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Endotracheal (ET) Intubation is a medical procedure whereupon
a physician or trained personnel inserts a breathing tube into a
patient’s mouth, through their vocal cords, and into their trachea.
Intubation can be lifesaving when a patient cannot breathe on
their own. Intubations are performed routinely, with approxi-
mately 15� 106 performed annually just in the operating room
(OR) with an additional 650,000 intubations in the wider hospital
environment. Intubation is a complex, dynamic, and at times
difficult procedure with major consequences if delayed and/or if
the procedure fails. Complications for intubations outside of the
operating room are reported as high as 27%, with the most
common being hypoxia, or low oxygen levels. We have developed
a simple, sterile attachment that directs oxygen down endotra-
cheal tubes during intubation. Benchtop studies have demon-
strated acceptable pressures well below those leading to
barotrauma. In animal studies, the device has been shown to
significantly reduce hypoxia; thereby increasing the time a
medical provider has to safely perform the procedure. While
further development is warranted, as well as additional testing
both in vitro and in vivo, the cap assembly appears to provide a
viable solution to a persistent and dangerous problem in medicine.
[DOI: 10.1115/1.4062151]

Introduction

Intubation is a medical procedure whereupon a physician or
other trained personnel inserts a breathing tube into a patient’s
mouth, through their vocal cords, and into their trachea [1].
This tube provides a somewhat protected airway for supplying
oxygen and a means of access for providing other medical
treatments (e.g., nebulized medications, etc.). Intubation can be
lifesaving when a patient cannot breathe on their own.

Furthermore, intubation is indicated for multiple major airway
issues, such as cardiac arrest, blunt or penetrating trauma, worsen-
ing pulmonary infections, and a host of other reasons [2].
Intubations are performed routinely, with approximately

15� 106 performed annually just in the operating room (OR) with
an additional 650,000 intubations in the wider hospital environ-
ment. Hands-on experience performing intubation is limited for
physicians (except for OR physicians); the average emergency
room physician may only perform 10 intubations per year [3].
Intubation is a complex, dynamic, and at times difficult procedure
with major consequences if delayed and/or if the procedure fails.
Complications for intubations outside of the operating room are
reported as high as 27%, with the most common being hypoxia, or
low oxygen levels [4]. In one study, 33% of all patients in the
emergency department undergoing urgent intubation experienced
oxygen desaturation for a median duration of 80 s [5]. Not only
can hypoxia lead to life-threatening outcomes, but more com-
monly, lesser injuries. Prolonged drops in blood oxygen saturation
(SpO2) down to 65% can lead to neurocognitive dysfunction,
either permanent or transient [6].
Endotracheal (ET) intubation is an inherently high-risk proce-

dure, with significant rates of cardiac arrest, hemodynamic
instability, and various respiratory complications [7]. Intubations
performed outside the hospital setting, or in the “field,” have
similar complications to those carried out in hospital settings, with
one study demonstrating a 22% drop in SpO2 for a median period
of desaturation of 160 s [8].
Intubation has inherent risks. Potential problems such as dental

injury, vocal cord damage, and laryngeal or tracheal injury are just
a few of the possible complications [9]. Prior to intubation, if time
allows, a patient may be given oxygen (pre-oxygenation) to
increase SpO2 saturation. This provides an increased, albeit still
limited, working time for correctly performing the intubation
procedure [10]. When a patient is somewhat stable, pre-
oxygenation is typically performed using a nonrebreather-style
mask, with an oxygen flowrate set at 15 liters per minute (LPM, or
0.530 cubic feet per minute) or greater for several minutes. Bag-
valve-mask ventilation assisted breaths can be substituted when
the patient is not breathing well or not at all [11]. However,
neither one of these approaches is ideal and may not eliminate
severe hypoxia during an attempt at intubation [5].
Additional approaches to providing oxygen during intubation

exist, including stylets and laryngoscopes with lumens for oxygen.
While a stylet provides a potential oxygen pathway, it does not
allow other instrumentation to pass through, nor does it limit any
potential over-pressurization that may result in barotrauma. Oxy-
genating laryngoscopes have similar shortcomings regarding
limiting damaging pressures. Though, a more common approach
to limiting severe hypoxia is call apneic (passive) nasal oxygen-
ation during rapid sequence intubation, where a paralytic medi-
cation is used to stop a patient breathing and thereby to make
intubation easier, while oxygen is provided during intubation via a
nasal cannula. Apneic nasal oxygenation has not been widely
adopted but has shown some increase in working time. A study by
Wimalasena et al. found that desaturation rates decreased from
22.6% to 16.5% using this method [12]. While pre-oxygenation
prior to intubation provides a slight increase in working time,
medical personnel must work quickly as SpO2 can quickly drop to
dangerous levels [13].

Methods

Construction of Proposed Device. The proposed sterile device
(Fig. 1) consists of a cap assembly as a transient accessory
(expected use is less than 15min) for an ET tube that allows a
User to directly connect a controlled oxygen supply to an ET tube
during intubation. Thus, providing lifesaving oxygen and extend-
ing the time a User has available to complete the procedure safely.
After intubation is complete, a User would remove the cap
assembly, with oxygen supply attached, from the top of the ET
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tube and replace with a ventilator connection. Due to the
differences in size of an ET tube conical connector and standard
medical oxygen supply line, the proposed device provides a quick
method of achieving a reliable connection and thus providing a
continuous flow of oxygen throughout the intubation process that
would otherwise be unachievable.
Via a light press fit at the bottom of the device, the cap

assembly attaches directly to the 15mm universal conical
connector found on the top of an endotracheal tube (Fig. 2). It is
standard practice to use a universal 15mm (0.591 in.) connector to
interface from ET tubes to ventilators as part of a breathing
circuit. The cap assembly presented here uses this standard
connection to interface with most ET tubes on the market [14].
The cap assembly consists of a cap top and bottom both made

of injection molded plastic, along with a series of silicone
components that provide sealing and valving functions. The cap
bottom incorporates an integral barb fitting in the sidewall for
connecting a 5–7mm (0.197–0.276 in.) oxygen supply line. As the
oxygen supply line and 15mm conical connector are different
diameters, a User can easily distinguish connections during a
highly stressful intubation. After connecting oxygen tubing to the
fitting, oxygen passes into the inside of the cap assembly and into
the ET tube throughout intubation. The cap bottom is designed to
mate with the 15mm (0.591 in.) universal conical connector found
on ET tubes. The cap top and bottom are green-tinted, semi-
transparent polycarbonate, signifying to medical personnel about
the oxygen-nature of the device, as well as providing a rigid
material that resists mechanical loading and chemical damage.
Sandwiched between the cap top and bottom is a two-part

valve. The upper portion is a round backup seal, while the lower
element is a cross-slit style valve. In combination, these two

elements provide a silicone seal that limits the escape of air while
permitting tools (e.g., stylets, etc.) to pass through during use.
This cross-slit valve with backup seal is commonly used on
laparoscopic ports to limit oxygen loss while passing tools in and
out of the seal. The cap top and bottom may be joined by using
snap features, UV curable adhesive, or ultrasonic welding.

Use of the Device for Treating Hypoxia During Intubation.
Prior to intubation, a User pushes the cap assembly onto the top of
the ET tube. Then, a standard oxygen tube, such as that found on
an oxygen mask, is attached to the barbed port on the side of the
cap and connected to an oxygen supply. A User sets the oxygen
flowrate to 15 LPM (0.530 CFM) and proceeds with the familiar
intubation procedure. This oxygen flowrate replicates the com-
monly supplied flowrate of 15 LPM (0.530 CFM) during pre-
oxygenation using a nonrebreather mask or a bag-valve-mask
[5,14]. If an introducer, or stylet is desired to aid in shaping the
ET tube, a User may insert the malleable rod through a seal
located in the top of the cap assembly [14].
The cap assembly with oxygen supply line should be removed

prior to inflation of the ET tube balloon cuff to avoid dangerous
over-pressurization. Upon inflation of the cuff, the patient’s lungs
and respiratory circuit form a closed system that can become
pressurized, leading to high pressures that may result in baro-
trauma. The risk of barotrauma occurring in the event the cap
assembly has been left attached after the balloon cuff has been
inflated has been intentionally mitigated through the addition of
redundant pressure-relief valves (PR valve). The PR valve
mechanism consists of two 10mm (0.394 in.) silicone umbrella
valves designed to actuate at a precise venting (cracking) pressure.
Should pressure build within the circuit, these valves will open at
a predetermined limit of 20 cm H2O (7.882 in. H2O), well below
the expected barotrauma limit. Through leveraging the umbrella
valve’s operating principle in conjunction with a unique vent hole
pattern, the escaping air creates lift and forces the valves to flutter,
producing an audible alarm. The audible signal is intended to both
alert a User that a problem exists, while limiting gas pressure
buildup in the lungs that could cause barotrauma or other injuries.
To reduce the risk of accidental activation or dislodgement of the
umbrella valves, the PR valves were placed perpendicularly to the
flow of oxygen and surrounded by a small circular rib. If the cap
assembly is removed prior to cuff inflation, pressure will not build
within the lungs and an audible warning would not be warranted.
It should be noted that the proposed device is not meant to

replace a ventilator, but simply to provide oxygenation for the
reduction of hypoxia during intubation. Through removal of the
device prior to cuff inflation after the ET tube is placed, any
concerns of leakage from lower to upper airway is mitigated.
While other oxygenating devices exist, at the time of this

writing, all lacked any pressure-relief function, and few allowed
for the use of instrumentation. Furthermore, no other device has
been found with the cap form factor. This device configuration is
highly compatible with multiple makes and models of ET tubes.
In addition, preliminary Usability feedback during intubation in a
porcine model has shown the device easy to use. Combined with
the high oxygen saturations obtained during testing, both on the
bench and in animal labs, it is expected that this device will likely
change the standard of care.

PR Valve Maximum Allowable Pressure. One necessary
design calculation involved analyzing back pressure caused by
restricted flow through the ET tube, resulting from introducing a
stylet or other instrument into the lumen. As the diameter of the
stylet increases it blocks an increasingly large portion of the flow
area inside the ET tube. This reduction in flow cross-sectional area
causes pressure to build within the cap to the point the PR valves
could actuate and alarm, when in fact there is no risk of
barotrauma for the patient. To resolve this issue, different
combinations of ET tube and stylet were modeled to predict

Fig. 1 ET cap assembly

Fig. 2 ET tube cap system with ET tube attached
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whether a false alarm condition might occur and to identify
permissible combinations.
For the analysis, equations for fluid flow through an annular

region were used along with standard gas properties and
dimensions taken from various ET tubes and stylets (Eq. (1))
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To conduct the analysis, relevant dimensions were entered into
the model with gas flow set at 15 LPM (0.530 CFM). If the
predicted pressure differential exceeded the manufacturer’s value
for the umbrella valve to actuate, the combination of ET tube and
stylet was rejected. This calculation was carried out over all
combinations of ET tube and stylet. Table 1 shows the acceptable
stylet and ET tube combinations, along with their respective
calculated backpressure.

Results

Bench Top Testing. Several tests were performed to assess
flow and alarm characteristics, mechanical strength, and device
usability. Device usability and overall performance were
addressed in animal lab testing and detailed in the below section.
For the purposes of this preliminary testing, the cap top and
bottom were created using additive manufacturing with Vero-
White in a Stratasys Objet printer and adhered together where
necessary using Dymax 55302 medical-grade UV curable adhe-
sive. All valves were purchased as commercially available off the
shelf items.
System pressure and alarm sound level were measured first.

Flow and alarm characterization of the device were conducted

using input flow ranges from 10 to 15LPM (0.353 to 0.530 CFM).
The overall maximum pressure in the closed system (cuff
inflated), minimum output flowrate, and minimum alarm decibel
level were measured. The cap assembly was connected to bottled
oxygen using 5.2mm OD (0.205 in. OD), ribbed interior oxygen
feed line with flexible oxygen bushing Rusch 5.5mm (0.217 in.)
and Mallinckrodt 9mm (0.354 in.). ET tubes were used in
combination with Curaplex 10 Fr (0.131 in.) and 14 Fr (0.184 in.)
stylets. Figure 3 shows the test setup. The media gauge (F, digital
flowmeter) measures flow characteristics at the distal end of the
ET tube, while the ball valve (G) simulates an inflated cuff
forming a closed system. A sound decibel meter was positioned
457.2mm6 25.4mm (186 1 in.) from the cap assembly to
measure the triggered PR valve acoustic signal sound level.
Figure 4 illustrates the obtained results for system pressure.

Prior to the ET tube cuff being inflated, system pressure was low
(average pressure of 2 cm H2O (0.788 in. H2O) and well within
safe limits), as expected. Once the ET tube cuff was inflated
(outlet valve closed in the simulated test conditions), the average
system pressure rose quickly to 15.5 cm H2O (6.108 in. H2O),
with a maximum pressure of 18.3 cm H2O (7.212 in. H2O) noted,
along with an audible alarm. This pressure range is considered
safe and is below the 20 cm H2O (7.882 in. H2O) design limit for
the system. Furthermore, to ensure a safe system that does not
exceed the maximum pressure, the audible alarm was optimized to
trigger prior to exceeding this point. No audible alarms were
detected in the open system configuration.
The sound level was measured next using the Rush 5.5mm

(0.217 in.) ET tube. Figure 5 shows the sound level results for
each stylet and ET tube combination tested. It should be noted that
as flowrate increased, the sound level of the alarm similarly
increased. In addition, the lowest recorded sound level occurred
with the 10 Fr (0.131 in.) stylet and Rush 5.5mm (0.217 in.) ET

Table 1 Acceptable ET tube size and stylet outer diameter combinations

ET tube
size ID (mm)

ET tube
size ID (in.)

Stylet OD
(mm)

Stylet OD
(in.)

Calculated backpressure
(cm H2O)

Calculated
backpressure (kPa)

5.5 0.217 3.33 0.131 8.28 0.812
6.0 0.236 3.33 0.131 4.20 0.412
6.5 0.256 4.00 0.157 4.55 0.446
7.0 0.276 4.00 0.157 2.51 0.246
7.5 0.295 4.67 0.184 2.71 0.266
8.0 0.315 4.67 0.184 1.60 0.156
8.5 0.335 4.67 0.184 1.01 0.099
9.0 0.354 4.67 0.184 0.67 0.066

Fig. 3 Block diagram of pressure test setup
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Fig. 4 Maximum system pressure for all samples. The Closed group had 40 samples, with
the Open group consisting of 32 samples.

Fig. 5 Average measured sound level in decibels for a closed system, with error calculated
using the Standard Error formula in Microsoft Excel. All four test groups consisted of five
samples.

024502-4 / Vol. 17, JUNE 2023 Transactions of the ASME



tube running at 10 LPM (0.353 CFM) flowrate, measuring
70.8 dB. This was a 1.3 dB decline from the ET tube without
stylet. A similar drop upon introducing the stylet was noted at the
higher flowrate. It is believed this drop in acoustic signal sound
level results from complex turbulent flow arising within the actual
cap itself and would be an interesting avenue for further study.
Regardless, this sound level meets the design requirement.
A 14 Fr (0.184 in.) stylet was also tested in the 5.5mm ET tube.

At 10LPM (0.353 CFM), the sound level was measured at
75.1 dB. At 15 LPM (0.530 CFM), the sound level was measured
at 79.9 dB. The higher resulting flow, and resultant higher sound
level of the larger stylet diameter and ET tube is expected due to
the occluding of the available lumen inside diameter. As flowrate
was subsequently increased, a similar increase in decibel level
was noted.

Animal Lab Testing. An animal lab was conducted using a
total of six adult Yorkshire pigs under sedation and with IV
paralytics given. Animals were prone. A standard laryngoscope
was then used to elevate the jaw and an ET tube placed in the
back of the throat with the tip proximal to the vocal cords, at the
entrance of the glottis but without advancing through it. This
placement of the ET Tube was intended to mimic a difficult
intubation, which without oxygen being delivered and combined
with the paralytic administered, leading to oxygen desaturation
and eventual hypoxia if not corrected.
The control design did not include the cap assembly, and as

such there was no oxygen flowing out of the ET Tube at the
entrance of the glottis. Conversely, the test group included the cap
assembly with oxygen flowing out of the ET Tube at the entrance
of the glottis. Three animals underwent four hypoxic cycles each
for a total of twelve cycles, alternating between control cycles (no
test device or oxygen) and test cycles (cap assembly used in
conjunction with oxygen). Oxygen saturation was monitored and
timed until it reached 75% or 30min postparalytic injection,

which ever occurred first. The animal was then fully intubated and
ventilated back to baseline or greater than 90% oxygen saturation.
In the control group cycles, oxygen saturation fell to dangerous

levels within 30 s to 1min. However, with application of the cap
assembly, oxygen saturation showed a slight increase and
maintained nearly 100% saturation at the end of 10min for all
cycles. Figures 6 and 7 illustrate the control group versus the cap
assembly performance, respectively. Further work is required to
closely examine other factors, such as carbon monoxide and
carbon dioxide build up. However, the clear benefit of this device
is evident.
The care and use of animals was conducted in accordance with

the regulations of the USDA Animal Welfare Act and in
compliance with ASC’s Animal Welfare Assurance at an AAA-
LAC International-accredited site.

Discussion

Providing continuous oxygen during intubation has some
inherent risks and limitations. The addition of an oxygen supply
line on the side of an ET tube may influence mobility of the ET
tube during use and warrants further Usability testing. Also, if the
oxygen line were misplaced during use, a User would not be able
to provide continuous oxygenation unless another oxygen tube
was located and attached. However, this would merely result in
reverting to the current standard of care. Furthermore, the addition
of continuous oxygen may lead to a risk of air in the stomach.
While likely a low risk, further investigation is needed.
Lastly, due to a small sample size, measurement error as shown

in Fig. 4 is large. While no values over 18.3 cm H2O (7.212 in.
H2O) were directly measured, likely indicating a properly
functioning PR valve, additional units will need to be tested to
verify a fully functioning device that is safe for human use. In
addition, there are likely combinations of stylets and ET tubes that
would result in a build up of unacceptable backpressure within the
ET Cap Assembly and trigger a premature PR Valve release and
audible alarm. While this would result in a failsafe condition
venting any pressure buildup without significantly transferring
that pressure down the ET tube, this would be a User annoyance
and any product labeling and instructions for use would need to
indicate compatible stylet and ET tube combinations.

Conclusion

The proposed device shows significant promise for mitigating
hypoxia during an intubation procedure. While further develop-
ment is warranted, as well as additional testing both in vitro and
in vivo, the cap assembly appears to provide a viable solution to a
persistent and dangerous problem in medicine.
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Nomenclature

Q ¼ volumetric flow rate
p ¼ pressure
r ¼ radial distance from z-axis of symmetry
r1 ¼ radius of inner flow boundary wall
r2 ¼ radius of outer flow boundary wall
z ¼ axis of symmetry
l ¼ gas viscosity
p ¼ Pi
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