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Visualizing biofilm formation in endotracheal
tubes using endoscopic three-dimensional
optical coherence tomography
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Abstract. Biofilm formation has been linked to ventilator-associated pneumonia, which is a prevalent infection in
hospital intensive care units. Currently, there is no rapid diagnostic tool to assess the degree of biofilm formation
or cellular biofilm composition. Optical coherence tomography (OCT) is a minimally invasive, nonionizing im-
aging modality that can be used to provide high-resolution cross-sectional images. Biofilm deposited in critical
care patients’ endotracheal tubes was analyzed in vitro. This study demonstrates that OCT could potentially be
used as a diagnostic tool to analyze and assess the degree of biofilm formation and extent of airway obstruction
caused by biofilm in endotracheal tubes. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.12

.126010]

Keywords: optics; biofilm; optical coherence tomography; endotracheal tube; ventilator-associated pneumonia.

Paper 150354RR received May 26, 2015; accepted for publication Nov. 23, 2015; published online Dec. 22, 2015; corrected Feb. 17,
2016.

1 Introduction
Biofilm formation in the inner lumen of endotracheal tubes has
been linked to ventilator-associated pneumonia (VAP), which is
a prevalent infection in hospital intensive care units (ICUs) that
results in an increase in cost of hospital stay and increased mor-
bimortality.1 Biofilms initially form when microorganisms
attach to a synthetic surface, multiply, and develop an extracel-
lular polymeric substance matrix that colonizes the growth of
bacteria.2 The presence of endotracheal tubes in intubated
patients increases the chances of contracting VAP due to a func-
tionally compromised mucociliary system that would otherwise
hamper formation of bacteria biofilm in the airway. It has been
shown that these biofilms can be characterized by scanning
electron microscopy (SEM) in vitro but require a sample drying
and gold sputtering sample preparation process that can be a
lengthy and arduous task and cannot be performed in vivo.1

Optical coherence tomography (OCT), a noninvasive, nonioniz-
ing tomographic imaging technology, can provide micrometer
high-resolution cross-sectional images of various biological
samples. It has been shown that OCT can be adapted to a rota-
tional endoscopic probe–based system that can provide high-
resolution three-dimensional volumetric information.3 The
aim of this study is to utilize OCT as a tool to visualize the pres-
ence of biofilm in endotracheal tubes. The eventual goal of this
study would be to image biofilm formation on the inner lumen
of intubated endotracheal tubes in vivo and to correlate the pro-
gression of biofilm formation to nosocomial pneumonia in criti-
cal care patients.

2 Materials and Methods
OCT and SEM images were collected from three endotracheal
tube samples before intubation: patient A’s tube extubated 24-h
postintubation, patient B’s tube extubated 120-h postintubation,
and a sealed endotracheal tube to serve as a control
(see Figs. 1–3). It should be noted that these patients were
not prospectively enrolled in this study. Extubated patients’
endotracheal tubes (Portex, sizes 7.5 to 8 mm) were obtained
from critical care patients at UCI Medical Center ICU and
were transported (∼30- to 40-min travel time) in a sealed
moist environment to the site of imaging (UCI IBC 2014-
1484). The tubes were then secured onto a sterile fabric
chuck and imaged with a side-viewing helical scanning probe
and OCT system previously described in Ref. 4. Briefly, a
1310-nm center wavelength swept source with 50-kHz sweep
rate and 100-nm bandwidth laser source was used in a fiber-
based Michelson interferometer. The OCT system and probe
had an axial resolution of 10 μm in biofilm and a lateral reso-
lution of 112 μm. In addition, an acousto-optic modulator was
used on the OCT system’s reference arm to provide a carrier
frequency of 150 MHz for the OCT signal to take advantage
of the full coherence length of the laser source. After OCT im-
aging, the samples were prepared for SEM using a standard
dehydration and gold sputtering protocol. Samples of endotra-
cheal tube were segmented using a surgical blade, then fixed in
10% buffered formalin phosphate formaldehyde for 1 h, placed
in sodium phosphate buffer for 24 h, and air-dried in a sterile
hood. Next, samples were placed into 1% osmium tetroxide
in double-distilled water for 1 h. Following osmium tetroxide,
the samples were placed in an increasing concentration of
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ethanol solutions (EtOH 30%, 50%, 70%, 90%, and 100%) for
10 min at each concentration. Finally, each sample was placed
into four mixtures of EtOH and hexamethyldisilazane (67%
EtOH and 33% HMDS, 50% EtOH and 50% HMDS, 33%
EtOH and 67% HMDS, 100% HMDS) for 15 min each.
Samples were then gold sputtered (Cressington 308R, Ted
Pella Inc.) to a thickness of 9 nm. SEM was then conducted

on samples (Phillips XL-30 Field Emission ESEM) at
10,000 keV with variable levels of magnification, namely
5000, 10,000, and 15,000.

3 Demonstration
Biofilm is present in both OCTand SEM images (Figs. 2 and 3).
In OCT images, biofilm is indicated in Figs. 2(d) and 3(d) by a

Fig. 1 IL, inner lumen of ET tube; SH, probe sheath; RPS, radiopaque strip; and GI, ghost image. (a) 46×
scanning electron microscopy (SEM) image of sealed endotracheal tube segment; (b) 5000× SEM image
of same endotracheal tube showing dust debris and the absence of an extracellular polymeric substrate
as well as bacteria cells; (c) 5000× SEM of same endotracheal tube in different location; and (d) corre-
sponding optical coherence tomography (OCT) image.

Fig. 2 BF, biofilm; SH, probe sheath; RPS, radiopaque strip; GI, ghost image; and BC, baloon inflating
channel; (a) 5000× SEM image of 24-h postintubation endotracheal tube showing the presence of extrac-
ellular polymeric substrate; (b) 5000× SEM image of same endotracheal tube in a different location;
(c) 15;000× SEM of same endotracheal tube focusing in on cluster of cells; and (d) corresponding
OCT image.
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sharp increase in reflected OCT signal above the inner lumen of
the endotracheal tube indicated by the label BF, as also shown in
Ref. 5. In SEM images, Figs. 2(a)–2(c) and 3(a)–3(c) show the
presence of biofilm from the OCT imaged tubes that can be seen
through the presence of extracellular polymeric matrix encapsu-
lating bacteria cell population. It should be noted that the SEM
data for the control sealed endotracheal tube (Fig. 1) have some
dust debris artifacts that could be mistaken for cells present. The
average size of single bacteria and cellular population density
was identified and measured in SEM images (Fig. 4; Image
J, National Institutes of Health). A mean cellular diameter of
1.34 μm with a standard deviation of 0.463 μm was measured
and correlates well with previous bacteria characterization liter-
ature of bacteria commonly found in biofilms.6,7 An increase in
cellular density was observed through 5000× magnification
SEM data between 1- and 5-day intubation endotracheal tubes.

Endotracheal tube two-dimensional airway obstruction was
assessed utilizing the intensity-based OCT images and an image

processing algorithm developed in MATLAB (MathWorks,
Natick, Massachusetts). The number of pixels between the
sheath (Zeus 20 AWG FEP, nominal O.D 1.01 mm) and the bio-
film were calculated for each A-line in a single B-scan manually
by tracing out the biofilm layer in a MATLAB script (Fig. 5).
Because the position of the sheath is known and the contour of
the biofilm was identified, it is possible to calculate the number
of pixels between the two surfaces. Having measured the axial
resolution of the OCT system to be ∼10 μm∕pixel, a physical
quantity for the measured distance between the sheath and the
biofilm could be provided. This value, added to the radius of the
sheath (0.505 mm), was then used as the radius to calculate the
area of a sector that each vertical column or A-line represents.
All of the circular sectors for a single B-scan area were calcu-
lated and added together to represent the total area of the endo-
tracheal tube not obstructed by the biofilm surface. The percent
change of area was then calculated with respect to the inner
lumen area of a control endotracheal tube. It was found that

Fig. 3 BF, biofilm; SH, probe sheath; RPS, radiopaque strip; and GI, ghost image; (a) 5000× SEM image
of 120-h postintubation endotracheal tube showing the presence of extracellular polymeric substrate;
(b) 5000× SEM image of same endotracheal tube in a different location; (c) 15;000× SEM of same endo-
tracheal tube focusing in on a cluster of cells; and (d) corresponding OCT image.

Fig. 4 (a) SEM image of endotracheal tube extubated after a period of 1-day intubation. (b) SEM image of
an endotracheal tube extubated after 5 days of intubation. Red numbering in both images indicates a
bacterial cell that is counted toward cellular density and average cell diameter.
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there was a reduction in endotracheal inner lumen area by a per-
cent change of 1.64% and 8.14% for the 1- and 5-day intubation
endotracheal tubes, respectively.

4 Conclusion and Future Work
It has been shown that OCT can detect the presence of biofilm
and that we could gather further information about the extent of
biofilm formation from the thickness of biofilm observed.
Through this study, it has been shown that OCT could poten-
tially be used as a tool to assess the extent of biofilm formation
and airway obstruction. There may be a component of secretions
in the endotracheal tubes, as it is not yet possible to clearly dif-
ferentiate thin secretion coating from biofilm. However, either
could potentially serve as a subsequent source of bacterial con-
tamination of the lower airway and increased endotracheal tube
resistance. Using OCT intensity-based images, we plan to ana-
lyze the thickness and structure of the biofilm at which intubated
patients in the ICU contract VAP. Additionally, future work will
be done to further analyze biofilm subcomponents using fluo-
rescent lifetime imaging (FLIM). By using FLIM, we can poten-
tially separate out bacterial phenotypes based on their relative
autofluorescent lifetime signatures. In addition, relative bacteria
concentrations can also be determined by a fluorescent intensity
measure.
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Fig. 5 S, probe sheath; BF, biofilm; ET, endotracheal tube; and AW, airway between probe sheath and
biofilm; (a) OCT B-scan of 1-day intubated endotracheal tube; (b) OCT B-scan of 5-day intubated endo-
tracheal tube, with red lines in both images representing the boundary that was measured for airway
obstruction calculation.
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