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Abstract: Endotracheal intubation is a common life-saving procedure implemented in emergency
care to ensure patient oxygenation, but it is difficult and often performed in suboptimal conditions
leading to high rates of patient complications. Undetected misplacement in the esophagus is a
preventable complication that can lead to fatalities in 5-10% of patients who undergo emergency
intubation. End-tidal carbon dioxide monitoring and other proper placement detection methods are
useful, yet the problem of misplacement persists. Our previous work demonstrated the utility of
spectral reflectance sensors for differentiating esophageal and tracheal tissues, which can be used to
confirm proper endotracheal tube placement. In this study, we examine the effectiveness of spectral
characterization in the presence of saline, blood, “vomit”, and soot in the trachea. Our results show
that spectral properties of the trachea that differentiate it from the esophagus persist in the presence
of these substances. This work further confirms the potential usefulness of this novel detection
technology in field applications.

Keywords: spectral reflectance; airway management; endotracheal tube placement; tissue detection;
tracheal tissue; esophageal tissue; intubation; endotracheal tube misplacement

1. Introduction

A fundamental step in front-line emergency medical care is ensuring patient oxygenation.
The most common procedure to secure a patient’s airway is endotracheal intubation (ETI), in which an
endotracheal tube (ETT) is inserted and secured in the trachea. Caregivers face a variety of challenges
when attempting ETI, including the difficulty of the procedure itself, environmental variables, patient
condition and presentation, as well as obstructive anatomical features of the patient. These challenges
increase the rate of failed intubations resulting in patient complications up to and including death [1,2].
ETT placement generally begins when the caregiver visualizes the upper airway using a laryngoscope.
However, patient anatomy, injuries such as maxillofacial trauma, swelling, hemorrhage, and other
environmental contaminants can increase the difficulty of visualization in as much as 50% of cases in
the prehospital setting [3,4]. Due to these difficulties, an array of complications may arise including,
hypoxia, hypotension, as well as cardiac arrest resulting from failed intubations [2,5].
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Esophageal intubation is one type of failure in ETI in which the ETT is placed in the esophagus
rather than the trachea. Habib et al. found this to occur in up to 25% of patients arriving at the
emergency department, and if undetected, is fatal [6]. As a precaution against undetected misplacement,
the American Heart Association recommends use of a confirmatory procedure following any ETI [7].
Current methods for confirmation include direct visualization of proper ETT placement, which may
not be possible due to aforementioned challenges, and the clinically preferred method of end-tidal
carbon dioxide monitoring (ETCO2). Although a recent survey revealed that 95% of respondents in
the New York State area had capnography and CPR devices aboard ambulances [8], these resources
may still not be available in far-forward areas, such as a military setting, and even when available have
been found to be underutilized [9]. Additionally, confirmatory methods may require an interruption of
patient care or extra equipment that may not be available especially when only a single caregiver is
present. Given the time sensitive nature of emergency care, the potential delays and distractions of
performing these confirmations can be detrimental to patient outcomes.

Therefore, there is a proven need for an easy, fast, and nonvisual detection mechanism to confirm
tracheal placement. We have previously shown that tracheal and esophageal tissues reflect white light
differently and produce significantly different spectral profiles in ex vivo and in vivo settings [10,11],
as well as in human cadavers [10]. Specifically, tracheal tissue contains a local maximum reflectance
intensity at 561 nm with two local minimum intensities at 543 and 578 nm that are not present in
esophageal tissues. Thus, the ratios of the reflectance intensities at these key wavelengths, which we
refer to as Ratio B (561/543) and Ratio Y (561/578), can differentiate between healthy esophageal and
tracheal tissues. We have also demonstrated that these spectral signatures continue to differentiate
between esophageal and tracheal tissues in vivo under hypoxic conditions [12]. However, contaminants
in the trachea are common in the event of traumatic injury, therefore, it is important to determine if the
spectral signatures present in the trachea persist in the presence of contaminants. We hypothesized
that spectral reflectance would still differentiate tracheal and esophageal tissues when saline, blood,
a simulant of vomit, and soot are present in the trachea.

2. Materials and Methods

2.1. Sample Collection and Spectra Collection

Research was conducted in compliance with the Animal Welfare Act, the implementing Animal
Welfare regulations, and the principles of the Guide for the Care and Use of Laboratory Animals,
National Research Council. The U.S. Army Institute of Surgical Research Institutional Animal Care and
Use Committee approved all research conducted in this study; assigned identification code A-18-012
and approved on 18 January 2018. The facility where this research was conducted is fully accredited
by the AAALAC.

The trachea and esophagus were excised from 16 euthanized swine to be studied ex vivo. Once
removed, the tissues were stored in a freezer until use and permitted to defrost in a refrigerator for
not less than 12 h prior to testing. To collect spectral reflectance data, a custom-designed, 200 pm
core, fiber optic probe from Gulf Fiberoptics (R200-7-UV-VIS) was placed into each sample trachea
and esophagus (Figure 1). The fiber optic probe contained a centrally located illuminating fiber that
carried non-ionizing light emitted from an 8.8 mW LLS-COOL-WHITE halogen light source by Ocean
Optics down the 2 m long probe cable where it was redirected 90° by a mirror located at the distal tip
of the probe and shown on the adjacent tissue. This design allowed scans to be done with the probe
aligned parallel to the tissue and eliminated the need to dissect the tissue structure in order to orient
the probe normal to the tissue surface. The probe also contained six signal receiving fibers surrounding
the emitting fiber, as shown in Figure 1, that transported the reflected light from the tissue back to a
Photon Control SPM-002-DT spectrometer sensitized for 420-1070 nm wave lengths with 2048 x 14
pixel Hamamatsu back-thinned CCD (S9840), and spectral properties were collected from the tracheal
and esophageal lumens with the Ocean View Specsoft software package. A “dark” calibration scan was
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captured after placing the probe in a near perfectly dark environment, and a “light” scan was captured
by turning on the light source and placing the probe in a white Ocean Optics FIOS-1 calibration box.
Each capture was collected by averaging five subsequent exposures of 5 ms each. Spectral properties
of each trachea were measured without contaminants and in the presence of various substances and
compared to clean esophagus tissue.

Data
Acquisition Spectrometer
Fiber Optic Probe
Cross Section of Fiber Cross Section of Probe Tip
Redirecting
Mirror

Example Signal Path

Figure 1. Block diagram of the experimental setup showing data acquisition module and light source
connected to fiber optic probe. Cross-section of fiber with emitting and receiving fibers and tip showing
mirror with 90° signal redirection included (adapted from previous publication [11]).

2.2. Experimental Group 1

The first set of experiments, n = 10, included a 0.9% saline solution, blood (collected during
experimental hemorrhage), and simulated “vomit” (cream of mushroom soup), measured in that order.
For each swine, three spectral captures were recorded for each contaminant (baseline, saline, blood,
and “vomit”) in the trachea followed by three spectral captures of the non-contaminated esophagus,
resulting in 24 spectral captures per swine in total. Previous work demonstrated that the spectral
characteristics of interest were independent of the location within a particular tissue, so each capture
was collected at random locations within the treated area [11]. Each substance was introduced to the
trachea via syringe and the tissue was thoroughly rinsed and dried between each test. Any sign of
tissue injury created during handling, including abrasion, constituted exclusion of that sample. Saline
was not captured for one swine and one measurement of “vomit” in trachea was missed in each of two
swine. There were a total of 220 spectral captures for this group of swine.

2.3. Experimental Group 2

A second group, n = 6, was used to investigate spectral reflectance in the presence of soot in the
trachea. Soot was collected by capturing burned paper and reconstituting in saline to make a paste.
Figure 2 shows an example of a trachea sample with soot applied. The procedure described above was
followed for the application of soot. Twelve spectral captures per swine were taken for a total of 72;
to include three baseline measurements in the trachea and esophagus followed by three trachea in the
presence of soot and three clean esophagus.
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Figure 2. Trachea sample with soot applied prior to spectral collection.

2.4. Spectral Reflectance Processing

The reflectance, absorbance, and amplitude spectra were exported from the Specsoft software
as text files and imported into MATLAB for post-analysis. Each capture was identified numerically,
according to the experiment, and classified as tracheal or esophageal based on the relevant tissue type.
All tracheal and esophageal spectra were first plotted separately to inspect for signal fidelity. Previous
work identified 500-650 nm as the range of interest [13], and therefore all spectra were cropped to focus
on that region prior to signal processing. Based on previous studies identifying 543, 561, and 578 nm as
the wavelengths most useful in distinguishing tracheal and esophageal tissues [13,14], the amplitude
values at these wavelengths were extracted for each capture and plotted to visualize the distribution.

2.5. Statistical Analysis

Spectral reflectance was normalized across captures by dividing each spectral reflectance datapoint
by the average spectral reflectance across the range of measurements from 500 to 650 nm. This procedure
produced an average normalized spectral reflectance of 1 for each capture and retains relative differences
between reflectance at different wavelengths. For each capture, the spectral reflectance datapoints were
smoothed using kernel regression. Specifically, we used a Gaussian kernel with a bandwidth chosen
using the method of Racine and Li [15], implemented within the np package in R [16]. Smoothed
reflectance for the wavelengths 543, 561, and 578 nm were extracted for further analysis. Ratio B
(561/543) and Ratio Y (561/578) were calculated and used as the primary measures of interest.

The spectral reflectance ratios of interest, Ratio B and Ratio Y, were modelled independently using
linear mixed models. The spectral reflectance ratio was treated as the dependent variable. Individuals
(swine) were treated as random effects in order to account for non-independence due to multiple
measurements per individual. Contaminants (baseline, saline, blood, “vomit”, and soot) were treated
as random effects and the location of the probe (esophagus vs. trachea) was treated as a fixed effect.
Receiver operator characteristic (ROC) curves were used to characterize the diagnostic ability of the
spectral reflectance ratios to distinguish esophagus from trachea. Differences in the area under the
curve (AUC) between ROC curves were tested using the method described by DeLong et al. [17].

3. Results

Spectral scans of 96 distinct points across 16 clean tracheal and esophageal samples were collected
to establish a baseline measurement. At baseline, the characteristic peak at 561 nm along with the
adjacent troughs at 543 and 578 nm were present in the trachea while no such features were present in
the esophagus, as expected (Figure 3). Tracheal scans taken in the presence of saline, blood, “vomit”,
and soot continued to show the presence of a spectral peak at 561 nm and accompanying troughs at
543 and 578 nm (Figure 3).

The baseline scans affirmed the results from previous work that identified Ratio B (561/543) and
Ratio Y (561/578) as reliable markers to differentiate between tracheal and esophageal tissues (Figure 4).
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Tracheal tissue had significantly larger mean Ratio B values for every substance tested when compared
to esophageal tissue. The Ratio Y mean was also significantly larger in tracheal than esophageal tissue
at baseline and in the presence of saline and “vomit”. However, the Ratio Y mean was only nominally
larger with soot in the trachea and was smaller with blood in the trachea. These results are reflected
in the area under the receiver operator characteristic curves for each ratio, as shown in Table 1 and
Figure 5. Overall, Ratio B has a better sensitivity and more specificity in all settings as indicated by the
area under the receiver operator characteristic curves (Table 1). This indicates an inability of Ratio Y to
distinguish between the two tissues if blood or soot is present.
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Figure 3. Averaged reflectance spectra at baseline and in the presence of various body fluids for

esophageal and tracheal tissues.

Table 1. Area under the receiver operator characteristic curves for differentiating trachea from

esophagus using Ratio B and Ratio Y.

Substance Ratio
B Y
Overall 0.867 0.704
Baseline 0.891 0.871
Saline 0.947 0.878
Blood 0.763 0.364
“Vomit” 0.873 0.801

Soot 0.847 0.557
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Figure 4. (a) Boxplot of Ratio B and (b) Ratio Y for tracheal and esophageal tissues in the presence

of body fluids and soot. Dots in the boxplots are outliers, defined as being 1.5 times the interquartile

range beyond the first or third quartiles. * Represents statistical significance vs. esophagus.
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Figure 5. Receiver operator characteristic curves including all Ratio B and Ratio Y measurements in

this study with corresponding area under the curve (AUC) values. The AUC for Ratio B is statistically

significantly greater than for Ratio Y. In this context, specificity and sensitivity are reported according

to correct identification of trachea.
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4. Discussion

We evaluated the capabilities of a novel biosensor for detecting proper ETT placement during ETL
Using a fiber optic probe, the spectral reflectance characteristics of tracheal and esophageal tissues
can be analyzed and used to differentiate between them, even in the presence of bodily fluids in the
trachea which may be encountered in patients with traumatic injury.

Incorporation of a spectral reflectance sensor into the ETT would give providers continuous
feedback while performing ETI and provide continuous monitoring to alert providers should the
ETT become dislodged during transport. This novel approach shows promise of being more reliable
than the current standard of care, ETCO2 monitoring, particularly in pre-hospital settings. ETCO2
monitoring is possible through different techniques including colorimetry, capnography, or capnometry
and effectively reduces the amount of ETT misplacements that go undetected [18,19]. The colorimetric
approach uses a single-use device housing a chemically treated paper sample. The paper sample
reacts when exposed to CO, resulting in a color change that can be observed by the caregiver.
Unfortunately, the colorimetric method can be slow and subject to user interpretation. Mouth-to-mouth
resuscitation, contamination by acidic substances, and various medications can also cause false positive
test results [7,20]. The colorimetric sensor is also not capable of providing continuous monitoring,
which is problematic as ETTs may become dislodged after initial proper placement [9]. Capnography
and capnometry are more quantitative methods that measure CO, concentration in exhaled breath [21].
However, the equipment required for these continuous monitoring approaches may be unavailable or
underutilized in a prehospital setting. Capnometry in particular relies on higher CO, concentrations
which may be hindered in instances of cardiac arrest with reduced blood flow and low CO, levels [22,23].
If placed into the ETT itself, spectral reflectance sensors may offer better resilience to the aforementioned
conditions and provide continuous placement monitoring in places where ETCO2 monitoring is not
feasible or unavailable.

Our previous studies identified wavelength ratios B (561/543) and Y (561/578) which can be used
to capture the relative prominence of the tracheal peak [10]. However, to date, the ability of these ratios
to distinguish between tissue types had not been investigated in the presence of bodily fluids in the
trachea likely to be encountered during ETI during traumatic injury, including burn inhalation injury
where hot gases and soot particles may be introduced into the airway. Baseline results confirmed
previous findings that both ratios were significantly different between the two tissues in an ex vivo
swine model [10,11,13]. With saline in the trachea, both ratios remain capable of discriminating between
tissue types. This was expected since liquid water is almost perfectly transparent and thus would
negligibly affect the reflectance intensities of the tissue. Blood had the greatest impact on the spectra
signature characteristic of the trachea, especially with regard to Ratio Y. Figure 3 shows that there is
high absorption of wavelengths <600 nm in the presence of blood. Though a local peak and the adjacent
troughs are still visually identifiable, they are dramatically blunted in comparison to the tracheal spectra
with other substances. This can most likely be attributed to the fact that oxyhemoglobin has relatively
high absorption in this wavelength range and low absorption in the 630-700 nm range, which results
in its red color [24,25]. Possible higher concentrations of oxyhemoglobin in the tissue layers closer to
the surface may also account for the characteristic differences between tracheal and esophageal tissue
curves overall [10]. Despite this, Ratio B still differentiated between tracheal and esophageal tissue in
the presence of blood, suggesting that its use in a sensor system could overcome this greater absorption.
Interestingly, even though tracheal reflectance was impacted by blood, the spectral sensor was capable
of differentiating the tissue types in the presence of “vomit” and soot. The relatively opaque substance
used for “vomit” and dark color of soot had very little effect on the tracheal reflectance profile.

Overall, Ratio B demonstrated a more robust reliability for distinguishing between tracheal and
esophageal tissues than Ratio Y as evidenced by the significantly higher ratios and AUC values for all
substances. The overall ROC curves show that Ratio B is significantly closer to the perfect classification,
100% sensitivity (no false negatives) and 100% specificity (no false positive), as compared to Ratio Y.
Further studies are warranted to determine whether Ratio B alone would be sufficient or if slightly
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altered wavelength values might provide greater acuity than the currently selected values for Ratio Y,
especially in the presence of blood. Additional research is also needed to determine an optimal clinical
strategy for using this information. In the absence of perfect discrimination, which would be reflected
by an area under the receiver operator characteristic curve of 1, there are different clinical strategies
that should be considered. For example, a threshold for Ratio B could be set to be highly specific
or highly sensitive for tracheal placement or to strike a balance between sensitivity and specificity.
While we focused on Ratios B and Y in this work, it is possible that other analytical approaches for
classifying spectra produced by this device as representing placement in the trachea or esophagus may
be superior.

Only four substances were examined in this study with only one substance present at a time. It is
also possible that sequentially measuring different contaminants in the same tissue could alter the
measurements somehow. We consider this possibility unlikely given the cleaning procedure between
contaminants and that the characteristic spectral feature of the trachea persists. Future work may need
to include mixtures of these substances as well as others. These four are some of the most likely, but the
authors recognize the potential for a multitude of contaminants and their potential effect on spectral
characteristics of tissues. Additional studies can also be done on tissue that has undergone trauma
since it is currently unknown how certain injuries may impact the reflectance spectra. Inhalation
injuries are particularly common in instances of fire emergencies and explosions and often require
intubation. It is possible that these effects of inhalation injury on the spectral profile may be quantified
as a diagnostic tool for quantifying the severity of the injury. Future studies are also necessary to
verify that these spectral properties hold true in living humans. The cost of a clinically used spectral
device has not yet been evaluated, however, the available technology can be priced competitively
when compared to current small form factor ETCO2 devices. The small footprint and light weight of
the components makes this preferable to other larger equipment when these metrics are paramount.

5. Conclusions

We showed that certain ratios of reflectance values at specific wavelengths can be used to
distinguish between tracheal and esophageal tissues in an array of conditions likely to be encountered
in emergency trauma scenarios. Although the spectral profile of tracheal tissue was altered slightly
by the different substances tested, the characteristics distinguishing it from the esophagus remained
quantitatively detectable. Ratio B (561/543 nm) proved to be a robust metric that can discriminate
tracheal tissue in the presence of saline, blood, “vomit”, and soot with reliable AUC values of ROC
curves and statistically significant differences in mean ratio values. The absorption properties of blood
are most likely responsible for the low reflectance values for wavelengths below 600 nm. In spite of
this, some of the qualitative characteristics are still visible, and Ratio B remains significantly different.
However, the combination of the general negative slope of esophageal tissue within the area of interest
and the reduced intensity of the trachea in the presence of blood and soot caused Ratio Y to no longer
reliably differentiate the tissues. Taken together, these results strengthen the potential of spectral
reflectance to be used for confirming proper ETT placement in prehospital settings. The probe and
accompanying accessories can be integrated into already existing airway devices such as a bougie
or ETT.

Author Contributions: Conceptualization, C.D.N. and M.B.B.; methodology, C.D.N., M.B.B.; formal analysis,
D.B., C.S., AN.B,; investigation, D.B., C.S., M.B.B.; resources, M.B.B., K.L.R.; data curation, D.B., C.S.,, M.B.B.,
A.N.B.; writing—original draft preparation, D.B.; writing—review and editing, D.B., C.S.,, C.D.N., AB,, K.L.R,,
M.B.B.; visualization, D.B., A.B.; supervision, M.B.B.; project administration, K.R.; funding acquisition, M.B.B.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Medical Research and Development Command Tactical Combat Casualty
Care Research Program, grant number D_003_2017_USAISR.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2020, 20, 6138 90f 10

DOD Disclaimer: The views expressed in this article are those of the authors and do not reflect the official policy
or position of the U.S. Army Medical Department, Department of the Army, DoD, or the U.S. Government.

Animal Statement: Research was conducted in compliance with the Animal Welfare Act, the implementing
Animal Welfare regulations, and the principles of the Guide for the Care and Use of Laboratory Animals, National
Research Council. The U.S. Army Institute of Surgical Research Institutional Animal Care and Use Committee
approved all research conducted in this study; assigned identification code A-18-012 and approved on 18 January
2018. The facility where this research was conducted is fully accredited by the AAALAC.

References

1.

10.

11.

12.

13.

14.

15.

16.

Goto, T.; Watase, H.; Morita, H.; Nagai, H.; A Brown, C.; Brown, D.F,; Hasegawa, K. Repeated attempts at
tracheal intubation by a single intubator associated with decreased success rates in emergency departments:
An analysis of a multicentre prospective observational study. Emerg. Med. J. 2015, 32, 781-786. [CrossRef]
[PubMed]

Sakles, ].C.; Chiu, S.; Mosier, J.; Walker, C.; Stolz, U. The importance of first pass success when performing
orotracheal intubation in the emergency department. Acad. Emerg. Med. 2013, 20, 71-78. [CrossRef]
[PubMed]

Combes, X.; Jabre, P.; Jbeili, C.; Leroux, B.; Bastuji-Garin, S.; Margenet, A.; Adnet, F,; Dhonneur, G. Prehospital
standardization of medical airway management: Incidence and risk factors of difficult airway. Acad. Emerg.
Med. 2006, 13, 828-834. [CrossRef] [PubMed]

Rudraraju, P; Eisen, L.A. Analytic Review: Confirmation of Endotracheal Tube Position: A Narrative Review.
J. Intensive Care Med. 2009, 24, 283-292. [CrossRef]

Hasegawa, K.; Shigemitsu, K.; Hagiwara, Y.; Chiba, T.; Watase, H.; Brown, C.A.; Brown, D.E. Association
between repeated intubation attempts and adverse events in emergency departments: An analysis of a
multicenter prospective observational study. Ann. Emerg. Med. 2012, 60, 749-754.e2. [CrossRef]

Habib, N.; Harris, K.; Chalhoub, M.; Maroun, R.; Ciccone, R.; Elsayegh, D. Prolonged Esophageal Intubation:
Is it Still Possible? Clin. Pulm. Med. 2012, 19, 44—46. [CrossRef]

Neumar, RW.; Otto, C.W,; Link, M.S.; Kronick, S.L.; Shuster, M.; Callaway, C.W.; Kudenchuk, PJ.; Ornato, J.P;
McNally, B; Silvers, S.M; et al. Part 8: Adult Advanced Cardiovascular Life Support. Circulation 2010, 122,
S5729-5767. [CrossRef]

Sahyoun, C,; Siliciano, C.; Kessler, D. Use of Capnography and Cardiopulmonary Resuscitation Feedback
Devices Among Prehospital Advanced Life Support Providers. Pediatr. Emerg. Care 2018. [CrossRef]

Cook, T.M.; Woodall, N.; Harper, J.; Benger, ]. Major complications of airway management in the UK: Results
of the Fourth National Audit Project of the Royal College of Anaesthetists and the Difficult Airway Society.
Part 2: Intensive care and emergency departmentst. BJA Br. ]. Anaesth. 2011, 106, 632—-642. [CrossRef]
Nawn, C.D.; Blackburn, M.B.; De Lorenzo, R.A.; Ryan, K.L. Using spectral reflectance to distinguish between
tracheal and oesophageal tissue: Applications for airway management. Anaesthesia 2019, 74, 340-347.
[CrossRef]

Nawn, C.D.; Souhan, B.E.; Carter, R.; Kneapler, C.; Fell, N.; Ye, ].Y. Distinguishing tracheal and esophageal
tissues with hyperspectral imaging and fiber-optic sensing. J. Biomed. Opt. 2016, 21, 117004. [CrossRef]
[PubMed]

Blackburn, M.B.; Nawn, C.D.; Ryan, K.L. Testing of novel spectral device sensor in swine model of airway
obstruction. Physiol. Rep. 2019, 7, e14246. [CrossRef] [PubMed]

Nawn, C.D.; Souhan, B.B.; Carter, R.; Kneapler, C.; Fell, N.F.; Ye, ].Y. Spectral characterization of tracheal and
esophageal tissues using a hyperspectral camera and fiber optic sensors. In Proceedings of the Optical Fibers
and Sensors for Medical Diagnostics and Treatment Applications XVI, San Francisco, CA, USA, 7 March 2016.
Souhan, B.E.; Nawn, C.D.; Shmel, R.; Watts, K.L.; Ingold, K.A. Fiber optic tracheal detection device.
In Proceedings of the Optical Fibers and Sensors for Medical Diagnostics and Treatment Applications XVII,
San Francisco, CA, USA, 28 February 2017.

Racine, J.; Li, Q. Nonparametric estimation of regression functions with both categorical and continuous
data. J. Econom. 2004, 119, 99-130. [CrossRef]

Tristen, H.; Racine, ]. Nonparametric Econometrics: The Np Package. J. Stat. Softw. 2008, 27, 1-32.


http://dx.doi.org/10.1136/emermed-2013-203473
http://www.ncbi.nlm.nih.gov/pubmed/25552546
http://dx.doi.org/10.1111/acem.12055
http://www.ncbi.nlm.nih.gov/pubmed/23574475
http://dx.doi.org/10.1197/j.aem.2006.02.016
http://www.ncbi.nlm.nih.gov/pubmed/16807397
http://dx.doi.org/10.1177/0885066609340501
http://dx.doi.org/10.1016/j.annemergmed.2012.04.005
http://dx.doi.org/10.1097/CPM.0b013e31823ead25
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.970988
http://dx.doi.org/10.1097/PEC.0000000000001685
http://dx.doi.org/10.1093/bja/aer059
http://dx.doi.org/10.1111/anae.14566
http://dx.doi.org/10.1117/1.JBO.21.11.117004
http://www.ncbi.nlm.nih.gov/pubmed/27893090
http://dx.doi.org/10.14814/phy2.14246
http://www.ncbi.nlm.nih.gov/pubmed/31587488
http://dx.doi.org/10.1016/S0304-4076(03)00157-X

Sensors 2020, 20, 6138 10 of 10

17.

18.

19.

20.

21.

22.

23.

24.

25.

DeLong, E.R.; DeLong, D.M.; Clarke-Pearson, D.L. Comparing the areas under two or more correlated
receiver operating characteristic curves: A nonparametric approach. Biometrics 1988, 44, 837-845. [CrossRef]
[PubMed]

Jones, J.; Murphy, M.P.;; Dickson, R.L.; Somerville, G.G.; Brizendine, E.J]. Emergency Physician-Verified
Out-of-hospital Intubation: Miss Rates by Paramedics. Acad. Emerg. Med. Off. ]. Soc. Acad. Emerg. Med.
2004, 11, 707-709.

Silvestri, S.; Ralls, G.A.; Krauss, B.; Thundiyil, J.; Rothrock, 5.G.; Senn, A.; Carter, E.; Falk, J. The effectiveness
of out-of-hospital use of continuous end-tidal carbon dioxide monitoring on the rate of unrecognized
misplaced intubation within a regional emergency medical services system. Ann. Emerg. Med. 2005, 45,
497-503. [CrossRef]

Rabitsch, W.; Nikolic, A.; Schellongowski, P.; Kofler, J.; Kraft, P.; Krenn, C.G.; Staudinger, T.; Locker, G.J.;
Knobl, P.; Hofbauer, R.; et al. Evaluation of an end-tidal portable ETCO2 colorimetric breath indicator
(COLIBRI). Am. |. Emerg. Med. 2004, 22, 4-9. [CrossRef]

Berlac, P.; Hyldmo, PK.; Kongstad, P.; Kurola, J.; Nakstad, A.R.; Sandberg, M. Pre-hospital airway
management: Guidelines from a task force from the Scandinavian Society for Anaesthesiology and Intensive
Care Medicine. Acta Anaesthesiol. Scand. 2008, 52, 897-907. [CrossRef]

Kodali, B.S.; Urman, R.D. Capnography during cardiopulmonary resuscitation: Current evidence and future
directions. J. Emerg. Trauma Shock. 2014, 7, 332-340.

Paal, P.; Herff, H.; Mitterlechner, T.; Von Goedecke, A.; Brugger, H.; Lindner, K.H.; Wenzel, V. Anaesthesia in
prehospital emergencies and in the emergency room. Resuscitation 2010, 81, 148-154. [CrossRef] [PubMed]
Nitzan, M.; Romem, A.; Koppel, R. Pulse oximetry: Fundamentals and technology update. Med. Devices
2014, 7, 231-239. [CrossRef]

MacKenzie, L.E.; Harvey, A.R. Oximetry using multispectral imaging: Theory and application. ]. Opt. 2018,
20, 063501. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.2307/2531595
http://www.ncbi.nlm.nih.gov/pubmed/3203132
http://dx.doi.org/10.1016/j.annemergmed.2004.09.014
http://dx.doi.org/10.1016/j.ajem.2003.09.008
http://dx.doi.org/10.1111/j.1399-6576.2008.01673.x
http://dx.doi.org/10.1016/j.resuscitation.2009.10.023
http://www.ncbi.nlm.nih.gov/pubmed/19942337
http://dx.doi.org/10.2147/MDER.S47319
http://dx.doi.org/10.1088/2040-8986/aab74c
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Collection and Spectra Collection 
	Experimental Group 1 
	Experimental Group 2 
	Spectral Reflectance Processing 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

