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Abstract

The formation of biofilms in the endotracheal tubes (ETTs) of intubated patients on mechanical
ventilation is associated with a greater risk of ventilator-associated pneumonia (VAP) and death.
New technologies are needed to detect and monitor ETTSs /n vivo for the presence of these
biofilms. Longitudinal OCT imaging was performed in mechanically ventilated subjects at 24 hr
intervals until extubation to detect the formation and temporal changes of in VivoETT biofilms.
OCT-derived attenuation coefficient images were used to differentiate between mucus and biofilm.
Extubated ETTs were examined with optical and electron microscopy, and all imaging results
were correlated with standard-of-care clinical test reports. OCT and attenuation coefficient images
from 4 subjects were positive for ETT biofilms and were negative for 2 subjects. The processed
and stained extubated ETTs and clinical reports confirmed the presence/absence of biofilms in all
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subjects. Our findings confirm that OCT can detect and differentiate between biofilm-positive and
biofilm-negative groups (o< 107°). OCT image-based features may serve as biomarkers for direct
in vivo detection of ETT biofilms and help drive investigation of new management strategies to
reduce the incidence of VAP.

Graphical Abstract

Longitudinal /n vivo catheter-based 3-D OCT imaging of endotracheal tubes in mechanically
ventilated critical care patients was performed to detect and monitor resident biofilms. The
acquired OCT volumes and calculated attenuation coefficients were correlated with conventional
microscopy and clinical reports. Results demonstrated the potential for OCT to not only detect and
monitor the formation of biofilms, but also differentiate biofilms from mucus. OCT image-based
features may serve as new biomarkers for the investigation of management strategies to reduce the
incidence of ventilator-associate pneumonia and death.
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1. Introduction

Precise and prompt monitoring in intensive care medicine is crucial for the management of
patients with life threatening conditions, often necessitating either organ/life support and/or
invasive monitoring. Under critical conditions, patients are supported by mechanical
ventilation with an endotracheal tube (ETT) to facilitate pulmonary gas exchange and relieve
breathing distress. However, this intervention increases the risk of nosocomial infections that
can lead to ventilator-associated pneumonia (VAP) and death 1. Of the 1.6 million patients
in the US who require some form of mechanical ventilation each year, 15-25% develop
VAP, and 24-71% will die 6-8. Mortality in patients with lung infections and/or on
mechanical ventilators is 24% for patients 15-19 years old and 60% for patients older than
85 years .

VAP in critical care patients is reported to develop within 48 h post-intubation 10. The warm,
moist, and humid environment within an /n vivo ETT promotes the growth and survival of
various pathogenic bacteria which often develop bacterial biofilms 11, Biofilms are complex
microbial communities that secrete an extracellular polysaccharide matrix, enabling survival,
protection, proliferation, and an increasingly drug-resistant bacterial population!2. The
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structure of a biofilm is intricate, which facilitates exchange of fluids, nutrients, and waste
products amidst the bacterial cells, which in turn enables proliferation and dispersion of a
bacterial load to new locations. Bacterial biofilms are widely observed on and within
medical devices such as cardiac pacemakers!3, prosthetic heart valves!?, intravenous and
urinary cathetersl4 15, contact lenses8, and ETTs!’. The microstructure of biofilms is
inherently three-dimensional (3-D), eventually producing planktonic bacteria that attach to a
surface and initially form thin films. The bacteria continue to proliferate and form thicker
biofilms which then further disseminate throughout the area or region, such as the
respiratory tract, establishing new growth areas?8.

VAP is conventionally diagnosed using radiological techniques (planar X-ray and computed
tomography), ultrasound imaging, microbiological techniques, non-quantitative or semi-
quantitative airway sampling, and quantitative cultures of airway specimens 1%-23, However,
none of these tests can accurately identify /n vivo biofilm formation at the point-of-care.
Development of a non-invasive real-time diagnostic technique enabling the detection and
development of an ETT biofilm in intubated patients offers the potential for improved
management strategies for these critical patients.

OCT is the optical analogue to ultrasound imaging, which detects light reflections rather
than sound, and performs cross-sectional label-free imaging in real-time with high-
resolution. Contrast in OCT images is based on variations in optical index of refraction and
the density of scatterers. In other studies, our group has demonstrated the presence of /n vivo
biofilms in the middle ear using OCT, in agreement with biological characterization 2426,
Furthermore, OCT has successfully been used to detect biofilms in extubated ETTs 27 and in
intubated neonates for laryngotracheal wall imaging 28. In the previous study 2/, OCT
imaging was performed on extubated (ex vivo) ETTs following a 40-min transport time, and
analysis was done based on only film thickness measurements. This previous study did not
incorporate a method to differentiate the presence of mucus or biofilm, or a combination of
both, nor was the effect of the suctioning procedure evaluated on OCT analysis. Importantly,
this study did not investigate the /7 vivo development and longitudinal growth of ETT
biofilms, which is key information for making clinical decisions.

This study reports /in vivo monitoring and optical characterization of ETT biofilm formation
in 6 critical care patients using catheter-based 3-D OCT. Longitudinal OCT imaging was
performed in intubated subjects every 24-hours until extubation. Extubated ETTs were
subsequently analyzed with scanning electron microscopy (SEM) and fluorescence and
Gram staining. OCT and attenuation coefficient image analysis results were correlated with
microscopy and clinical data to verify the presence of bacteria and biofilm. Pixel-wise
attenuation coefficient image analysis enabled differentiation between mucus and biofilm.
The clinical translation of this technology could enable new patient management strategies
to effectively reduce the incidence of VAP in critical care patients.
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2. Methods and Materials
2.1. Study population

This observational study was conducted with a cohort of six subjects (irrespective of
ethnicity, gender, or race) under critical care. Subjects included in this study were admitted
to the intensive care unit (ICU) of Carle Foundation Hospital, Urbana, IL, USA, and
required mechanical ventilation for over 24 h. Informed consent was obtained from the
subject’s guardian / relative in accordance with protocols approved by the Institutional
Review Boards of Carle Foundation Hospital and the University of Illinois at Urbana-
Champaign.

2.2 Longitudinal OCT imaging and extubated ETT collection

Radial (cylindrical) 3-D OCT imaging was performed /n vivo within the lumens of ETTs in
intubated patients using a commercial catheter-based OCT system (Model C7XR, St. Jude
Medical, Inc.). The OCT system had an axial scan rate of 50 kHz, enabling high-speed radial
imaging over a pullback distance of 5.4 cm in 5's. Each OCT catheter (Dragonfly model C7,
St. Jude Medical, Inc.) was 1.35 m in length, with an outer diameter of 0.9 mm. The OCT
system and catheter optics provided a 20 um axial and 45 pum transverse resolution
(depending on radial distance from the catheter), and an imaging depth range of 4.83 mm.
Figure 1 illustrates /n vivo OCT imaging of an ETT. The catheter fiber- and micro-optics
rotate 3600 within a stationary transparent outer sheath to form a radial cross-sectional
image of the ETT and cylindrical volumetric data is obtained by scanning in a spiral
scanning pattern during pullback. Each radial image within the volume depicts the inner and
outer surface of the ETT along with any biofilm and/or mucus formation on the inner
surface. The inner diameter of the adult-sized ETT was approximately 8.5 mm and the
imaging depth-of-field of the catheter system and the working distance were approximately
4.6 mm and 5 mm, respectively. Due to the larger diameter adult-sized ETT and this limited
depth-of-field, we were not able to capture the entire circumference of the inner ETT lumen
in an OCT image, as it was not possible to center the catheter within the ETT during
imaging. Hence, during imaging, the catheter was located along the inner surface of the ETT
and the attenuation coefficient image corresponded to an average of 100 pixels extending
radially outward from the outer sheath of the catheter. The acquired images were within the
depth-of-field of the system.

At the start of each longitudinal imaging period, a physician inserted a new sterile OCT
catheter through the suctioning/bronchoscopy access port and into the ETT. The research
team controlled the acquisition of the OCT system. The OCT catheter was previously
marked to indicate the total length and distal end of the ETT, ensuring positioning of the
catheter within the ETT lumen and not extending into the trachea. The length of the catheter
allowed for imaging of the entire ETT, which comprised 5 cylindrical volumes (pull-backs).
Following acquisition of the cylindrical 3-D OCT datasets (total imaging time < 10 min), the
catheter was withdrawn from the ETT and disinfected (Revital-Ox Resert, 4455-AW) for 8
min after each use. The catheter was then stored in a sterile bag for subsequent imaging of
the same subject. Imaging was performed at 24-hour intervals until extubation, which was
dictated by standard-of-care patient management. A new sterile OCT imaging catheter was
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used for each new subject, and disinfected after each use per the above protocol. Extubated
ETTs were transported to the laboratory (5 min travel time) and fixed in fixative solution
(2.0% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M Na-Cacodylate buffer) until
further analysis.

2.3 OCT image analysis

The 3-D cylindrical volume reconstruction of each OCT dataset consisted of 976 x 504 x
269 (rows, columns, and radial scans along pull-back) pixels, respectively, which were
processed and saved in #iffformat. A pixel-wise attenuation coefficient algorithm 29 was
processed for each radial OCT image in the volume. Attenuation coefficients represent the
rate of optical signal decay due to absorption and scattering of light from the sample,
facilitating differentiation between mucus and biofilm due to their different optical scattering
properties. The slick and aqueous texture of mucus renders it largely translucent to light 30.
Unlike mucus, biofilm is comprised of a more highly-scattering extracellular matrix, along
with a large population of scattering bacterial cells that form a protective barrier and a
stable, adherent texture 31. The attenuation coefficient p[i] was estimated from the OCT
intensity images, divided by the total number of pixels along an A-scan N (976), and the
pixel size A in millimeters by:

11i]
- O

uli] =
2030, 10

The relative attenuation coefficient (RAC) was obtained by applying the structural mask to
the attenuation coefficient p[i] to reduce the background noise. The RAC image is displayed
circumferentially around the radial OCT image and corresponds to an average of 100 pixels
extending radially outward from the outer surface of the catheter as shown in Figure 1C. The
mean RAC was calculated by measuring the mean attenuation throughout the entire length
of the ETT (5 OCT volumes corresponding to 27 cm in ETT length).

2.4 Microscopy of endotracheal tube content

The extubated and fixed ETTs were cut longitudinally and opened to expose the inner
luminal surface of the ETT and any adherent biological material (biofilm and/or mucus).
Samples of this material were suspended in saline and then centrifuged to recover the
supernatant that was subsequently smeared on glass microscope slides. These prepared
samples were processed for Gram staining. These samples were also embedded in paraffin
and subsequently processed for fluorescent staining using a Biofilm Cell stain (FilmTracer
FM 1-43, Invitrogen) and a Biofilm Matrix Stain (FilmTracer SYPRO Ruby, Invitrogen),
according to the manufacturer’s instructions, and observed under a fluorescence microscope
(Axiovert 200, Zeiss). Samples were also processed and imaged with scanning electron
microscopy (FEG 450, FEI Quanta) at 10,000 keV with a magnification of 10,000x and
13,000x.
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2.5 Statistical analysis

The statistical analysis of the measurements between the biofilm-negative and biofilm-
positive groups was done using a two-tailed Welch’s ttest. A significance level of p< 0.05
was considered statistically significant. The statistical calculation was implemented in
Matlab using the ffest2 function. Data variables were expressed as mean + standard
deviation.

3 Results

The acquired OCT and RAC images were processed for each subject. The RAC images were
analyzed based on the hypothesis that biofilm has higher attenuation/scattering, compared to
mucus, due to the presence of the extracellular matrix and many scattering bacteria.
Longitudinal OCT and RAC images were used to differentiate between biofilm-positive and
biofilm-negative ETTs (Figure 2). Representative longitudinal radial OCT scans of a subject
(Subject 6, Table 1) showed formation of a structure on the inner luminal surface of the ETT
(Figure 2, top row) while the subject was intubated for 3 days. However, these OCT images
show scattering structures accompanied by air bubbles. A lower RAC extracted from these
radial scans plausibly corresponded to the presence of mucus. Similarly, longitudinal OCT
images from Subject 2 (Table 1) were acquired for 6 days. Representative OCT and RAC
images for Subject 2 are shown in Figure 2 (bottom row). The scattering and thickness of the
structures in the OCT images were comparable to images shown in the top row. However,
RAC images of the biofilm-positive ETT (Subject 2) showed increased attenuation, in
contrast to the biofilm-negative ETT (Subject 6).

The reconstructed 3-D cylindrical volumes of the OCT and RAC images are shown in Figure
3. The volume for the biofilm-positive ETT (Subject 2, Day 6) shows the presence and
random distribution of the biofilm throughout the ETT, in contrast to the biofilm-negative
ETT (Subject 6, Day 3). The RAC value was calculated from the 3-D volume data after
considering the mean attenuation throughout the volume.

A quantitative analysis of RAC for the ETTs from all the subjects is summarized in Figure 4.
Figure 4A shows the mean RAC for 6 subjects (Table 1) from the day of intubation until
extubation. The attenuation profiles for the biofilm-negative ETTs (green) showed a trend of
decreasing attenuation over the days of intubation. However, the attenuation profiles of the
biofilm-positive ETTs showed a higher degree of optical attenuation (red) over the
intubation period. Figure 4B shows a histogram plot and fit of RAC values for the biofilm-
positive and biofilm-negative groups. The analysis shown in Figure 4B was done by
averaging the attenuation coefficient values from all of the radial scans, and then statistically
analyzing for differences between biofilm positive and negative groups. The RAC
distribution for the biofilm-negative ETTs ranged between 5 - 25 mm™1, in contrast to 5 - 55
mm~1 for biofilm-positive ETT’s. Despite the demarcation between the groups, lower RAC
values in the biofilm-positive ETTs may be due to the non-uniform spatial distribution of
biofilm (along with the presence of mucus) throughout the ETT. This could be deduced by
considering the volume for biofilm imaged within the ETT (Figure 3D (Subject 2, Day 6)),
where the radial scans within the volume showed lower attenuation, and could be due to
mucus alone. This is likely the case for the varied RAC and the bimodal distribution (Figure
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S1 and S2) throughout all of the biofilm-positive ETTs. Each distribution (15t and 2" can
be separated by fitting a Gaussian mixture model. The mean and standard deviation of the
biofilm-negative group was 14.9 + 6.6 mm~1, while the biofilm-positive group (15t
distribution) and biofilm-positive group (2" distribution) are shown in Figure 4C. The
statistical analysis shows that RAC metrics can differentiate biofilm-negative ETTs from
biofilm-positive ETTs, 2" distribution (o< 1079).

To substantiate and validate the presence or absence of biofilm and correlate with OCT and
RAC images, extubated ETTs were fixed, processed, and imaged using conventional
microscopic techniques. All extubated ETTs were processed for Gram staining and
fluorescence staining for biofilm, and SEM. We selected OCT images from the last day of
imaging, and biomaterial samples (biofilm and/or mucous) from approximately from the
same region were obtained for Gram, biofilm, and SEM analysis. The recovered biomaterial
samples from the extubated ETTs were therefore approximately co-registered with the
corresponding OCT images. Figure 5 shows representative microscopic images from ETTs
that were positive (Subject 2) and negative (Subject 6) for biofilm. Gram staining of a
biofilm-positive ETT showed clusters of bacteria (Gram positive rods) embedded in a
complex matrix, in contrast to a biofilm-negative ETT, corroborating an earlier report 32,
Structure of the biofilm under SEM was compared with known morphology 33. Similarly,
SEM images of the biofilm-positive ETT showed extracellular matrix with embedded
bacteria, in contrast to a biofilm-negative ETT. Furthermore, fluorescence staining for the
biofilm cells and matrix corroborated with the other microscopy techniques for
differentiating the presence or absence of a biofilm. The microscopy data validated the
findings from the catheter-OCT system.

OCT findings and microscopy data were further correlated to the clinical reports. Table 1
summarizes the clinical records of each subject from Day 1 of intubation until extubation.
As demonstrated by OCT and microscopic image data, Subject 2 was clinically reported to
have developed pneumonia on the sixth day of intubation. The RAC images of the biofilm-
positive ETT (Subject 2) showed the presence of a biofilm from Day 3-6. Whereas RAC
images of Subject 6 showed a biofilm-negative ETT, consistent with clinical reports. The
OCT and RAC image-based data from all the subjects included in the study were consistent
with microscopic and clinical findings. Thus, these results suggest that the OCT-based
attenuation coefficient images can detect and track /n vivo biofilm formation in intubated
patients.

4 Discussion

Formation of biofilms in the ETTs of ventilated patients plays a direct role in the
development of VAP 33, Given the unmet need for real-time point-of-care detection and
monitoring of ETT biofilms in ventilated patients, imaging by catheter-based OCT provides
a non-invasive (no more invasive than intubation of an ETT) means to identify these
biofilms. Importantly, this new technology and methodology will enable new research and
clinical investigations into the etiology of ETT biofilm formation, their response to
interventions such as suctioning and antibiotics, and further correlations between the onset
and development of ETT biofilms and the occurrence of VAP. In the future, catheter-based

J Biophotonics. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dsouza et al.

Page 8

3D OCT could provide new insights and data for critical care physicians to ensure effective
suctioning and brush cleaning procedures of an ETT. If suctioning or cleaning fails to
remove an adherent biofilm, OCT image data would be used to justify replacing a bacteria-
colonized ETT with a new ETT in order to reduce the risk of VAP. The replacement of a
bacterial biofilm-infected ETT would be analogous to the practice of replacing various
arterial and venous catheters and lines with new ones in the setting of a patient with a
systemic infection.

Typically, development of VAP in ventilated patients is assessed by a radiological imaging
(chest X-ray) and diagnosed by microbial culture 19 20. 23 Although, a chest X-ray can
indicate pneumonia, it does not determine the presence of an ETT biofilm, which is thought
to be a primary risk factor for VAP. In contrast, our study reports a feasible real-time,
minimally-invasive, bedside imaging technique for detecting and monitoring the
development of an ETT biofilm. Statistical analysis showed significant differences in RAC
metrics between the biofilm-negative and biofilm-positive groups (o < 107°). In one
representative subject (Subject 2), our investigation demonstrated the presence and
development of a biofilm from Day 3-6 with increased attenuation longitudinally over time.
The clinical reports indicated that the subject was diagnosed with pneumonia on Day 6,
which may represent a causal relationship that needs to be supported further with a larger
clinical study. Currently, conventional microbiological diagnostics require laborious sample
preparation procedures and require time for a conclusive diagnosis. Current procedures also
do not permit real-time monitoring, and require repeated sampling with an inherent delay in
feedback to the critical care physician for medical decision making. Implemented as a point-
of-care imaging modality, catheter-based OCT distinctly enables longitudinal /in vivo
monitoring for ETT biofilms, which may help reduce the associated risks of VAP and death.

Novel treatment regimens and methods for targeting and eradicating ETT biofilms are an
active area of research, including nebulized (aerosol) gentamicin 34, lock therapy 3°, non-
thermal plasma treatments 36, and photodynamic therapy 37. Nonetheless, an efficacious
therapy demands a robust and efficient detection or monitoring technique, particularly for
early-stage investigations of these potential treatments and other interventions. Unlike
conventional techniques, our system distinctly enables longitudinal /7 vivo monitoring of
ETT biofilms. Earlier investigations have reported the detection of ETT biofilms post-
extubation 32: 3338 One study demonstrated the presence of biofilm in an extubated ETT
using OCT images, where the images were acquired 40 min post-extubation 27. However,
from our study, we found that interpreting structural OCT images (biological structure
thickness) alone could not differentiate between biofilm and mucus, due to their similar
thickness metrics. We addressed this by deriving and extracting the optical attenuation
coefficients of the biological materials from the OCT images.

In this study, we observed that the attenuation coefficient values decreased at some data
points (days) for biofilm-positive ETTs (Figure 4A). This could be due to the standard-of-
care suctioning which was performed approximately every 4-5 h, depending on patient
needs, and may have been at a time immediately prior to OCT imaging, as we did not
control for or alter the suctioning time intervals in this study. We hypothesize that the saline
solution used for this procedure would likely coat the inner lumen of the ETT and any
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associated biofilm, as well as possibly transiently change the optical properties of the
biofilm, both of which would likely decrease the attenuation signal. Despite the use of
regular standard-of-care suctioning, our results suggest that this procedure is unsuccessful at
eliminating the ETT biofilms, since we continued to observe a subsequent shift in
attenuation over time. Corroborating our hypothesis that routine suctioning is inefficient at
clearing ETT biofilms, an investigation by Xiol et al. recently demonstrated that a novel
closed suctioning method in a porcine model was more efficient at clearing the established
biofilm, in contrast to the conventional method 3°. In a future study, we aim to use catheter-
based 3-D OCT to examine changes in the formation of ETT biofilms and/or mucus deposits
depending on different suctioning procedures and time intervals.

Despite the noted advantages, the present study has a few limitations. As OCT is sensitive to
optical refractive index that is not bacterial species specific, it does not characterize bacterial
species. However, consolidating catheter-based OCT with Raman spectroscopy may address
this limitation, as Raman spectra can provide the biochemical properties of the bacteria and
biofilms 4042, This study utilized a commercial catheter-based OCT system with
commercial catheters originally designed for imaging human coronary arteries. The working
distance of these catheters was shorter (approx. 5 mm) than what would be preferred for 3-D
imaging of a larger diameter adult-sized ETT (approx. 8.5 mm), hence only a sector of the
ETT could be imaged at each longitudinal position. OCT catheters designed for use in larger
lumens, such as in the gastrointestinal tract, are commonly balloon-tipped catheters that can
be inflated /n vivoto center the OCT imaging optics 43. These balloon-tipped catheters,
however, would not be appropriate for imaging the human airway due to the restricted
airflow when inflated. We are developing a catheter with an expandable and retractable
scaffold-like mechanism that would center the OCT imaging optics within the lumen of the
ETT and allow free airflow during mechanical ventilation.

In this study we used a commercial catheter OCT system (St. Jude Medical, Inc.) which only
saved processed OCT amplitude data. Hence, a pixel-wise attenuation coefficient method
was implemented. In the future, we will investigate and also incorporate /in vivo viscosity
measurements** to help differentiate between types of mucus and biofilms, or for any signs
of debris that may be present. Furthermore, we will incorporate additional image processing
techniques to identify biofilms that may vary depending on various respiratory co-
morbidities such as chronic bronchitis, chronic obstructive pulmonary disease (COPD), or
acute respiratory distress syndrome (ARDS). For example, a recent study showed the
segmentation of an airway lumen and mucus based on mean backscattering intensity and
grey level co-occurrence matrix statistics#. We will explore similar approaches to identify
and differentiate biofilms and segment the image for attenuation coefficient analysis. Finally,
image processing and display could be accelerated. The RAC data presented in the work
were processed offline and required approximately 10 min per 3-D volume on a high-end
desktop PC. In the future, we will implement a real-time attenuation coefficient processing
and display algorithm on a GPU-based desktop computer that provides similar images
rapidly at the point-of-care for prompt feedback to the physician for patient management
decisions.
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5 Conclusion

This investigation demonstrates a catheter-based 3-D OCT system for the longitudinal
detection and monitoring of ETT biofilms in ventilated critical care patients. An optical
attenuation-based analysis method was implemented to differentiate the observed biological
structures between higher attenuating biofilms versus lesser attenuating mucus. This study
provides new data and insights on the development of biofilms in ETTs, and suggests that
OCT may be used to generate new image-based biomarkers for medical decision making in
the management of ventilated critical care patients.
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Figure 1.
Illustration of /n vivo ETT imaging of intubated critical care patients using the catheter-

based 3-D OCT system. (A) The OCT system used for imaging of biofilms or mucus in the
ETT of the intubated subjects. (B) Magnified image showing the distal end and micro-optics
of the OCT imaging catheter (Dragonfly C7). (C) Schematic illustration and representative
OCT and attenuation coefficient image of an ETT. The OCT system will image the biofilm/
mucus formed at the inner surface of the ETT. The approximate location of the OCT beam
focus and confocal parameter or depth-of-field (b) is shown. An optical attenuation
coefficient map was generated to differentiate between mucus and biofilm. The attenuation
coefficient map corresponds to the mean attenuation coefficient values of the biofilm or
mucus, measured from within the inner red ring shown overlaid with the OCT image, and
further described in the Methods section. (D) Study flowchart. Following informed consent,
imaging was performed to demonstrate the detection, formation, and differentiation of
biofilm from mucus at 24 h intervals. OCT images were analyzed based on the differing
optical attenuation coefficients. After extubation, ETT tubes were fixed and processed for
conventional staining techniques and correlated with OCT images and clinical reports. ETT
IW: ETT inner wall; ETT OW: ETT outer wall; &: depth-of-field.
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Figure 2.
Representative longitudinal /i vivo OCT and RAC images from two intubated critical care

subjects using the catheter-based OCT system. The top row shows representative
longitudinal OCT images of an ETT without a biofilm present (Subject 6, extubated after 3
days). The bottom row shows representative longitudinal OCT images of an ETT with the
presence and development of a biofilm (Subject 2, extubated after 6 days). Note that the
RAC values are represented by a colored circumferential ring around each OCT image that
corresponds to the radial RAC value through the biological material present around the
catheter.

J Biophotonics. Author manuscript; available in PMC 2020 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dsouza et al. Page 15

Biofilm negative Biofilm positive

A

-
0 10 20 30 40

Relative attenuation coefficient (mm™")

Figure 3.
Representative 3-D volume reconstructions of OCT and RAC images along the entire length

of the ETT (straightened for visualization purposes). (A) 3-D OCT and (B) RAC images
from an ETT that was negative for biofilm (Subject 6, Day 3). (C) 3-D OCT and (D) RAC
images from an ETT positive for biofilm (Subject 2, Day 6). Increased optical attenuation
from the biological structures within the ETT tube identifies the presence and 3-D
distribution of biofilm throughout the length of the ETT.
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Quantitative analysis of ETTs based on RAC metrics between groups. (A) Plots showing the
mean RAC for all subjects (Subjects 1-6) from the day of intubation until extubation. The
plots in green represent biofilm-negative (N) ETTs and plots in red represent biofilm-
positive (P) ETTs. The lines represent the trends for the mean RAC values while the shaded
regions represent the standard deviation of the RAC values. (B) Histogram plot and fit of all
ETT RAC values. (C) Measured average RAC values, standard deviations, and statistical
analysis presented by group.
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Figure 5.

Representative photomicrographs of biofilm-negative (top row) and biofilm-positive (bottom
row) samples from ETTs. Gram stain of a paraffin-embedded biofilm-positive sample shows
clusters of bacteria. SEM image shows the biofilm matrix along with embedded bacteria (red
arrow). Bacterial cells and biofilm matrix appear when stained with FM-1-43 and SYPRO
Ruby Red, confirming the presence of the ETT biofilm. Scale bars represent 5 pm.
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Table 1.

Clinical findings of ventilated patients included in the study

1duosnuen Joyiny

D Body Sputum XR CHEST
Y Tem C) Age  Sex screen LRC ]
p Pleural effusion Other notes
Subject - 1
Rare SEC; Rare amount Candida - . : .
1 37.2 Many PMNs albicans recovered No effusions Persistent mild PVC; HL
2 36.9 62 F - - No effusions HL
3 36.6 - - - -
Subject - 2
1 37.8 Mz‘?‘? P iraton flo PE ARF with hypoxi
. i respiratory flora with hypoxia
Many gram positive recovered.
cocci
2 374 - - Recurrent left PE ARF with hypoxia; SE
3 36.9 6 M - - Recurrent left PE ARF with hypoxia; SE
4 36.4 - - Recurrent left PE ARF with hypoxia; SE
5 37.6 - - Recurrent left PE ARF with hypoxia; SE
ARF with hypoxia; SE;
Right lower lobe opacity;
6 373 - - Recurrent left PE Pneumonia/pneumonitis;
Left perihilar infiltrate
Subject - 3
slgée_ Mixed upper
1 374 ' respiratory flora Left PE PE
Many recovered
62 = PMNs ’
2 371 - - Left PE BPn
3 36.7 - - Left PE AP; BPn
4 37.1 -- -- Left PE Persistent BPI
Subject - 4
ARF;
L 3.7 - - - High suspicion for pneumonia
ARF;
2 37.6 PMNs - - High suspicion for pneumonia
ARF;
3 372 - - - High suspicion for pneumonia
44 F
ARF;
4 36.9 - - - High suspicion for pneumonia
5 36.3 - - - ARF; Probably VAP
6 36.9 - - - AREF; Probably VAP
7 39 - - - ARF; Pneumonia - staph aureus
Subject - 5
Rare amount of
1 37.2 Candida albicans - - ARF; AP (possible pneumonia)
recovered
52 F ) )
2 36.5 - - - ARF; AP (possible pneumonia)
3 36.8 - - - ARF; AP (possible pneumonia)
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D Body Sputum XR CHEST
Y Tem (°C) Age  Sex screen LRC :
p Pleural effusion Other notes
Rare SEC; Moderate amount of
4 38.1 Many PMNSs; Pseudomonas - ARF; AP (possible pneumonia)
Rare gram - bacilli aeruginosa recovered
Subject - 6
Rare
SEC; . .
1 37.6 72 F Many - - ARF; Left sided pneumothorax
PMNs;
ARF; Left sided
2 36.6 - - - pneumothorax
ARF; Left sided
3 37.3 - - - pneumothorax

LRC, Lower respiratory culture; SEC, Squamous epithelial cells; PMN, Polymorphonuclear leukocytes; PE, Pleural effusion; ARF, Acute
respiratory failure; SE, Subcutaneous emphysema; BA/, Bilateral pulmonary infiltrates; BPn, Bilateral pneumonitis; PE, Pulmonary edema; AR
Aspisration pneumonia; PVC, Pulmonary vascular congestion; AL, Hyperinflated lungs; VAR, Ventilator-associated pneumonia; -- indicates data

unavailable
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