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Abstract

Pneumonia is a significant risk for critically ill, mechanically ventilated (CIMV) patients.
Diagnosis of pneumonia generally requires a combination of clinician-guided diagnoses and
clinical scoring systems. Exhaled breath condensate (EBC) can be safely collected non-invasively
from CIMV patients. Hundreds of biomarkers in EBC are associated with acute disease states,
including pneumonia. We evaluated cytokines in EBC from CIMV patients and hypothesized that
these biomarkers would correlate with disease severity in pneumonia, sepsis, and death. EBC IL-2
levels were associated with chest radiograph severity scores (odds ratio = 1.68; 95% confidence
interval = 1.09 — 2.60; P = 0.02). EBC TNF-a levels were also associated with pneumonia (odds
ratio = 3.20; 95% confidence interval = 1.19 — 8.65; P = 0.02). The techniques and results from
this study may be useful for all mechanically ventilated patients.
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Introduction:

Pneumonia, sepsis, and death are significant risks for critically ill, mechanically ventilated
(CIMV) patients(1-7). This population is at greater risk than most due to their weakened
immune state, presence of an artificial airway, and exposure to pathogens and vectors
present within the hospital. Ventilator-associated pneumonia (VAP), defined as pneumonia
occurring after initiation of mechanical ventilation, is the second most common nosocomial
infection in the USA and is reported to affect 5-67% of CIMV patients, depending upon
facility and reporting techniques(1-3, 5-10). VAP increases the length of the hospital stay
for patients by 6-9 days, costing tens of thousands of dollars per patient, and has a reported
all cause mortality rate of 20-41%(5, 7). Pneumonia often leads to sepsis in CIMV patients,
which is also a leading cause of death in this population(1-6, 11).

Diagnosis of VAP requires the presence of signs and symptoms of infection including

fever, increased or purulent respiratory secretions, new infiltrative abnormalities on chest
radiographs, and positive bronchoscopic or tracheal aspirate microbiological culture(2, 3,

5, 8, 12, 13). Clinical signs and symptoms have high sensitivity but low specificity related
to VAP diagnosis. This can lead to incorrect diagnosis of VAP with inappropriate and
untimely administration of antibiotics, worsening patient outcomes and increased healthcare
costs(13). Tracheal aspiration and bronchoscopy are also invasive techniques that can
interrupt mechanical ventilation, injure airway mucosa, cause transient hypoxia, and de-
recruit alveoli. Accordingly, a non-invasive, objective, and specific diagnostic method for
detecting VAP would be optimal.

Exhaled breath condensate (EBC) is the water vapor and aerosolized fraction of exhaled
breath(14-16). Hundreds of biomarkers have been found in EBC and have been linked to
systemic and pulmonary disease states, including pneumonia(14-16). From spontaneously
breathing subjects that are not receiving mechanical ventilation, EBC is collected over 10-20
minutes of tidal breathing into a specialized sampling device that condenses liquid in their
breath. EBC can be safely collected non-invasively from CIMV patients by placement of the
sampling device/condenser into the expiratory limb or at the exhalation port of the ventilator
(17-22). EBC is also a minimal-risk biohazard to clinicians and study staff that is only
capable of serving as a vector for airborne transmission diseases; even for those diseases,
the airborne particles represent less than 0.1% of the EBC sample (14). Furthermore, when
collected during mechanical ventilation, EBC is collected without any direct contact to the
patient’s exhaled breath. Biomarkers within EBC reflect volatile polar organic compounds
as well as the aerosol fraction containing semi-volatile metabolites, signaling proteins,
viruses, and bacteria. As such, this biological medium is amenable for a variety of different
analytical schemes and an ideal candidate for disease monitoring/detection, particularly in
vulnerable patient populations such as CIMV patients.

For this work, we focused on the measurement of pro- and anti-inflammatory cytokines in
EBC. These compounds represent a family of short-lived “messenger proteins” that regulate
immunity, inflammation, and hematopoiesis. Several cytokines have been previously
associated with pneumonia and sepsis, including IFN--y, IL-10, IL-6, IL-13, IL-1pB, IL-2,
IL-4, IL-5, IL-8, and TNF-a(23-29). We have previously studied the presence of cytokines
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in human blood, urine, and EBC under less stressful conditions and have found that they

are indeed measurable with modern immunochemistry platforms and kits. EBC cytokines
were also found to be related to response to external stressors (ambient ozone and diesel
exhaust exposures) and involved with the mediation of white blood cells, blood pressure, and
pulmonary function(30, 31). The non-invasive and minimally-biohazardous nature of EBC
collection for cytokines could make it more clinically preferable than blood and urine. We
found we could easily collect EBC from ventilators and hypothesized that cytokines in EBC
correlate with pneumonia and sepsis severity in CIMV patients.

Study Design —

Following Institutional Review Board (IRB) approval, this study was conducted in a 933-
bed tertiary-care urban university medical center. Subjects were recruited in the Medical
Respiratory Intensive Care Unit, Surgery Trauma Intensive Care Unit, or Neuroscience
Intensive Care Unit. This study met criteria for Waiver of Consent per the IRB. Inclusion
criteria were subjects requiring mechanical ventilation who were intubated within 24 hours
of study enrollment and were 18 years old or older. Patient demographics are depicted

in Table 1. Subjects receiving inhaled nitric oxide were excluded. EBC samples, Clinical
Pulmonary Infection Scores (CPIS), chest radiograph scores (CXRAY), and confirmation of
pneumonia, sepsis, or patient death were obtained daily for the first five days of admission
to the ICU unless the patient was discharged from the ICU. EBC biomarkers were correlated
with CPIS, CXRAY, development of pneumonia, development of sepsis, or death. Collection
and analysis methods are detailed below.

Exhaled Breath Condensate Collection —

EBC was collected at —80°C over 20 minutes using the RTubeVent (Respiratory Research,
Inc., Austin, TX, USA) inline with mechanical ventilator. The RTubeVent was placed on

the proximal end of the expiratory limb of the ventilator to the patient as previously
described(18, 32). Collection was taken at the time of study enrollment and then at the same
hour of the day as when initial collection occurred, 24 hours later, for each subject. Minute
ventilation and ventilatory pattern were not controlled during collection and varied between
patients according to their ventilator settings and breathing pattern. Sampling was monitored
closely and terminated and restarted in the case of coughing or introduction of sputum into
sample. After collection, samples were immediately aliquoted into 0.5 mL cryovials and
stored at —80°C.

Exhaled Breath Condensate Cytokine Analysis —

Prior to analysis, EBC samples were thawed on ice. EBC samples were homogenized by
repeated cryovial tube inversion, and subsequently analyzed using the MesoScale Discovery
(MSD, LLC, Rockville, MD, USA) Human Proinflammatory Panel 1 10-plex kit. The
10-plex analyzed for the following cytokines: IFN-vy, IL-10, IL-6, IL-13, IL-1p, IL-2,

IL-4, IL-5, IL-8, and TNF-a.. Samples, standards and appropriate controls were analyzed
using an MSD Quickplex SQ 120 instrument as previously described(33). Sample cytokine
concentrations were calculated according to a standard curve for each individual cytokine.
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Clinical Pulmonary Infection Score —

The CPIS is a validated scoring system used by our facility that combines the status of
tracheal secretions, chest radiograph, body temperature, white blood cell count, oxygenation,
and tracheal secretion microbiology for a numerical score of 0-12, with higher numbers
correlating with worsening disease severity (Table 2)(13). Tracheal secretion score increases
based on their presence and volume; chest radiograph score increases based on infiltrate
presence and severity; body temperature score increases based on the presence of a fever or
hypothermia; white blood cell count score increases with abnormally decreased or increased
counts, suggesting impaired or escalated immune response; oxygenation score increases
based upon increased oxygen requirements (indicated by a PaO2/FiO2 ratio < 240) and a
subjective diagnosis of ARDS; and tracheal secretion microbiology score increases based
upon the presence and number of different pathogens detected in tracheal secretions. CPIS
was calculated daily for study subjects and correlated with daily EBC cytokines.

Chest Radiograph Scoring System —

This study used a modified scoring system for evaluating chest radiographs that was
developed at our center and preferred by our clinical team (CXRAY, Table 3). This

system combines the status of visual disease progressions from previous chest radiographs,
infiltrates, and pleural effusions for a numerical score between 0-6, with higher numbers
correlating with worsening disease severity. CXRAY was calculated daily for study subjects
and correlated with daily EBC cytokines.

Clinical Outcomes —

Subjects were screened daily for sepsis, pneumonia, or death. Sepsis and pneumonia were
confirmed by a combination of physician-guided diagnoses and clinical scoring systems
entered into the chart. Pneumonia diagnosis was based upon intensivist clinical diagnosis
and not specific criteria. These outcomes were correlated with daily EBC cytokines.

Statistical Analysis —

We considered 10 cytokines in the statistical analyses. We restricted analyses to those
analytes with mean replication Pearson correlation r2 > 0.25 (|r| > 0.5). The mean replication
was assessed as the average of the replication between the initial cytokine measure and

all replicate measures taken after the initial collection of the breath condensate. Of the ten
analytes, six (IFN-y, IL-1p, IL-2, IL-6, IL-13, and TNF-a) passed this cutoff. We then
defined outliers as observations more than 1.5 times the interquartile range from either

the first or third quartile. Finally, before analysis, cytokines were log-transformed and
scaled to the standard deviation. The five outcomes considered were death, CPIS, CXRAY,
diagnosis of pneumonia, and diagnosis of sepsis. CPIS and CXRAY were converted to
binary indicators (CPIS = 6; CXRAY = 4). For CPIS and CXRAY, our primary modeling
approach used generalized estimating equations to utilize all observations while accounting
for the correlation between measurements taken from the same individual. We compared
associations from this model to those obtained using just the initial observation for each
person. For all other outcomes, we only used the initial measurement from each individual
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as there was no variation in the outcome within each individual. A full description of
statistical methods and modeling is described in the supplement.

Results:

Association between EBC IL-2 and CXRAY score

There were 49 participants in the study and 115-129 observations for each cytokine (Table
4). A description of the overall study group is given in Table 1. We observed associations
between IL-2 and CXRAY. A standard deviation increase in log-transformed IL-2 was
associated with a substantial increase in the odds of observing a CXRAY score =4 (OR =
1.68; Cl = 1.09 — 2.60; P = 0.02). IL-13 had associations of similar direction and magnitude
with both CXRAY though with P-values above the 0.05 cutoff (OR = 1.62; Cl = 0.96 — 2.74;
P =0.07) and CPIS (OR = 1.51; Cl = 0.96 — 2.39; P = 0.08) (Figure 1, Table 5).

As a sensitivity analysis we evaluated both the correlation between the log odds ratio for
the GEE model and a model based solely on the initial observation (i.e. the same model
used for the other outcomes). The models had good agreement as assessed using Spearman
correlations as the distribution of log odds ratios is not likely to be normal (Spearman r

= 0.78). The GEE model was attenuated slightly to the null (22% smaller log odds ratio)
but higher precision, 67% reduction in 95% confidence interval of log odds ratio. The
substantial increase in precision of the GEE model further justified our use of this modeling
approach.

EBC TNF-a and IL-1p are associated with pneumonia and sepsis, respectively

The outcomes Pneumonia, Sepsis, and Death did not alter over the course of study
participant observation so were not suitable for a GEE model. Our primary approach was
to model associations using the first measurement of each of the cytokines as described

in the Methods. Secondarily, we also modeled associations using only those taken on first
diagnosis of Pneumonia or Sepsis. The correlation between the associations for these two
approaches was very high (log odds ratio Pearson r2 = 0.88) with slightly smaller standard
errors for the primary approach. Given the strong correlation between the two approaches
taken to analyzing Pneumonia, Sepsis, and Death, differences between them is likely due
to random chance, the slightly smaller sample size in the second approach (as not everyone
had samples from the day of diagnosis analyzed), and slight sensitivities of the associations
to date of sample collection. Using the primary approach we observed associations between
TNF-a and Pneumonia (OR = 3.20; Cl = 1.19 — 8.65; P = 0.02) as well as between IL-1p
and Sepsis (OR =0.33; CI =0.11 - 0.98; P = 0.045) (Figure 2, Table 6).

Using the secondary approach where only measurements taken on the first day of diagnosis
were included we still observed associations between TNF-a and Pneumonia indicating an
increased risk of Pneumonia with increasing TNF-a concentrations in EBC exhaled breath
condensate (OR =2.93; Cl = 1.02 — 8.21; P = 0.04) (Table 7). However, the association
between IL-1p and Sepsis weakened considerably (OR = 0.43; Cl = 0.13 — 1.42). We also
observed an association between IL-2 and Sepsis in this approach (OR =0.35; Cl =0.12 -
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1.00; P = 0.05) which was actually similar in direction and magnitude to the association seen
between IL-2 and Sepsis in the primary approach (OR = 0.05; Cl =0.23 — 1.11).

Discussion:

Early detection and treatment improves outcomes in sepsis and pneumonia(4, 6, 8, 9).
However, non-invasive, quantitative metrics for detection of these diseases are lacking which
causes most decisions for early treatment to be based upon subjective patient assessment(1-
5, 8, 12, 13). Due to the heterogeneous nature of these disorders and a lack of specific
diagnostics, most first-line treatments involve broad-spectrum antibiotics which can lead to
microbial resistance(4, 9, 12). Identifying and implementing optimal treatment methods for
patients with sepsis and pneumonia remains a challenge for healthcare providers.

This challenge is even greater when caring for CIMV. These patients are more vulnerable to
acquire pneumonia and sepsis due to their weakened health state and presence of artificial
airways and other indwelling support devices. Moreover, the presence of an artificial airway
impairs their ability to participate in the patient assessment and inform their healthcare
providers of potential symptoms of illness. Conventional methods for diagnosing pneumonia
such as tracheal aspiration and bronchoalveolar lavage are invasive and some patients may
be too unstable to safely undergo bronchoscopy(14, 18). Collection of EBC from these
patients has been validated and standardized and may provide a superior method for disease
detection(14, 17, 18).

This study found that several cytokines that were measurable in EBC collected during
mechanical ventilation were associated with critical illness and disease severity. Specifically,
associations were found between EBC cytokines and subjective chest radiograph scores, and
clinical diagnoses of pneumonia and sepsis. These biomarkers may provide an objective

and quantitative indicator of disease severity. The association of TNF-a with pneumonia
suggests that this cytokine may be indicative of this outcome and could have a mechanistic
role in this disease — though disease mechanisms would need future studies to be properly
evaluated. TNF-a mediates inflammation, and a previous study of bacterial pneumonia
found significantly elevated levels of TNF-a in acute pneumonia compared to convalescent
pneumonia(34). These cytokines could provide therapeutic targets for these disorders.

Some of the results are confounding. For instance, since chest radiograph scoring is a
component of the CPIS, it is somewhat surprising that CPIS did not also correlate with

IL-2. The CXRAY score used is more comprehensive than that used in the CPIS, which

may explain this observation. Alternatively, it is possible that the mechanism by which IL-2
is increased in EBC is linked to processes that more significantly alter chest radiography
(such as hydrostatic pressure changes). The lack of differences in other pro-inflammatory
cytokines in our subjects was unexpected. Since all subjects evaluated were CIMV, we
speculate that the study may have been limited by not having enough representation across
the spectrum of disease severity; for example, more significant differences may be observed
if less ill subjects were included. Also, the associations we observed between IL-1p and IL-2
with sepsis are opposite with the hypothesis and reports in previous literature. We observed a
decrease in these cytokines associated with sepsis, while previous reports have found IL-18
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levels to be increased in patients in septic shock compared to healthy controls(25), and IL-2
levels have been found to increase in parallel with disease severity of sepsis in patients(35).
This may be due to differing criteria for sepsis between institutions, but is confounding
nonetheless and should be interpreted with caution. The observation that patient death was
not correlated with an increase in pro-inflammatory cytokines was also suprising; however,
most death in intensive care units is not ultimately due to pulmonary inflammation and
therefore EBC cytokines may not be as useful for predicting acute risk for death.

Beyond confounding results, this study had several limitations. The primary limitation of

the study is the small sample size which limits the power for statistical inference. Despite
this we were able to observe multiple associations, and differing approaches to modeling

the association showed high concordance indicating stability of the associations. Future
studies should include larger populations to better resolve associations. The study population
included a wide variety of patient demographics with heterogeneous pathophysiology treated
in three different ICUs. Pneumonia and sepsis encompass a variety of disease mechanisms
with hundreds of potential causes all of which may lead to a different inflammatory
phenotype. However, the findings from this study may be useful in identifying biomarkers of
worsening disease that would benefit from detection regardless of causality. Future studies
in more focused study populations are warranted and these results may help frame those
studies. Also, this study included subjects from only one center. This narrows the potential
patient population to those from the served region of this healthcare center. Multi-center
studies are warranted to confirm the usefulness of these findings for other regions and
facilities. The findings of the association of cytokine TNF-a with pneumonia (both viral

and bacterial) should be confirmed in a larger study in non-ventilated patients both with
initial signs of disease and convalescent patients after therapy(33). Finally, EBC collected

in this study was not fractionated by end-tidal carbon dioxide signal or breathing pattern

and therefore represented the entire area of ventilated lung rather than specific compartments
such as alveolar or bronchial. Due to this, we cannot speculate as to the anatomic origin of
the EBC biomarkers we evaluated(19, 20, 22).

Conclusion:

EBC can be safely collected from critically ill, mechanically-ventilated patients and many
cytokines can be measured in this biofluid. EBC IL-2 concentrations are associated with
CXRAY severity scores after adjustment for age and race, suggesting that the processes
leading to worsening CXRAY scores may be IL-2-mediated and that EBC IL-2 may be a
useful biomarker for disease severity. EBC TNF-a levels are associated with pneumonia
and may be useful biomarkers for detection and management of this prevalent disease.
We propose that measurement of EBC cytokines in CIMV patients is feasible and could
facilitate future research to hopefully address the large segment of CIMV patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

J Breath Res. Author manuscript; available in PMC 2022 April 12.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Davis et al.

Page 8

Acknowledgments

Conflict of Interest/Funding Disclosure:

This work was funded by NIH/NINR R00 NR012016 of which AM was PI. MD is also funded by NIH
PO1HL128192. None of the other authors have conflict of interest nor funding to disclose. This work has been
reviewed and cleared by the US EPA for publication. The conclusions are those of the authors and do not reflect
agency policy. Mention of trade names does not constitute endorsement for use.

References:
1.

Bercault N, Boulain T. Mortality rate attributable to ventilator-associated nosocomial pneumonia in
an adult intensive care unit: a prospective case-control study. Crit Care Med. 2001;29(12):2303-9.
[PubMed: 11801831]

. Cook D Ventilator associated pneumonia: perspectives on the burden of illness. Intensive Care Med.

2000;26 Suppl 1:531-7. [PubMed: 10786956]

. Heyland DK, Cook DJ, Griffith L, Keenan SP, Brun-Buisson C. The attributable morbidity and

mortality of ventilator-associated pneumonia in the critically ill patient. The Canadian Critical Trials
Group. Am J Respir Crit Care Med. 1999;159(4 Pt 1):1249-56. [PubMed: 10194173]

. Jain S Sepsis: An Update on Current Practices in Diagnosis and Management. Am J Med Sci.

2018:356(3):277-86. [PubMed: 30286823]

. Kollef MH, Shorr A, Tabak YP, Gupta V, Liu LZ, Johannes RS. Epidemiology and outcomes of

health-care-associated pneumonia: results from a large US database of culture-positive pneumonia.
Chest. 2005;128(6):3854—62. [PubMed: 16354854]

. Rello J, Ollendorf DA, Oster G, Vera-Llonch M, Bellm L, Redman R, et al. Epidemiology and

outcomes of ventilator-associated pneumonia in a large US database. Chest. 2002;122(6):2115-21.
[PubMed: 12475855]

. Safdar N, Dezfulian C, Collard HR, Saint S. Clinical and economic consequences of ventilator-

associated pneumonia: a systematic review. Crit Care Med. 2005;33(10):2184-93. [PubMed:
16215368]

. American Thoracic S, Infectious Diseases Society of A. Guidelines for the management of adults

with hospital-acquired, ventilator-associated, and healthcare-associated pneumonia. Am J Respir
Crit Care Med. 2005;171(4):388-416. [PubMed: 15699079]

. Papazian L, Klompas M, Luyt CE. Ventilator-associated pneumonia in adults: a narrative review.

Intensive Care Med. 2020.

10. Timsit JF, Esaied W, Neuville M, Bouadma L, Mourvllier B. Update on ventilator-associated

pneumonia. F1000Res. 2017;6:2061. [PubMed: 29225790]

11. Torres A, Niederman MS, Chastre J, Ewig S, Fernandez-Vandellos P, Hanberger H, et al.

International ERS/ESICM/ESCMID/ALAT guidelines for the management of hospital-acquired
pneumonia and ventilator-associated pneumonia: Guidelines for the management of hospital-
acquired pneumonia (HAP)/ventilator-associated pneumonia (VAP) of the European Respiratory
Society (ERS), European Society of Intensive Care Medicine (ESICM), European Society of
Clinical Microbiology and Infectious Diseases (ESCMID) and Asociacion Latinoamericana del
Torax (ALAT). Eur Respir J. 2017;50(3).

12. Grief SN, Loza JK. Guidelines for the Evaluation and Treatment of Pneumonia. Prim Care.

2018;45(3):485-503. [PubMed: 30115336]

13. Pugin J Clinical signs and scores for the diagnosis of ventilator-associated pneumonia. Minerva

Anestesiol. 2002;68(4):261-5. [PubMed: 12024096]

14. Davis MD, Montpetit AJ. Exhaled Breath Condensate: An Update. Immunol Allergy Clin North

Am. 2018;38(4):667-78. [PubMed: 30342587]

15. Konstantinidi EM, Lappas AS, Tzortzi AS, Behrakis PK. Exhaled Breath Condensate: Technical

and Diagnostic Aspects. ScientificWorldJournal. 2015;2015:435160.

16. Kuban P, Foret F. Exhaled breath condensate: determination of non-volatile compounds and

their potential for clinical diagnosis and monitoring. A review. Anal Chim Acta. 2013;805:1-18.
[PubMed: 24296139]

J Breath Res. Author manuscript; available in PMC 2022 April 12.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Davis et al.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Page 9

Walsh BK, Davis MD, Hunt JF, Kheir JN, Smallwood CD, Arnold JH. The effects of lung
recruitment maneuvers on exhaled breath condensate pH. J Breath Res. 2015;9(3):0360009.

Walsh BK, Mackey DJ, Pajewski T, Yu Y, Gaston BM, Hunt JF. Exhaled-breath condensate

pH can be safely and continuously monitored in mechanically ventilated patients. Respir Care.
2006;51(10):1125-31. [PubMed: 17005057]

Carter SR, Davis CS, Kovacs EJ. Exhaled breath condensate collection in the mechanically
ventilated patient. Respir Med. 2012;106(5):601-13. [PubMed: 22398157]

Goldoni M, Corradi M, Mozzoni P, Folesani G, Alinovi R, Pinelli S, et al. Concentration of
exhaled breath condensate biomarkers after fractionated collection based on exhaled CO2 signal. J
Breath Res. 2013;7(1):017101.

Roca O, Gomez-Olles S, Cruz MJ, Munoz X, Griffiths MJ, Masclans JR. Mechanical ventilation
induces changes in exhaled breath condensate of patients without lung injury. Respir Med.
2010;104(6):822-8. [PubMed: 20138493]

Vaschetto R, Corradi M, Goldoni M, Cancelliere L, Pulvirenti S, Fazzini U, et al. Sampling and
analyzing alveolar exhaled breath condensate in mechanically ventilated patients: a feasibility
study. J Breath Res. 2015;9(4):047106.

Antcliffe DB, Wolfer AM, O’Dea KP, Takata M, Holmes E, Gordon AC. Profiling inflammatory
markers in patients with pneumonia on intensive care. Sci Rep. 2018;8(1):14736. [PubMed:
30283005]

Bregeon F, Delpierre S, Chetaille B, Kajikawa O, Martin TR, Autillo-Touati A, et al.

Mechanical ventilation affects lung function and cytokine production in an experimental model

of endotoxemia. Anesthesiology. 2005;102(2):331-9. [PubMed: 15681948]

Kurt AN, Aygun AD, Godekmerdan A, Kurt A, Dogan Y, Yilmaz E. Serum IL-1beta, IL-6, IL-8,
and TNF-alpha levels in early diagnosis and management of neonatal sepsis. Mediators Inflamm.
2007;2007:31397. [PubMed: 18274637]

Li Bassi G, Prats RG, Artigas A, Xiol EA, Marti JD, Ranzani OT, et al. Appraisal of systemic
inflammation and diagnostic markers in a porcine model of VAP: secondary analysis from a study
on novel preventive strategies. Intensive Care Med Exp. 2018;6(1):42. [PubMed: 30343359]
Rynda-Apple A, Harmsen A, Erickson AS, Larson K, Morton RV, Richert LE, et al. Regulation of
IFN-gamma by IL-13 dictates susceptibility to secondary postinfluenza MRSA pneumonia. Eur J
Immunol. 2014;44(11):3263-72. [PubMed: 25091976]

Schulte W, Bernhagen J, Bucala R. Cytokines in sepsis: potent immunoregulators and potential
therapeutic targets--an updated view. Mediators Inflamm. 2013;2013:165974.

Swanson JM, Mueller EW, Croce MA, Wood GC, Boucher BA, Magnotti LJ, et al. Changes in
pulmonary cytokines during antibiotic therapy for ventilator-associated pneumonia. Surg Infect
(Larchmt). 2010;11(2):161-7. [PubMed: 19785561]

Stiegel MA, Pleil JD, Sobus JR, Madden MC. Inflammatory Cytokines and White Blood Cell
Counts Response to Environmental Levels of Diesel Exhaust and Ozone Inhalation Exposures.
PLo0S One. 2016;11(4):e0152458.

Stiegel MA, Pleil JD, Sobus JR, Stevens T, Madden MC. Linking physiological parameters to
perturbations in the human exposome: Environmental exposures modify blood pressure and lung
function via inflammatory cytokine pathway. J Toxicol Environ Health A. 2017;80(9):485-501.
[PubMed: 28696913]

Vaughan J, Ngamtrakulpanit L, Pajewski TN, Turner R, Nguyen TA, Smith A, et al. Exhaled breath
condensate pH is a robust and reproducible assay of airway acidity. Eur Respir J. 2003;22(6):889—
94. [PubMed: 14680074]

Stiegel MA, Pleil JD, Sobus JR, Morgan MK, Madden MC. Analysis of inflammatory cytokines in
human blood, breath condensate, and urine using a multiplex immunoassay platform. Biomarkers.
2015;20(1):35-46. [PubMed: 25495125]

Wang CM, Tang RB, Chung RL, Hwang BT. Tumor necrosis factor-alpha and interleukin-6
profiles in children with pneumonia. J Microbiol Immunol Infect. 1999;32(4):233-8. [PubMed:
10650487]

Balc IC, Sungurtekin H, Gurses E, Sungurtekin U, Kaptanoglu B. Usefulness of procalcitonin for
diagnosis of sepsis in the intensive care unit. Crit Care. 2003;7(1):85-90. [PubMed: 12617745]

J Breath Res. Author manuscript; available in PMC 2022 April 12.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Davis et al.

Odds Ratio

2.0

1.5

1.0

Page 10

Association between cytokines assessed in EBC and the clinical outcomes of CPIS and
CXRAY using a generalized estimating equations model. An odds ratio greater than 1 is
indicative of a positive association between the cytokine and the outcome; an odds ratio
equal to 1 indicates that the cytokine and the outcome are independent of one another; an
odds ratio of less than 1 is indicative of an inverse association between the cytokine and the
outcome. CPIS = clinical pulmonary infection score; CXRAY = chest radiograph score.
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Figure 2:

Associations between cytokines assessed in EBC and the outcomes of Death, Pneumonia,
and Sepsis. An odds ratio greater than 1 is indicative of a positive association between
the cytokine and the outcome; an odds ratio equal to 1 indicates that the cytokine and the
outcome are independent of one another; an odds ratio of less than 1 is indicative of an
inverse association between the cytokine and the outcome.
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Demographics for the 49 study participants. Positive CPIS indicates the number of participants with a CPIS

score = 6 while Positive CXRAY indicates the number of participants with a CXRAY score = 4. CPIS =

Clinical Pulmonary Infection Score; CXRAY = chest radiograph score. Positive results at any time during
study enrollment were included.

Mean | SD
Age 56.4 | 143

N %
Males 28 57.1
Females 21 42.9
White 26 53.1
Black 18 36.7
Unknown Race 5 10.2
Positive CPIS 22 44.9
Positive CXRAY | 24 49.0
Pneumonia 13 26.5
Sepsis 9 18.4
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Table 2:

Criteria for the Clinical Pulmonary Infection Score.

Clinical Pulmonary Infection Score (CPIS) Range 0-12

Temperature (°C) Points
>36.5and < 38.4 0
>38.5and <389 1
<36.40r>39 2

Oxygenation (PaO2/FiO2)
> 240 or ARDS diagnosis 0
< 240 and no ARDS diagnosis 2

White Blood Cell Count (mm3)

> 4000 and < 11000 0
< 4000 or > 11000 1
<4000 or > 11000 and bands > 500 2

Chest Radiograph

No infiltrate 0
Diffuse infiltrate 1
Localized infiltrate 2

Tracheal Secretions

Scant 0
Present 1
Present and purulent 2

Tracheal Aspirate Culture

Single pathogen or no growth 0
Multiple pathogens 1
Multiple pathogens and + gram stain 2
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Criteria for the Chest Radiograph Scoring System.

Chest Radiograph Scoring System (CXRAY) Range 0-6

General Impression

First film/no change

Worse
Pleural Effusion

No

Yes
Infiltrate

No

Diffuse

Localized
Consolidation

No

Yes

Yes with cavitation

Points
0
1
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Geometric mean, median, and geometric standard deviation for cytokines.

Table 4:

Cytokine | Total obs | Geometric Mean (pg/mL) | Median (pg/mL) | Geometric SD
IFN-y 128 1.73 1.84 1.48
IL-1B 115 0.58 0.48 231
IL-2 129 0.48 0.49 1.73
IL-6 121 0.23 0.11 4.85
IL-13 119 157 1.58 2.19
TNF-a 126 0.13 0.09 4.43
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Associations between outcomes used in (GEE) model and cytokines. Beta = log odds ratio; CPIS = Clinical
Pulmonary Infection Score; CXRAY = chest x-ray score; LCI = lower 95% confidence interval; OR = odds
ratio; SE = standard error; UCI = upper 95% confidence interval.

Cytokine | Outcome | Beta | SE P-value | OR | ORLCI | ORUCI
IL-2 CXRAY 0.52 0.22 | 0.02 1.68 | 1.09 2.60
IL-13 CXRAY 0.48 0.27 | 0.07 1.62 | 0.96 2.74
1L-13 CPIS 0.41 0.23 | 0.08 1.51 | 0.96 2.39
IL-2 CPIS 0.20 0.17 | 0.23 1.22 | 0.88 1.69
IL-6 CXRAY 0.18 0.22 | 0.42 1.20 | 0.77 1.86
TNF-a CXRAY -0.18 | 0.24 | 0.46 0.84 | 0.52 1.35
IL-6 CPIS -0.09 | 0.22 | 0.68 0.91 | 0.60 1.40
IL-1B CPIS -0.07 | 0.24 | 0.78 0.93 | 0.58 1.51
IFN-y CPIS -0.04 | 0.19 | 0.84 0.96 | 0.66 1.41
IFN-y CXRAY 0.03 0.21 | 0.89 1.03 | 0.68 1.56
IL-1B CXRAY 0.03 0.22 | 0.89 1.03 | 0.67 157
TNF-a CPIS 0.01 0.20 | 0.98 1.01 | 0.68 1.48
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Associations between cytokines and outcomes used in linear model based on the first day of EBC collection
for each cytokine. Beta = log odds ratio; LCI = lower 95% confidence interval; OR = odds ratio; SE = standard

error; UCI = upper 95% confidence interval.

Cytokine | outcome beta SE P-value | OR | ORLCI | ORUCI
TNF-a Pneumonia | 1.16 0.51 | 0.02 320 | 1.19 8.65
IL-1B Sepsis -1.11 | 0.56 | 0.05 033 | 011 0.98
IL-2 Sepsis -0.69 | 0.41 | 0.09 0.50 | 0.23 111
IL-6 Pneumonia | 0.64 0.42 | 0.13 1.90 | 0.83 4.32
IL-1B Pneumonia | -0.73 | 0.55 | 0.19 0.48 | 0.16 1.42
IL-13 Sepsis -0.47 | 0.39 | 0.22 0.62 | 0.29 1.33
IL-1B Death -0.40 | 0.46 | 0.39 0.67 | 0.27 1.66
IL-6 Sepsis -0.48 | 0.59 | 0.41 0.62 | 0.20 1.96
TNF-a Sepsis -0.42 | 0.55 | 0.45 0.66 | 0.22 1.93
IFN-y Sepsis -0.30 | 0.42 | 0.47 0.74 | 0.32 1.69
IL-2 Pneumonia | -0.27 | 0.39 | 0.48 0.76 | 0.35 1.63
IFN-y Death 0.26 0.43 | 0.54 1.30 | 0.56 3.05
IL-2 Death 0.10 0.39 | 0.80 1.11 | 0.51 2.38
IFN-y Pneumonia | -0.08 | 0.43 | 0.84 0.92 | 0.40 2.13
1L-13 Death -0.03 | 0.37 | 0.94 0.97 | 0.47 2.01
IL-13 Pneumonia | -0.02 | 0.44 | 0.96 0.98 | 0.41 2.34
IL-6 Death 0.01 0.45 | 0.98 1.01 | 0.42 2.44
TNF-a Death 0.00 0.40 | 1.00 1.00 | 0.45 2.21
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Associations between cytokines and outcomes used in linear model based on the first day of Pneumonia or
Sepsis diagnosis. Beta = log odds ratio; LCI = lower 95% confidence interval; OR = odds ratio; SE = standard

error; UCI = upper 95% confidence interval.

Cytokine | outcome beta se P-value | OR | ORLCI | ORUCI
TNF-a Pneumonia | 1.07 0.53 | 0.04 293 | 1.04 8.21
IL-2 Sepsis -1.05 | 0.54 | 0.05 0.35 | 0.12 1.00
1L-13 Sepsis -0.78 | 0.49 | 0.12 0.46 | 0.17 1.21
IL-1B Pneumonia | -0.81 | 0.56 | 0.14 0.44 | 0.15 131
IL-1B Sepsis -0.83 | 0.60 | 0.17 0.43 | 0.13 1.42
IL-6 Pneumonia | 0.44 0.45 | 0.34 1.55 | 0.64 3.76
IL-2 Pneumonia | -0.33 | 0.38 | 0.38 0.72 | 0.34 1.51
IL-1B Death -0.43 | 0.51 | 0.40 0.65 | 0.24 1.77
IL-6 Sepsis -0.43 | 0.59 | 0.46 0.65 | 0.21 2.06
IL-13 Pneumonia | -0.30 | 0.44 | 0.50 0.74 | 0.31 1.77
1L-13 Death -0.30 | 0.45 | 0.50 0.74 | 0.31 1.78
IFN-y Sepsis -0.26 | 0.44 | 0.56 0.77 | 0.33 1.83
IFN-y Death 0.26 0.46 | 0.57 1.29 | 0.53 3.17
TNF-a Sepsis -0.25 | 0.59 | 0.67 0.78 | 0.24 2.49
IL-6 Death 0.17 047 | 0.71 1.19 | 047 2.98
IFN-y Pneumonia | -0.16 | 0.44 | 0.72 0.85 | 0.36 2.01
TNF-a Death 0.14 0.46 | 0.75 1.15 | 0.47 2.82
IL-2 Death -0.02 | 0.40 | 0.96 0.98 | 0.45 2.15
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