epithelial lining fluid (ELF), and exhaled breath condensate collected from HMEFs. We
studied 12 patients, and we detected the presence of antibiotics in plasma, ELF, and HMEFs from
every patient studied. The concentrations of antibiotics were very heterogeneous over the population
studied. The mean antibiotic concentration was 293.5 (715) ng/mL in plasma, 12.3 (31) ng/mL in
ELF and 0.5 (0.9) ng/mL in HMEF. We found no significant correlation between the concentration of
antibiotics in plasma and ELF (R2 =0.02, p = 0.64), between plasma and HMEF (R2 =0.02,p = 0.63), or
between ELF and HMEF (RZ = 0.02, p = 0.66). We conclude that beta-lactam antibiotics can be detected
and measured from the exhaled breath condensate accumulated in the HMEF from mechanically
ventilated patients. However, no correlations were observed between the antibiotic concentrations in
HMEF with either plasma or ELF.

Keywords: exhaled breath condensate; antibiotics; pneumonia; heat and moisture exchange filter;
HMEF, mechanical ventilation

1. Introduction

Pneumonia is a frequently encountered complication in critically ill patients and
is known to be linked with significant morbidity and mortality rates [1]. The timely
administration of appropriate antibiotic therapy has been demonstrated to reduce mortality
associated with pneumonia in critically ill patients [2,3]. Furthermore, achieving therapeutic
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concentrations of antibiotics and ensuring their penetration into the infected tissues are
crucial for effective infection control with antimicrobial treatment [4].

While measuring antibiotic plasma levels is a common practice in the ICU, it may not
accurately reflect the actual concentration of antibiotics in the lung parenchyma. Following
the intravenous administration of a beta-lactam antibiotic, the plasma concentration under-
goes a characteristic rise and subsequent exponential decline. However, it is important to
note that the peripheral compartments, such as the cellular and interstitial compartments,
may exhibit different rates of change in their drug concentrations. The equilibrium between
these compartments does not occur instantaneously, leading to potential differences in the
concentration-time curves of the compartments. Despite these differences, plasma levels
remain the primary clinical tool for guiding clinicians in adjusting antibiotic dosages.

Various techniques have been proposed for assessing tissue concentrations, including
pulmonary microdialysis [5], tissue biopsies [6], and bronchoalveolar lavages (BALs) [7].
However, it is important to acknowledge that these techniques are invasive and can be
associated with potentially adverse events. Among these techniques, BAL remains one of
the most reliable methods for directly measuring antibiotic concentrations in the epithelial
lining fluid (ELF) of the lungs. It provides valuable insights into the local pharmacokinetics
of antibiotics and their distribution within lung tissues. However, it is essential to recognize
that BALs are not without risks, particularly in critically ill patients. The invasive nature
of BALs presents potential complications that limit their use, especially in specific patient
populations. For example, patients with coagulopathy, such as those with bone marrow
aplasia, may be at an increased risk of bleeding during the procedure. Additionally, there
is a safety concern regarding the potential aerosolization of pathogens, which can pose a
risk to both patients and healthcare providers, particularly in cases involving infectious
agents like SARS-CoV-2 or tuberculosis [8,9].

An alternative non-invasive procedure for assessing lung conditions is the evalua-
tion of exhaled breath condensate (EBC). This method has proven to be useful in various
scenarios, including the categorization of acute respiratory distress syndrome (ARDS)
severity [10] and the assessment of lung damage progression in experimental models [11].
McNeEeil et al. conducted a study in which they investigated whether exhaled breath con-
densate obtained from the heat and moisture exchange filter (HMEF) could serve as a
representative sample of the distal airway. Through the proteomic analysis of the collected
fluid, they were able to differentiate between cardiogenic acute pulmonary edema and
ARDS, thereby distinguishing hydrostatic from inflammatory edema [12]. More recently,
Herregots et al. demonstrated the identification of beta-lactam antibiotics in the exhaled
air of spontaneously ventilating patients with pneumonia using high-performance liquid
chromatography (HPLC) [13]. In preliminary studies conducted in our laboratory, we suc-
cessfully detected antibiotics in the exhaled breath condensate collected from HMEFs [14].
By monitoring antibiotic concentrations in exhaled breath condensate, we aim to gain
a deeper understanding of the pharmacokinetics of antibiotics in lung tissues, which is
considered a critical factor in determining their efficacy in treating infections [13].

Therefore, the objective of the present study is to investigate whether the concentration
of antibiotics measured in exhaled breath condensate collected from HMEF correlates
with the concentration of antibiotics measured in the ELF from bronchoalveolar lavage
(BAL) samples. This observational clinical study is designed to include mechanically
ventilated immunosuppressed patients suspected of having pneumonia, for whom a BAL
procedure is conducted to confirm or rule out the diagnosis of pneumonia. These patients
are concurrently receiving beta-lactam antibiotics as part of their treatment regimen.

2. Materials and Methods

We conducted an observational clinical study in the Critical Care Unit of Hospital
Clinico UC-Christus (Santiago, Chile) between January 2019 and January 2020. The study
was designed in accordance with the guidelines of the Declaration of Helsinki, and it re-
ceived approval from the Research Ethics Committee of the School of Medicine at Pontificia
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Universidad Catdlica de Chile (Approval No. 180925002/2019). Written informed consent
was obtained from all patients to publish the findings of this study.

The study included consecutive patients who were connected to invasive mechanical
ventilation and required a fiberoptic bronchoalveolar lavage (BAL) as indicated by the
attending physician. Furthermore, these patients received beta-lactam antibiotics for a min-
imum duration of 6 h [15]. Exclusion criteria encompassed contraindications for using heat
and moisture exchangers with filters (HMEFs), such as bronchopleural fistula, hemoptysis,
excessive bronchorrhea, increased airway resistance, low-tidal-volume ventilatory strategy,
and respiratory acidosis [16].

2.1. Patient Preparation

Once the patient was connected to mechanical ventilation, an HMEF (HME Filter 880530,
EXXIMMED 2000, Shaoxing City, China) was installed into the ventilator circuit, specifically
positioned between the Y-piece and the endotracheal tube. The HMEF utilized in our study
possessed an internal volume of 49 mL and was composed of a cellulose-based heat and
moisture exchanger (HME) in combination with an electrostatic polypropylene filter.

To ensure accurate and representative samples for analysis, we kept the HMEF in place
for a minimum duration of 6 h before removing it from the ventilator circuit. This time
interval was designed to allow sufficient time for the HMEF to capture and retain enough
exhaled breath condensate and antibiotics within its structure for subsequent analysis.

2.2. Antibiotic Infusion

The selection of the appropriate beta-lactam antibiotic was at the discretion of the at-
tending physician. The antibiotics were administered via an intravenous infusion according
to previously published guidelines [17,18].

We included patients receiving ceftriaxone (Grifotriaxona, Laboratorio Chile, Santi-
ago, Chile), piperacillin-tazobactam (Tratac, Laboratorio Chile, Santiago, Chile), imipenem
(Imipenem, Fresenius Kabi, Santiago, Chile), or meropenem (Meronem, Pfizer, Santiago,
Chile). According to the ICU protocol, the beta-lactam antibiotics were administered start-
ing with a loading dose followed by prolonged infusions over 3—4 h, except for ceftriaxone
which was administered as a daily bolus.

2.3. Bronchoalveolar Lavage

The bronchoscopic procedure was performed by an expert bronchoscopist. The tip of
the bronchoscope was positioned in a subsegmental location, specifically targeting the area
suspected of having a pneumonic process based on radiological findings. Bronchoalveolar
lavage (BAL) was then carried out by sequentially instilling and recovering five separate
30 mL aliquots of 0.9% NaCl solution.

One of the BAL fluid (BALF) aliquots was promptly separated and transported to the
laboratory. Upon arrival, the sample was centrifuged, allowing for the collection of the super-
natant. This supernatant was then stored at a temperature of —80 °C until further analysis.

Considering that the introduction of the saline solution during the BAL procedure may
result in a dilution effect on the BALF, we employed the urea concentration in both plasma
and BALF to correct for this effect [19]. By utilizing urea concentration, we aimed to obtain
a corrected value that would accurately reflect the concentration of the epithelial lining
fluid (ELF). The measurement of urea concentrations in the BALF was performed using the
UREA liquicolor Complete Test Kit (cat N 10505; Human Gesellschaft fiir Biochemica und
Diagnostica mbH, Wiesbaden, Germany).

2.4. Plasma Sampling

Simultaneously with the bronchoalveolar lavage (BAL), plasma samples were obtained
from the patients. The samples were transported to the laboratory and centrifuged at
3500% g revolutions per minute (rpm) for 5 min, and then the supernatant was collected
and stored at —80 °C until analysis.
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2.5. HMEF Processing

During the preparation for BAL, HMEF was removed from the ventilatory circuit;
both inspiratory and expiratory ports were carefully sealed to prevent the evaporation of
the condensate and immediately transported to the laboratory using a refrigerated unit.

To extract the condensate from the HMEEF, the tube connection port of the HMEF was
introduced into a sterile 50 mL falcon tube and securely fixed in place while ensuring the
distal port remained sealed. Subsequently, the falcon tube plus the HMEF were centrifuged
at 4500 rpm for 15 min at a temperature of 4 °C (Heraeus Megafuge™ 40r, Thermo Fisher
Scientific, Langenselbold, Germany), allowing the separation of the condensate from the
HMEE. The supernatant was collected and stored at —80 °C until analysis. In order to have
a negative control for comparison, HMEFs soaked in 0.9% NaCl solution were used. These
HMEFs served as a baseline to differentiate any potential contaminant present in the HMEF
that could have been mistaken as beta-lactam antibiotics.

2.6. Analysis of Beta-Lactam Antibiotic Concentrations

To determine the concentrations of beta-lactam antibiotics in our study, we employed
a fluorescent biosensor known as Pen-Pcf20. This biosensor is structurally related to
beta-lactamase but lacks catalytic activity. When Pen-Pcf20 interacts with the antibiotic
present in the medium, its intrinsic fluorescence undergoes changes over time, generating
a characteristic pattern that allows for the identification of the specific antibiotic being
analyzed. For each antibiotic, the fluorescence curves obtained by increasing antibiotic
concentrations were analyzed. These curves were fitted to a 4-parameter sigmoid curve
(4PL) with a variable dynamic range, which depends on the particular antibiotic being
tested. Generally, the dynamic range spans from log —9 to log —3, with an inflection point
typically around log —6. In cases where the fluorescence of a sample was very high or
saturated (>log —6), the sample was successively diluted by a factor of 10 (titrated) until its
fluorescence fell within the dynamic range of the technique. This dilution process allowed
us to accurately determine the antibiotic concentration via extrapolation [20,21]. Samples
whose estimated antibiotic concentration was less than the technique’s limit of detection
(LOD), but which exhibited the pattern of fluorescence change over time characteristic of
the expected antibiotic, were arbitrarily assigned the technique’s LOD value. This act was
intended to prevent the misinterpretation of a low concentration as absent [22-26].

2.7. Statistical Analysis

Since there were no previous data regarding antibiotic levels in HMEF, and as this
was an exploratory study, we did not perform a sample size calculation, and we arbitrarily
decided to include 12 patients. The Shapiro-Wilk test was used to test data for normality.
We expressed values as mean-standard deviation (SD) or median-range (IQR), where
appropriate. We compared antibiotic levels between the three compartments analyzed (ELF,
HMEF, and plasma) using a one-way (repeated measures) analysis of variance (ANOVA).
p < 0.05 was considered statistically significant. We analyzed the correlation among the
continuous variables using the Pearson correlation coefficient. The analysis was performed
with GraphPad Prism version 8.00 for Mac (GraphPad Software, San Diego, CA, USA).

3. Results

In our analysis, we included a total of twelve patients, with the majority being female
participants (n = 7). The mean age of the patients was 44 (20.9) years, and the mean
body mass index (BMI) was 25.2 (6.9). All patients presented with respiratory failure
upon admission to the intensive care unit and had immunosuppression as their primary
diagnosis. Table 1 provides an overview of the main baseline patient characteristics. Nine
patients received carbapenems, two patients were treated with piperacillin/tazobactam,
and one patient received ceftriaxone.
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Table 1. Baseline characteristics of patients.

Antibiotic Concentration in the Three

HMEF
. . Albumi . i
Patient BMI Pa0,/F10, Antibiotic (I-Il):ljfs) Diagnosis (an(,;/flgn) ( r;l;]tl)n Time gOFA Outcome Compartments Examined. (ng/mL)
8 (Hours) core Plasma ELF HMEF

1 21 272 Imipenem 500 mg c/8 Pneumonia 69 2.8 15 9 Alive 104.93 31.07 0.03

2 22.6 216 Imipenem 500 mg c/6 Pneumonia 90 29 7 6 Dead 20.28 106.56 0.13

3 30.7 172 Imipenem 1 gr per day Pneumonia 59 2.6 6 6 Alive 6.32 1.12 2.68

4 39.8 176 Pip/Tazo 45grc/8 Pneumonia 151 4.2 7 10 Dead 84.90 0.17 0.01

5 16.8 285 Pip/Tazo 45grc/8 Pneumonia 40 22 8 15 Dead 5.26 4.99 1.96

6 17.3 202 Imipenem 500 mg c/12 Pneumonia 17 2.7 11 8 Alive 4.01 0.46 0.01

7 29.1 63 Imipenem lgrc/12 ARDS 8 2.4 12 15 Alive 659.51 0.38 0.01

8 27.3 242 Meropenem  2grc/8 P“lg}‘jos?;ry 125 22 6 6 Alive 46.52 0.13 0.51

9 24 162 Meropenem 2grc/8 Pneumonia 126 2.0 6 7 Dead 23.42 0.30 0.01

. Pulmonary .

10 16.8 200 Imipenem 500 mg c/6 sepsis 110 2.3 19 8 Alive 18.18 1.52 0.13
11 26 141 Imipenem 500 mg c/6 ARDS 100 3.3 19 10 Dead 59.22 0.30 0.04
12 30.9 250 Ceftriaxone 2 gr per day ARDS 11 2.0 12 12 Alive 2489.6 0.24 0.21
Mean 25.1 198 75.5 2.6 10.7 9 293.51 12.27 0.48
SD 6.9 62 49 0.63 5.1 3.2 715 31 0.5

BMI: body mass index; Pip/Tazo: piperacillin/tazobactam; ARDS: acute respiratory distress syndrome; eGFR: estimated glomerular filtration rate; SOFA: sequential organ failure
assessment; HMEF time: HMEF hours from HMEF installation; ELF: epithelial lining fluid; HMEF: heat and moisture exchange filter.



J. Pers. Med. 2023, 13, 1146

60f 11

During the study, an average volume of 50 (30) puL of exhaled breath condensate
was collected from the HMEEF. Antibiotics were detected in the plasma, exhaled breath
condensate collected from HMEF, and BALF samples of every patient studied. In addition,
we observed a decremental gradient of antibiotic concentrations from plasma to the epithe-
lial lining fluid and further to the exhaled breath condensate from HMEF. However, no
statistical difference in antibiotic concentrations was observed between ELF and exhaled
breath condensate collected from the HMEF. The mean antibiotic concentration in plasma
was 293.5 (715) ng/mL, 12.3 (31) ng/mL in ELFE, and 0.5 (0.9) ng/mL in the HMEF exhaled
breath condensate. Figure 1 illustrates the individual concentration of each antibiotic in
each compartment examined.

Imipenem Meropenem Pip/Taz Ceftriaxone

104 104 104

T £ 10° £ 10° £ 10°
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Figure 1. Concentration of the different antibiotics used in the study in the three compartments. ELF,
epithelial lining fluid; HMEEF, heat and moisture exchange filter.

The antibiotic concentrations exhibited significant heterogeneity across the patient
population, as depicted in Figure 2. We found no correlation between the concentrations of
antibiotics in plasma and ELF (R? = 0.02, p = 0.638), plasma and HMEF (R? = 0.02, p = 0.62),
or between ELF and HMEF (R? = 0.02, p =0.66).

r 1
r 1

p=0.12

J& Qinean = 293.51 r 1
10°
101 ; | ; S .ﬁmean: 12.27

Antibiotic concentration (u/mL)

1 0
’ STy
107
1072
1-Plasma 2-ELF 3-HMEF
(n=12) (n=12) (n=12)

Figure 2. Antibiotic concentration in the three compartments examined. ELF, epithelial lining fluid;
HMEE, heat and moisture exchange filter. Symbol * refers to p < 0.05 (Bonferroni’s post hoc analysis).

In four HMEF samples, we detected very low antibiotic concentrations. Those samples
induced a specific pattern that revealed the presence and identity of the antibiotic used.
However, the values obtained were within the lower limit of detection (LOD). To account
for this, we arbitrarily assigned a value of 0.01 ng/mL. Conversely, the three control HMEFs
showed no signal when testing for PenPcf activity.

4. Discussion

In this exploratory study, we identified and quantified the concentration of beta-lactam
antibiotics in the exhaled breath condensate collected from the HMEF from critically ill
immunosuppressed patients. Moreover, we observed a decremental gradient of antibiotic
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concentrations from plasma to ELF and to HMEF exhaled breath condensate. However, we
did not find any correlation between the three compartments assessed (plasma, ELF, and
HMEEF exhaled breath condensate).

In previous years, the study of EBC has experienced a notable increase in interest from
researchers, primarily driven by the development of novel sampling methodologies and
then by advances in analysis techniques. Numerous preclinical and clinical studies have
been conducted to assess this matrix exploring various biomarkers in diverse respiratory
conditions, including cancer [27], inflammation [28,29], chronic diseases [30], metabolic dis-
eases [31], and other conditions [28]. In addition, the advancement of several technologies
such as proteomics [12], metabolomics [30], genomics [32], cellular isolation techniques [33],
and the capacity of identification of several volatile markers, such as antibiotics [13], have
played a crucial role in advancing research in this field. Recently, Rahimpour et al. em-
ployed a copper nanocluster-based sensor to determine the levels of vancomycin in the
EBC of five newborns undergoing intravenous treatment with this antibiotic, and they were
able to identify antibiotics in all samples and validated their findings by adding a known
antibiotic concentration aliquot to the sample. They obtained EBC samples from the waste
of the ventilator [34]. Likewise, Khoubnasabjafari et al. conducted a pilot study on healthy
volunteers who had received an inhaled monodose of tobramycin. They successfully
detected tobramycin in all the EBC samples collected from an expiratory reservoir [35].

McNeil et al. studied EBC from HMEFs from critically ill patients. They suggested that
there is a novel, non-invasive method to sample the distal airspace in patients with ARDS
accurately. They found a good correlation between proteome isolated from undiluted
pulmonary edema fluid and exhaled breath condensate collected from HMEF. In addition,
they could discriminate between cardiogenic and inflammatory pulmonary edema based on
differences in proteins identified by high-performance liquid chromatography (HPLC) [12].
More recently, Herregodts et al. recognized beta-lactam antibiotics on the exhaled breath
condensate collected from spontaneously breathing patients. They used a commercially
available device consisting of a mouthpiece with saliva and electrostatic filters to capture
bioaerosol particles. They identified antibiotics in all patients (n = 9), but similarly to us,
they could not find a good correlation between the exhaled antibiotic concentration and
the plasma antibiotic concentration [13]. There is no consensus on how to interpret the
measures of EBC concentration and how to correlate them with blood-based measurements.
Ates et al. describe the temporal evolution of piperacillin/tazobactam levels in EBC and
plasma, saliva, and urine samples from a porcine model. Revealing different clearance
behaviors in accordance with the different transport mechanisms, using a microfluidic
biosensor using penicillin-binding proteins. They also validated their measures at EBC and
plasma using HPLC [36].

The lack of correlation observed between antibiotic concentrations in different com-
partments, as reported in our study, can be attributed to various factors and underscores
the complex pharmacokinetics of antibiotics within the lungs. Firstly, the plasma levels of
beta-lactam antibiotics exhibit significant variability over time, characterized by fluctuating
peaks and troughs, and varying ascending or descending slopes, influenced by factors such
as clearance and specific drug properties [37]. In our study, plasma samples were only
collected at the time of bronchoalveolar lavage (BAL). Consequently, we did not control the
time between the antibiotic administration and the plasma sampling, which could lead to
discrepancies in the temporal peaks between the examined compartments [36].

In addition, patients had received different antibiotic doses and for different periods
when BAL was performed, so some patients were probably in the steady state while others
were in the ascendant limb of the plasma time—concentration curve. Finally, the renal
clearances and volumes of distribution varied between patients (Table 1). These variables
could in part explain the interindividual variability of the ELF/plasma ratio of antibiotic
concentration among our patients. Recently, Paal et al. showed a very large interindividual
variability from ELF/serum and interstitial fluid /serum of meropenem concentration from
lung parenchyma during lung transplantation surgery. In addition, it is important to
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remark that ELF represents only a regional measure and HMEF-exhaled breath condensate
represents a more global lung assessment; this factor also could collaborate with the lack of
correlations between ELF and HMEF exhaled breath condensate [38].

ELF antibiotic concentration depends on several factors such as the plasma concen-
tration, protein binding, and physicochemical characteristics of the drug [39]. However, it
usually follows a rapid increase after intravenous infusion and then a monoexponential
decay. In addition, lung permeability and inflammation may vary regionally through the
lungs and among patients [40]. In the same line, the V/Q mismatch may explain different
ELF drug concentrations through the lungs, as has been demonstrated with radionuclide
tracers and MRI studies [41,42]. Therefore, the lung region chosen to perform the BAL
should influence the antibiotic concentration collected, and it may be different throughout
different lung regions. However, it is also important to consider the impact of extravascular
lung water on the ELF concentration of antibiotics. The presence of increased extravascular
lung water or increased capillary leak could lead to the dilution of antibiotics, potentially
affecting their concentration in the ELF [43].

Antibiotic deposition on the HMEF will result, in part, from an equilibrium between
the plasma and ELF compartments. From the ELF, the antibiotic should be transported by
tiny drops through airways up to the HMEF [39]; these drops will precipitate in the HMEF
depending on physical variables such as temperature gradients, atmospheric pressure,
and the composition and size of the HMEF. However, currently, we have no available
data on whether HMEFs progressively accumulate antibiotics over time or if it presents a
dynamic equilibrium between antibiotic deposition on the filter and /or antibiotic reinhala-
tion. Another point to remark is that many antibiotics can be affected by hydrolysis and
photolysis in an aqueous solution, so longer times of permanence on the filter may favor
degradation [44].

The determination of beta-lactam antibiotics in ELF or HMEF using the PenPcf biosen-
sor has not yet been validated using HPLC. Nevertheless, we previously demonstrated
that the concentration of antibiotics in complex matrices such as plasma in the range be-
tween 130 and 6500 uM determined by the PenPcf biosensor correlate (R? = 0.99) with
concentrations determined by isocratic HPLC [20]. However, the concentration ranges
present in ELF and HMEF were one to three orders lower than those of the comparative
curve described. Therefore, although the PenPcf biosensor approach has been shown to
be accurate and precise in determining antibiotic beta-lactam concentrations in plasma
samples, other validation tests oriented to the specific concentration ranges of matrices
other than plasma could be performed to confirm its accuracy for other samples.

We observed four HMEF fluid samples in which antibiotic concentrations were above
the LLOD (lower limit of detection). However, they were below the lower limit of quantita-
tion (LLOQ), where the amount of antibiotic can be confidently extrapolated. This issue
has been extensively studied previously, and it has been shown that excluding the data
between the LLOD and the LLOQ increases the bias and decreases the precision of the
statistical analysis, especially when the percentage of data discarded is higher than 10%.
Although some rules have been described for assigning values to these types of determina-
tions, such as “LLOQ/2”, this rule can only be applied after a well-characterized statistical
method [22-26]. In our case, due to the lack of systematic statistical characterization of the
method, the concentration value was arbitrarily assigned as the LLOQ value (0.01 ng/mL).
In addition, the LLOQ value denoted very low antibiotic concentrations in HMEF samples,
which were between 17 to 46 times lower than the corresponding ELF concentration. In our
opinion, these values demonstrate that the antibiotic was present in the samples and its
concentration was very low.

Despite the advances in the study of EBC, there are scarce data regarding the mea-
surement of antibiotic concentrations in this matrix. We consider this an important issue
because one of the main therapeutic objectives in the clinical setting is to achieve proper
antibiotic concentrations at the infection site (i.e., lung airspaces), avoiding systemic toxicity
and adverse effects secondary to the diagnostic method and to the increasing bacterial
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resistance secondary to infra-therapeutic levels of antibiotic. To advance towards these
objectives requires improving the knowledge of antibiotic pharmacokinetics in different
biological compartments of critically ill patients. This information, in the future, could help
clinicians to tailor the individual selection, dosage, and administration intervals of specific
antibiotics. Thereby, future technological developments could monitor the adequate dosing
titration of antibiotics for patients with pneumonia, similar to what happens today with
inhaled anesthetics in the operating room [45,46].

We acknowledge some limitations in our study: first, we studied a small sample
size. Second, we did not use the gold-standard method (HPLC) to measure antibiotic
concentration; we consider that the use of HPLC may have been a good tool to measure the
very low concentrations of antibiotics as we observed in HMEF exhaled breath condensate.
Third, despite the common factor of respiratory failure in our patients, they presented
a great heterogeneity in their clinical conditions. Fourth, we did not control the time
of sampling. Sixth, we did not perform pharmacokinetic models or repeated measures
to understand how the antibiotics were distributed across the different compartments
over time. Finally, we cannot discard that the time of permanence of HMEFs could have
influenced the antibiotic concentration measured.

5. Conclusions

In conclusion, beta-lactam antibiotics can be detected and measured from the exhaled
breath condensate accumulated in HMEFs. However, we found no correlations among
the plasma, ELF, and HMEF exhaled breath condensates regarding the concentration of
antibiotics. Future studies should try to better understand the factors involved in the
transport of antibiotics from the alveoli to the HMEF to determine its potential as a novel
source for the therapeutic drug monitoring of antibiotics.

Author Contributions: Conceptualization: J.E., N.P. and J.R.; data collection: J.E., V.O. and E.R;;
methodology: N.P. and ].R.; formal analysis: J.E., D.S., N.S., EK,, R.B.,, M.C.B.,, G.B. and J.R.; writing—
original draft preparation: D.S., N.S., A.B., G.B. and ].R.; writing—review and editing: J.E., D.S., N.S.,
EK,MA,SB,K-YW, AB., GB.and ].R. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the “Concurso de Investigacion de Becarios Residentes” from
Facultad de Medicina de la Pontificia Universidad Catdlica de Chile (2019) and from “Fondo Nacional
de Desarrollo Cientifico y Tecnolégico” FONDECYT 1171810.

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki, and the Research Ethics Committee of the School of Medicine of the
Pontificia Universidad Catdlica de Chile approved this study (N°180925002/2019).

Informed Consent Statement: Written informed consent was obtained from the patients involved in
the study to publish this paper.

Data Availability Statement: Deidentified data are available upon reasonable request to the corre-
sponding author (J.R.).

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationship that could have appeared to influence the work reported in this paper.

1.  Torres, A.; Cilloniz, C.; Niederman, M.S.; Menéndez, R.; Chalmers, ].D.; Wunderink, R.G.; van der Poll, T. Pneumonia. Nat. Rev.
Dis. Prim. 2021, 7, 25. [CrossRef]

2. Niederman, M.S.; Mandell, L.A.; Anzueto, A.; Bass, ].B.; Broughton, W.A.; Campbell, G.D.; Dean, N.; File, T; Fine, M.].; Gross,
P.A_; et al. Guidelines for the management of adults with community-acquired pneumonia. Diagnosis, assessment of severity,
antimicrobial therapy, and prevention. Am. J. Respir. Crit. Care Med. 2001, 163, 1730-1754. [CrossRef]

3. Meehan, T.P,; Fine, M.].; Krumholz, H.M.; Scinto, J.D.; Galusha, D.H.; Mockalis, ].T.; Weber, G.E,; Petrillo, M.K.; Houck, PM.; Fine,
J.M. Quality of Care, Process, and Outcomes in Elderly Patients With Pneumonia. JAMA 1997, 278, 2080-2084. [CrossRef]

4. Onufrak, N.J.; Forrest, A.; Gonzalez, D. Pharmacokinetic and Pharmacodynamic Principles of Anti-infective Dosing. Clin. Ther.
2016, 38, 1930-1947. [CrossRef]


https://doi.org/10.1038/s41572-021-00259-0
https://doi.org/10.1164/ajrccm.163.7.at1010
https://doi.org/10.1001/jama.1997.03550230056037
https://doi.org/10.1016/j.clinthera.2016.06.015

J. Pers. Med. 2023, 13, 1146 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hutschala, D.; Kinstner, C.; Skhirtladze, K.; Mayer-Helm, B.X.; Zeitlinger, M.; Wisser, W.; Miiller, M.; Tschernko, E. The impact of
perioperative atelectasis on antibiotic penetration into lung tissue: An in vivo microdialysis study. Intensive Care Med. 2008, 34,
1827-1834. [CrossRef]

Baldwin, D.R. The penetration of novel intravenous cephalosporins into the lung. J. Chemother. 1996, 8 (Suppl. S2), 71-82.
[PubMed]

Riccobene, T.A.; Pushkin, R.; Jandourek, A.; Knebel, W.; Khariton, T. Penetration of Ceftaroline into the Epithelial Lining Fluid of
Healthy Adult Subjects. Antimicrob. Agents Chemother. 2016, 60, 5849-5857. [CrossRef] [PubMed]

Choo, R.; Anantham, D. Role of bronchoalveolar lavage in the management of immunocompromised patients with pulmonary
infiltrates. Ann. Transl. Med. 2019, 7, 49. [CrossRef] [PubMed]

Caci, G.; Minervini, F; Fechner, C.; Roos, ].E.; Obermann, E.C.; Azzola, A. Bronchoalveolar lavage-detected SARS-CoV-2 infection
in presence of serial negative nasopharyngeal swabs: A case report. Ann. Transl. Med. 2021, 9, 583. [CrossRef]

van der Zee, P; van Walree, L; Fijen, ].W.; van Houte, A.J.; van Velzen-Blad, H.; Rijkers, G.; Gommers, D.; Endeman, H. Cytokines
and Chemokines Are Detectable in Swivel-Derived Exhaled Breath Condensate (SEBC): A Pilot Study in Mechanically Ventilated
Patients. Dis. Markers 2020, 2020, 2696317. [CrossRef]

McRae, K.; De Perrot, M.; Fischer, S.; Waddell, TK.; Liu, M.; Keshavijee, S. Detection of IL-10 in the exhaled breath condensate,
plasma and tissue during ischemia-reperfusion injury in experimental lung transplantation. J. Heart Lung Transplant. Off. Publ.
Int. Soc. Heart Transplant. 2001, 20, 184. [CrossRef] [PubMed]

McNeil, J.B.; Shaver, C.M.; Kerchberger, V.E.; Russell, D.W.; Grove, B.S.; Warren, M.A.; Wickersham, N.E.; Ware, L.B.; McDonald,
W.H.; Bastarache, ].A. Novel Method for Noninvasive Sampling of the Distal Airspace in Acute Respiratory Distress Syndrome.
Am. ]. Respir. Crit. Care Med. 2018, 197, 1027-1035. [CrossRef] [PubMed]

Herregodts, J.; Van Vooren, S.; Deschuyteneer, E.; Dhaese SA, M.; Stove, V.; Verstraete, A.G.; De Waele, ].]. Measuring antibiotics
in exhaled air in critically ill, non-ventilated patients: A feasibility and proof of concept study. J. Crit. Care 2019, 51, 46-50.
[CrossRef] [PubMed]

Oviedo, V.; Escalona, J.A.; Pavez, N.; Rivas, E.; Soto, D.; Severino, N.; Bachmann, M.C.; Bruhn, A.; Bugedo, G.; Retamal,
J. Cuantificacién de la concentracion antibiética en el agua pulmonar condensada en filtros humidificadores y en el lavado
bronquioalveolar de pacientes conectados a ventilacion mecanica. In Proceedings of the XXXVII Congreso Chileno de Medicina
Intensiva, Iquique, Chile, 12-15 November 2019; Volume 54.

Rodvold, K.A.; George, ].M.; Yoo, L. Penetration of anti-infective agents into pulmonary epithelial lining fluid: Focus on
antibacterial agents. Clin. Pharmacokinet. 2011, 50, 637-664. [CrossRef] [PubMed]

Branson, R.D. Humidification of respired gases during mechanical ventilation: Mechanical considerations. Respir. Care Clin. North
Am. 2006, 12, 253-261. [CrossRef]

Guilhaumou, R.; Benaboud, S.; Bennis, Y.; Dahyot-Fizelier, C.; Dailly, E.; Gandia, P.; Goutelle, S.; Lefeuvre, S.; Mongardon, N.;
Roger, C.; et al. Optimization of the treatment with beta-lactam antibiotics in critically ill patients-guidelines from the French
Society of Pharmacology and Therapeutics (Société Frangaise de Pharmacologie et Thérapeutique-SFPT) and the French Society
of Anaesthesia and Intensive Care Medicine (Société Francaise d’Anesthésie et Réanimation-SFAR). Crit. Care 2019, 23, 104.
[CrossRef]

Abdul-Aziz, M.H,; Lipman, J.; Akova, M.; Bassetti, M.; De Waele, ].J.; Dimopoulos, G.; Dulhunty, J.; Kaukonen, K.M.; Koulenti,
D.; Martin, C.; et al. Is prolonged infusion of piperacillin/tazobactam and meropenem in critically ill patients associated with
improved pharmacokinetic/pharmacodynamic and patient outcomes? An observation from the Defining Antibiotic Levels in
Intensive care unit patients (DALI) cohort. . Antimicrob. Chemother. 2016, 71, 196-207. [CrossRef]

Araos, ]J.; Alegria, L.; Garcia, P.; Cruces, P; Soto, D.; Erranz, B.; Amthauer, M.; Salomon, T.; Medina, T.; Rodriguez, F; et al.
Near-Apneic Ventilation Decreases Lung Injury and Fibroproliferation in an Acute Respiratory Distress Syndrome Model with
Extracorporeal Membrane Oxygenation. Am. |. Respir. Crit. Care Med. 2019, 199, 603-612. [CrossRef]

Andresen, M.; Araos, J.; Wong, K.Y.; Leung, Y.C.; So, L.Y.; Wong, W.T.; Cabrera, S.; Silva, C.; Alegria, L.; Bruhn, A.; et al. Evaluation
of Meropenem Pharmacokinetics in an Experimental Acute Respiratory Distress Syndrome (ARDS) Model during Extracorporeal
Membrane Oxygenation (ECMO) by Using a PenP B-Lactamase Biosensor. Sensors 2018, 18, 1424. [CrossRef]

Andresen, M.; Wong, K.Y,; Leung, Y.C.; Wong, W.T.; Chan, PH.; Andresen-Vasquez, M.; Alegria, L.; Silva, C.; Tapia, P.; Downey, P;
et al. Method Based on the 3-Lactamase PenPC Fluorescent Labeled for 3-Lactam Antibiotic Quantification in Human Plasma.
BioMed Res. Int. 2016, 2016, 4307987. [CrossRef]

Beal, S.L. Ways to fit a PK model with some data below the quantification limit. J. Pharmacokinet. Pharmacodyn. 2001, 28, 481-504.
[CrossRef] [PubMed]

Xu, X.S.; Dunne, A.; Kimko, H.; Nandy, P.; Vermeulen, A. Impact of low percentage of data below the quantification limit on
parameter estimates of pharmacokinetic models. J. Pharmacokinet. Pharmacodyn. 2011, 38, 423-432. [CrossRef] [PubMed]

Keizer, RJ.; Jansen, R.S.; Rosing, H.; Thijssen, B.; Beijnen, ].H.; Schellens, ].H.; Huitema, A.D. Incorporation of concentration data
below the limit of quantification in population pharmacokinetic analyses. Pharmacol. Res. Perspect. 2015, 3, e00131. [CrossRef]
[PubMed]

Byon, W.; Fletcher, C.V.; Brundage, R.C. Impact of censoring data below an arbitrary quantification limit on structural model
misspecification. J. Pharmacokinet. Pharmacodyn. 2008, 35, 101-116. [CrossRef]


https://doi.org/10.1007/s00134-008-1122-8
https://www.ncbi.nlm.nih.gov/pubmed/8738849
https://doi.org/10.1128/AAC.02755-15
https://www.ncbi.nlm.nih.gov/pubmed/27431215
https://doi.org/10.21037/atm.2019.01.21
https://www.ncbi.nlm.nih.gov/pubmed/30906753
https://doi.org/10.21037/atm-20-4307
https://doi.org/10.1155/2020/2696317
https://doi.org/10.1016/S1053-2498(00)00379-X
https://www.ncbi.nlm.nih.gov/pubmed/11250308
https://doi.org/10.1164/rccm.201707-1474OC
https://www.ncbi.nlm.nih.gov/pubmed/29253353
https://doi.org/10.1016/j.jcrc.2019.01.025
https://www.ncbi.nlm.nih.gov/pubmed/30745285
https://doi.org/10.2165/11594090-000000000-00000
https://www.ncbi.nlm.nih.gov/pubmed/21895037
https://doi.org/10.1016/j.rcc.2006.03.011
https://doi.org/10.1186/s13054-019-2378-9
https://doi.org/10.1093/jac/dkv288
https://doi.org/10.1164/rccm.201805-0869OC
https://doi.org/10.3390/s18051424
https://doi.org/10.1155/2016/4307987
https://doi.org/10.1023/A:1012299115260
https://www.ncbi.nlm.nih.gov/pubmed/11768292
https://doi.org/10.1007/s10928-011-9201-9
https://www.ncbi.nlm.nih.gov/pubmed/21626437
https://doi.org/10.1002/prp2.131
https://www.ncbi.nlm.nih.gov/pubmed/26038706
https://doi.org/10.1007/s10928-007-9078-9

. Pers. Med. 2023, 13, o
J. P Med 13,1146 11 of 11

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Acero Fernandez, D.; Ferri Iglesias, M.].; Lopez Nufiez, C.; Louvrie Freire, R.; Aldeguer Manté, X. Considerar negativa una carga
viral expresada como menor del limite inferior de cuantificacién puede inducir a error en el diagndstico y manejo terapéutico de
la hepatitis C [To consider negative viral loads below the limit of quantification can lead to errors in the diagnosis and treatment
of hepatitis C virus infection]. Gastroenterol. Y Hepatol. 2013, 36, 443-449. [CrossRef]

Campanella, A.; De Summa, S.; Tommasi, S. Exhaled breath condensate biomarkers for lung cancer. J. Breath Res. 2019, 13, 044002.
[CrossRef]

Ghelli, F,; Panizzolo, M.; Garzaro, G.; Squillacioti, G.; Bellisario, V.; Colombi, N.; Bergamaschi, E.; Guseva Canu, I.; Bono, R.
Inflammatory Biomarkers in Exhaled Breath Condensate: A Systematic Review. Int. J. Mol. Sci. 2022, 23, 9820. [CrossRef]
Potomska, J.; Bar, K.; Sozariska, B. Exhaled Breath Condensate-A Non-Invasive Approach for Diagnostic Methods in Asthma. J.
Clin. Med. 2021, 10, 2697. [CrossRef]

Maniscalco, M.; Fuschillo, S.; Paris, D.; Cutignano, A.; Sanduzzi, A.; Motta, A. Clinical metabolomics of exhaled breath condensate
in chronic respiratory diseases. Adv. Clin. Chem. 2019, 88, 121-149. [CrossRef]

Desai, A.; Tankasala, D.; Ng, G.P,; Thakkar, P.; Hoilett, O.S.; Mather, K.J.; Linnes, J.C. Selective Collection of Exhaled Breath
Condensate for Noninvasive Screening of Breath Glucose. . Diabetes Sci. Technol. 2023, 2023, 19322968231179728. [CrossRef]
Smyth, R.J.; Toomey, S.M.; Sartori, A.; O'Hanrahan, E.; Cuffe, S.D.; Breathnach, O.S.; Morgan, R K.; Hennessy, B.T. Brief Report on
the Detection of the EGFR T790M Mutation in Exhaled Breath Condensate from Lung Cancer Patients. J. Thorac. Oncol. Off. Publ.
Int. Assoc. Study Lung Cancer 2018, 13, 1213-1216. [CrossRef] [PubMed]

Palomba, L.; Paris, D.; Tramice, A.; Ambrosino, P.; Maniscalco, M.; Motta, A. Detection of Cells in Exhaled Breath Condensate
Holds Potential for Pathophysiological Insights in Pulmonary Diseases. Am. J. Respir. Cell Mol. Biol. 2023, 69, 113-115. [CrossRef]
[PubMed]

Rahimpour, E.; Khoubnasabjafari, M.; Hosseini, M.B.; Jouyban, A. Copper nanocluster-based sensor for determination of
vancomycin in exhaled breath condensate: A synchronous fluorescence spectroscopy. J. Pharm. Biomed. Anal. 2021, 196, 113906.
[CrossRef] [PubMed]

Khoubnasabjafari, M.; Fathi-Azarbayjani, A.; Rahimpour, E.; Jouyban-Gharamaleki, V.; Kim, H.Y.; Alffenaar, J.; Chan, HK,;
Jouyban, A. Concentration profile of tobramycin in exhaled breath condensate after inhalation of a single dose: A pilot study. J.
Drug Deliv. Sci. Technol. 2021, 62, 102394. [CrossRef]

Ates, H.C.; Mohsenin, H.; Wenzel, C.; Glatz, R.T.; Wagner, H.J.; Bruch, R.; Hoefflin, N.; Spassov, S.; Streicher, L.; Lozano-Zahonero,
S.; et al. Biosensor-Enabled Multiplexed On-Site Therapeutic Drug Monitoring of Antibiotics. Adv. Mater. 2022, 34, e2104555.
[CrossRef]

Abhilash, B.; Tripathi, C.D.; Gogia, A.R.; Meshram, G.G.; Kumar, M.; Suraj, B. Variability in plasma concentration of cefotaxime
in critically ill patients in an Intensive Care Unit of India and its pharmacodynamic outcome: A nonrandomized, prospective,
open-label, analytical study. J. Pharmacol. Pharmacother. 2016, 7, 15-21. [CrossRef]

Paal, M.; Scharf, C.; Denninger, A.K; Ilia, L.; Kloft, C.; Kneidinger, N.; Liebchen, U.; Michel, S.; Schneider, C.; Schropf, S.;
et al. Target Site Pharmacokinetics of Meropenem: Measurement in Human Explanted Lung Tissue by Bronchoalveolar Lavage,
Microdialysis, and Homogenized Lung Tissue. Antimicrob. Agents Chemother. 2021, 65, €0156421. [CrossRef]

Kiem, S.; Schentag, J.J. Interpretation of antibiotic concentration ratios measured in epithelial lining fluid. Antimicrob. Agents
Chemother. 2008, 52, 24-36. [CrossRef]

Wellman, T.J.; de Prost, N.; Tucci, M.; Winkler, T.; Baron, R.M,; Filipczak, P.; Raby, B.; Chu, ].H.; Harris, R.S.; Musch, G.; et al. Lung
Metabolic Activation as an Early Biomarker of Acute Respiratory Distress Syndrome and Local Gene Expression Heterogeneity.
Anesthesiology 2016, 125, 992-1004. [CrossRef]

5S4, R.C.; Henderson, A.C.; Simonson, T.; Arai, T.J.; Wagner, H.; Theilmann, R.J.; Wagner, P.D.; Prisk, G.K.; Hopkins, S.R.
Measurement of the distribution of ventilation-perfusion ratios in the human lung with proton MRI: Comparison with the
multiple inert-gas elimination technique. J. Appl. Physiol. 2017, 123, 136-146. [CrossRef]

de Prost, N.; Tucci, M.R.; Melo, M.E. Assessment of lung inflammation with 18F-FDG PET during acute lung injury. Am. ]J.
Roentgenol. 2010, 195, 292-300. [CrossRef] [PubMed]

Veiga, R.P.; Paiva, ].A. Pharmacokinetics-pharmacodynamics issues relevant for the clinical use of beta-lactam antibiotics in
critically ill patients. Crit. Care 2018, 22, 233. [CrossRef] [PubMed]

Timm, A.; Borowska, E.; Majewsky, M.; Merel, S.; Zwiener, C.; Brése, S.; Horn, H. Photolysis of four 3-lactam antibiotics under
simulated environmental conditions: Degradation, transformation products and antibacterial activity. Sci. Total Environ. 2019,
651, 1605-1612. [CrossRef] [PubMed]

Preckel, B.; Bolten, J. Pharmacology of modern volatile anaesthetics. Best Pract. Research. Clin. Anaesthesiol. 2005, 19, 331-348.
[CrossRef]

Grossherr, M.; Hengstenberg, A.; Meier, T.; Dibbelt, L.; Igl, B.W.; Ziegler, A.; Schmucker, P.; Gehring, H. Propofol concentration in
exhaled air and arterial plasma in mechanically ventilated patients undergoing cardiac surgery. Br. ]. Anaesth. 2009, 102, 608-613.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.gastrohep.2013.04.006
https://doi.org/10.1088/1752-7163/ab2f9f
https://doi.org/10.3390/ijms23179820
https://doi.org/10.3390/jcm10122697
https://doi.org/10.1016/bs.acc.2018.10.002
https://doi.org/10.1177/19322968231179728
https://doi.org/10.1016/j.jtho.2018.04.033
https://www.ncbi.nlm.nih.gov/pubmed/29751135
https://doi.org/10.1165/rcmb.2023-0022LE
https://www.ncbi.nlm.nih.gov/pubmed/37387613
https://doi.org/10.1016/j.jpba.2021.113906
https://www.ncbi.nlm.nih.gov/pubmed/33486448
https://doi.org/10.1016/j.jddst.2021.102394
https://doi.org/10.1002/adma.202104555
https://doi.org/10.4103/0976-500X.179356
https://doi.org/10.1128/AAC.01564-21
https://doi.org/10.1128/AAC.00133-06
https://doi.org/10.1097/ALN.0000000000001334
https://doi.org/10.1152/japplphysiol.00804.2016
https://doi.org/10.2214/AJR.10.4499
https://www.ncbi.nlm.nih.gov/pubmed/20651183
https://doi.org/10.1186/s13054-018-2155-1
https://www.ncbi.nlm.nih.gov/pubmed/30244674
https://doi.org/10.1016/j.scitotenv.2018.09.248
https://www.ncbi.nlm.nih.gov/pubmed/30360286
https://doi.org/10.1016/j.bpa.2005.01.003
https://doi.org/10.1093/bja/aep053
https://www.ncbi.nlm.nih.gov/pubmed/19336539

	Introduction 
	Materials and Methods 
	Patient Preparation 
	Antibiotic Infusion 
	Bronchoalveolar Lavage 
	Plasma Sampling 
	HMEF Processing 
	Analysis of Beta-Lactam Antibiotic Concentrations 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

