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Abstract: Background: Measuring the fraction of inspired oxygen (FiO,) is challenging in sponta-
neously breathing patients with impaired respiratory mechanics during low-flow nasal cannula. Our
study investigates the FiO, with varied tidal volume (V1) and respiratory rate (RR) among different
lung mechanics and provides equations to estimate the FiO,. Methods: Two training and test lungs
were used in this study, and the three lung mechanics (normal (R5/C60), restrictive (R20/C80),
obstructive (R5/C40)) were designed. Spontaneous breathing with V1 (300, 500, and 700 mL) and RR
(10, 20, and 30 breaths/min) was simulated. The flow rate of the nasal cannula was setto 1,3, and 5 L
per minute (LPM), and the FiO, was measured at the carina. Results: The lowest and highest FiO,
were evident during high (700 mL) and low VT (300 mL), respectively, among normal, restrictive, and
obstructive lung models. As RR increases, this decreases the FiO,. However, we found that V1 and
oxygen flow rate are the principal factors influencing measured FiO, by multiple linear regression
analysis. Conclusions: Our data suggest that the actual FiO, is never as high in spontaneously
breathing patients as that estimated. V1 and oxygen flow rate had a substantial impact on the FiO5.

Keywords: nasal cannula; oxygen therapy; delivered oxygen concentration; simulation study; normal
lung model; restrictive lung model; obstructive lung model

1. Introduction

Supplemental oxygen is one of the most commonly prescribed treatments to treat
spontaneously breathing patients in general units, and for long-term oxygen therapy in the
home care setting [1-3]. In contemporary clinical practice, 50-84% of patients are exposed
to excess oxygen and hyperoxia via various interfaces [1-5]. Recently, a systematic review
and meta-analysis provided high-quality evidence that hyperoxia is life-threatening in
acutely ill adults with acute myocardial infarction, sepsis, critical illness, stroke, trauma,
and cardiac arrest [5].

A nasal cannula is a low-flow oxygen device most widely used in the acute or chronic
care setting [1-4], yet room air dilution is an unavoidable situation [6-11]. Rule of thumb
suggests that every liter per minute increases the fraction of inspired oxygen (FiO,) by
approximately 4% for normal rate and depth of breathing [12-14]. In sick patients, there
is no universal breathing pattern at a different stage; a common pattern is lower tidal
volume (Vt) with an increased respiratory rate (RR) [15-22]. Previous studies reported
that estimated FiO, varies from 24% to 33% at 2 L/min (LPM) and from 27% to 50% at
4 LPM [11,23-25]. Therefore, the precise FiO, is difficult to measure owing to the variation
of the breathing pattern for both V and RR.

Although the increasing use of continuous monitoring of oxygen saturation by pulse
oximetry (SpO;) provides an assessment of the adequacy of oxygenation, the risk may not
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be recognized since SpO, may remain in a satisfactory range because of hyperoxia [12].
The ideal method for determining the FiO, may be to sample tracheal air; however, the
invasive procedure has only been performed in small numbers and may lead to changes in
patterns [26].

No systemic attempt has been made to estimate the FiO, and its likely variability in
patients with obstructive and restrictive lung diseases through a nasal cannula. Therefore,
we conducted this bench study to investigate the performance of a nasal cannula in a
manikin head-test lung-ventilator system to simulate a spontaneous breathing pattern in
normal, restrictive, and obstructive lung models. Our aim was to describe the effects of
various V1 and RR on the measured FiO, at the carina and provide equations to estimate
the FiO, during standard nasal cannula oxygen therapy.

2. Materials and Methods
2.1. The Lung Model

An experimental apparatus was constructed as shown in Figure 1. Spontaneous
breathing was generated with a mechanical ventilator (LTV 1200, CareFusion, San Diego,
CA, USA) and two sets of two compartments training and test lung (TTL, Model 5600i,
Michigan Instruments, Grand Rapids, Michigan) [26]. We linked the two TTLs with two
rigid metal strap manually for three bellows. The driving bellow (A) and ventilation (B)
bellow were used to achieve spontaneous breathing simulation, while the expiratory gas
modification bellow (C) was used to generate the expiration gas flow. The driving bellow
was connected to an LTV1200 ventilator, which allows for changes in RR and V. As the
driving bellow expands, a reciprocal negative pressure is produced in the ventilation bellow.
This acts as “inspiration”, through the in-line one-way valve 1. Gas is thus “inhaled” into
the ventilation bellow, which is connected to a human-like anatomy airway model (Laerdal
Airway Management Trainer 25 00 00) with oxygen therapy applied via a nasal cannula
(VADI Medical Technology, Taoyuan, Taiwan), and an oxygen analyzer (MiniOX I; MSA
Medical, Gurnee, IL, USA) was connected to the bronchi for the measurement of FiO,.
During expiration, the air was exhaled from the ventilation bellow through the one-way
valve 2. To simulate the expired gas in the trachea, room air was inhaled through one-way
valve 4 into the expiratory gas modification bellow during inspiration period. Hereafter,
the air was exhaled to the anatomic dead space in the airway trainer through the one-way
valve 3 during the expiration period.

2.2. Testing Protocol

This experiment included three levels of resistance (R in L/s/cmH,0) and compliance
(C in mL/cmH,0) of TTL to represent the lung mechanics of normal, obstructive, and
restrictive lung diseases, as suggested by the manufacturer and previous studies [27-30].
In the normal lung model, R5/C60, R20/C80, and R5/C40 were represented as obstructive
and restrictive lung diseases, respectively. The protocols were performed with a wide-
ranging change in the ventilatory pattern by the LTV1200 ventilator (volume control mode;
low Vr: 300, normal Vt: 500, and high Vr: 700 mL; low RR:10, normal RR: 20, and high
RR: 30 breaths/min); oxygen flow rates of 1, 3, and 5 LPM were set for the nasal cannula.

2.3. Variables and Measurements

Our primary outcome was determining the FiO,. Before beginning the experiment, the
oxygen analyzer was calibrated according to the manufacturer’s instructions using 50 psi
wall gas source of oxygen and air. Oxygen concentration measurements were obtained at
equilibrium, which was assumed to occur when the reading was steady over the 3 min
period. In each experiment, the FiO, was recorded for 10 breaths and triplicated for each
experimental condition. In addition, to verify the pressure generated at the beginning of
inhalation, we measured the pressure change at the carina to represent the inspiratory
driving pressure during various lung mechanics.
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Figure 1. Experimental apparatus of the test lung model. (A) driving bellow; (B) ventilation bellow; (C) expiratory gas

modification bellow was constructed.

2.4. Statistics

Means and standard deviations (SDs) were calculated within repeated sampling. The
small SD of each condition confirmed the stability and reproducibility of the measurements
in our simulated model. A one-way ANOVA with a post hoc Tukey’s was performed
to test between-group differences. In addition, to test the predictive factors associated
with the FiO,, multiple linear regression analysis was performed to determine whether
V1, RR, and oxygen flow rate were predictors. Statistical analysis was performed using
SPSS 22.0 software (SPSS Inc., Chicago, IL, USA). A p value of <0.05 was considered
statistically significant.

3. Results
3.1. The Lowest Inspiratory Driving Pressure Obtained through the Obstructive Lung Model

We observed that the inspiratory driving pressure generated in the obstructive lung
model was greater than that in the normal and restrictive lung disease models, regardless
of RR and V7 settings in our experiment (Figure 2). However, the trend of decreased
inspiratory driving pressure was more profound in the high V1 (700 mL) than in the
low (300 mL) and normal (500 mL). For example, at the same RR of 30 breaths/min, the
inspiratory driving pressure decreased from —2.1 to —7.4 cmH,0O, —2.4 to —9.3 cmH,0,
and —3.5 to —15.4 cmH,0O in the normal, restrictive, and obstructive lung mechanics
settings, respectively, for V of 300, 500, and 700 mL.
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Figure 2. Effect of tidal volume (VT) on inspiratory driving pressure.

3.2. Decreased Fraction of Inspired Oxygen as Tidal Volumes Increased

In normal, restrictive, and obstructive lung conditions, as Vt increased, the measured
FiO, showed a statistically significant difference at all oxygen flow rates (p < 0.05) during
low, normal, and high RR settings (Figure 3). In normal lung mechanics, at low RR
(10 breaths/min) with 1 LPM oxygen flow delivery, the measured FiO, was 1.116 times
greater at low Vr (300 mL) than at normal V1 (500 mL); conversely, it was 0.966 times
greater at high Vt than at normal V1. Moreover, when the obstructive lung model set at V1
300, 500, and 700 mL and RR 20 breaths/min, with 1 LPM oxygen delivery, the FiO, was
21.97 4 0.31%, 21.63 + 0.12%, and 21.40 & 0.1%. With 3LPM, it was found that the increase
of TV results in the decrease of the FiO,, 27.13 + 0.31%, 24.27 &+ 0.06%, and 22.87 £ 0.15%
with Vt of 300, 500, and 700 mL, respectively. A s result was identified with 5 LPM. When
Vr increased from 300 to 700 mL, the FiO, decreased from 30.70 £ 0.61% to 27.93 4 0.12%.
The restrictive lung model showed the same trend. Consequently, at the same RR, a smaller
FiO, was recorded when a larger V1 was present.
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Figure 3. Effect of tidal volume (V) on FiO,. (ad,g) RR: 10 breaths/min.; (b,e,h) RR: 20 breaths/min.; (cfi)

RR: 30 breaths/min.

3.3. Effect of Fraction of Inspired Oxygen by the Change of Respiratory Rate

We observed a different measured FiO, with various RRs (Figure 4). At an oxygen
delivery rate of 3 LPM in V1 500 mL with the normal lung model, the FiO, decreased by
0.63% between 20 and 10 breaths/min (p < 0.001), by 1.53% between 20 and 30 breaths/min
(p < 0.001), and by 0.90% between 10 and 30 breaths/min (p < 0.001). In addition, we found
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that under low, normal, and high RR settings, a high V1 (700 mL) recorded the smallest
difference compared with normal (500 mL) and low V71 (300 mL). As in the normal lung
model with 3 LPM oxygen flow rate, the difference between FiO, measurements from RR
10 to RR 20 breaths/min was 0.133% in high V1, and 0.633% and 1.867% in normal and low
V1, respectively.
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Figure 4. Effect of respiratory rate (RR) on FiO;. (a,d,g) V1: 300 mL.; (b,e,h) V: 500 mL.; (c,f,i) V1: 700 mL.

3.4. Tidal Volume and Oxygen Flow Rate Were Impact Factors on Oxygen Delivery

According to the above results, FiO, measurements were affected by V1, RR, and
oxygen flow rate. Therefore, we tested their relationship using multiple linear regression
analysis (Table 1). In normal, restrictive, and obstructive lung models, we found no obvious
effect of RR on measured FiO,, but these appeared statistically significantly affected by the
Vt and oxygen flow rate. The linear model produced Equation (1) for the normal lung,
Equation (2) for the restrictive lung, and Equation (3) for the obstructive lung, as follows:

FiO, = 24.181 — 0.447 x V(liter) + 0.753 x O, flow rate 1)
FiO, = 23.857 — 0.405 x V(liter) + 0.768 x O, flow rate 2)
FiO, = 23.680 — 0.406 x Vr(liter) + 0.769 x O, flow rate 3)

Table 1. Multiple Linear Regression Analysis Predicting the measured FiO,.

Collinearity Statistics

Standardized

Models Variables Coefficients t Value P p Value Tolerance VIF
Normal Constant 24.181 44.682
O, flow rate 0.753 13.758 ** <0.001 1.000 1.000
Vt —0.447 —8.164 ** <0.001 1.000 1.000
RR 0.037 0.503 0.161 1.000 1.000
Restrictive Constant 23.857 45.642
O, flow rate 0.768 13.665 ** <0.001 1.000 1.000
V1 —0.405 —7.208 ** <0.001 1.000 1.000
RR 0.085 1.182 0.241 1.000 1.000
Obstructive Constant 23.680 46.112
O, flow rate 0.769 13.790 ** <0.001 1.000 1.000
Vr —0.406 —7.282 % <0.001 1.000 1.000
RR —1.000 0.320 1.000 1.000

b Calculated from t distribution. ** p < 0.001.
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4. Discussion

Our experiment demonstrated that the variation of oxygen flow rate, V1 and RR with
a low-flow nasal cannula influenced the delivery of oxygen concentrations in the normal,
restrictive, and obstructive lung models. Our findings also showed that despite the different
RR, a greater increase in measured FiO, was seen in low Vr (300 mL) than in normal
(500 mL) and high (700 mL). Compared with RR 10 breaths/min and RR 30 breaths/min,
FiO; measured by RR 20 breaths/min had a higher value. In addition, we developed
equations for low-flow nasal cannula oxygen therapy for clinicians’ reference.

Different research designs and monitoring locations result in a wide range of FiO,
measured. During oxygen therapy with nasal cannula, the rule of thumb is that for patients
with a normal rate and depth of breathing, each 1 LPM of oxygen supplied increases
FiO; by approximately 4% [1-3]; therefore, the expected delivery is a FiO, of 24—44%.
However, if the patient’s RR approaches or exceeds 20 breaths/min, FiO, will likely be well
below the estimates, and the delivered FiO, will only increase by approximately 2.5% for
each 1 LPM above the ambient oxygen level [1,31]. Wagstaff et al. reported that effective
inspired oxygen concentration with nasal cannula was 69.67% (RR 10 breaths/min) and
48% (RR 30 breaths/min) at 2 LPM, and 81.22% (RR 10 breaths/min) and 54.67% (RR
30 breaths/min) at 6 LPM during a V1 of 500 mL via sampling as far down the airway [32].
In those studies, the FiO, was measured by an oxygen analyzer placed in the lower or
distal airway, for example, using an oxygen analyzer port of the TTL bellow. Chikata
et al. measured the FiO, of inspired gas downstream of the external nares and found that
FiO, with Vt of 300, 500, and 700 mL was 0.37 + 0.01, 0.32 £+ 0, and 0.29 4+ 0 at 2 LPM,;
0.45 £ 0.01, 0.39 £ 0.01, and 0.34 + 0 at 4 LPM; and 0.58 £ 0.01, 0.45 4 0.01, and 0.40 = 0
at 6 LPM [33].

Unlike previous models that measured the FiO, in the lower airway, we measured
the FiO, at the carina. Lower measured FiO, than estimated were found at all settings,
which might have been due to differences in monitoring sites and the experimental design.
By contrast, Gibson et al. reported that in healthy subjects with a percutaneously placed
tracheal sensing catheter, the highest absolute inspired tracheal oxygen concentration
with a nasal cannula was 23.6% at 3 LPM and 25.4% at 5 LPM during normal breathing
(V1: 690 mL; RR: 17 breaths /min; minute ventilation (MV): 11 L/min; and peak inspiratory
flow rate (PIFR): 37 L/min), 22.4% at 3 LPM and 23.8% at 5 LPM during quiet breathing
(Vr: 400 mL; RR: 16 breaths/min; MV: 6.4 L./min; and PIFR: 21 L/min), and 22.7% at
3 LPM and 25.2% at 5 LPM during hyperventilation (V1: 1400 mL; RR: 14 breaths/min;
MV: 19.5 L/min; and PIFR: 63 L/min) [11]. Caille et al. used a cadaveric preparation to
preserve upper airway patency; the measured FiO, was 22.8 = 0.6% and 31.2 &+ 3.2% at
oxygen flow rates of 1 and 3 LPM with a nasal cannula [34]. In another report, in patients
with 97% oxygen supply via nasal cannula, the effective FiO, was 22.8 &+ 0.1%, 27.6 &= 0.5%,
and 31.8 £ 0.5% during oxygen supply at 1, 3, and 5 LPM based on trachea sampling,
respectively [33]. Our findings concur reasonably well with those data, but contrast with
a previously published formula. However, FiO, is difficult to measure in spontaneously
breathing patients and is influenced by the heterogeneous ventilatory conditions observed
in clinical practice. Furthermore, the oxygen flow rates higher than 4 LPM significantly
disturbs a patient, causes irritation, and dries nasal mucosae. If required, an oxygen mask
may be applied.

It is commonly believed that the effectiveness of low-flow oxygen supply systems is
affected by the patient’s V1 and inspiratory flow rate [1-3]. This conclusion is consistent
with our results. A study by Chikata et al. reported that statistically significant changes in
Vr affected measured FiO, at all flow levels: at 2 LPM and V1 of 300, 500, and 700 mL, FiO,
was 0.37 + 0.01, 0.32 &+ 0 and 0.29 £ 0, respectively; and at 4 LPM, FiO, was 0.45 & 0.01,
0.39 £ 0.01, and 0.34 £ 0, respectively [33]. Various authors have reported decreasing FiO,
values when increasing MV and RR [9]. Gibson et al. reported that the air dilution effect of
hyperventilation was evidenced by lower tracheal fractions compared with those of normal
or quiet breathing [11]. Our data are consistent with previous studies demonstrating that
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changes in V affect the measured oxygen concentration. This suggests that as Vt increased
(Vt 700 mL) with a fixed RR in the normal, restrictive, and obstructive lung models, larger
inspiratory flow rates were generated, more room air was inspired to the dilution of the
oxygen concentration, and thus lower measurements of FiO, were found.

Previous studies indicated that the FiO, is affected by the RR, the inspiratory time, the
presence of a reservoir from which entrainment occurs, and the presence of an expiratory
pause [10,27]. The increase in FiO, with increasing oxygen flow rates through an Ncan
has been demonstrated in a mannequin model [29,32] and humans [7,11,24,35]. The study
by Gibson et al., which used a nasal cannula for the administration of low-flow oxygen,
resulted in only slight increases in tracheal oxygen concentration (23.6% at 3 LPM and
25.4% at 5 LPM). The air dilutional effect of hyperventilation was evidenced by lower
tracheal fractions compared with those of normal or quiet breathing [11]. Our findings
concur reasonably well with those data, but contrast with a published formula that would
predict the FiO; to be 32% at 3 LPM and 40% at 5 LPM. Zhou and Chatburn reported that
inspiratory time and anatomic reservoir (AR) are key factors during nasal cannula therapy.
As the frequency increases (due to either exercise or disease), the inspiratory time decreases
from one second to 0.5 s, which in turn decreases FiO, from 34% to 32%, referred to as the
frequency effect. Patients with COPD (chronic obstruction pulmonary disease) often have
non-zero expiratory flows when the next inspiratory effort is made (i.e., they have alveolar
gas-trapping or long expiratory time); thus, end-expiratory flow could prohibit oxygen
accumulating in the AR, in this case, decreasing FiO; from 34% to 26% [27]. This refers
to the reservoir effect. Sim [10] and O’Reilly [36] also demonstrated that decreased FiO,
was due to prevent AR during a stress breathing pattern in a mannequin model. In our
experiments with different lung mechanical models (normal, restrictive, and obstructive),
we also found that the breathing frequency increases, which in turn decreases FiO,; this
suggests that frequency and prohibited AR effects should be considered during oxygen
administration. A relatively low breathing rate resulted in more stability in measured FiO,
during the 3 and 5 LPM oxygen supply; therefore, we speculate that there is sufficient
time to fill the oxygen flush in the AR during the zero expiratory flow and before the next
inspiratory effort is made.

Our results show that the FiO, measured at the carina by RR 20 breaths/min had a
higher value compared with FiO, measured by RR 10 and 30 breaths/min. This fascinating
phenomenon of FiO; variation at the conduction airway from nasal to carina during oxygen
delivery is not easily observed in the clinic.

In our human-like anatomy model, while the breathing pattern with RR 10 breaths/min
exhibited an FiO; plateau on setting the oxygen flow rate from 3 to 5 LPM, presumably
the longer expiratory time may have provided more time to mix oxygen and fresh air
from the oral cavity, resulting in an increased FiO, that was not obvious. The finding is
similar to a clinical study of Nugent et al., which indicated that the RR factor can affect the
FiO; [36]. However, compared with normal (20 breaths/min) and higher (30 breaths/min)
breathing rates, we demonstrated that an increased RR decreases the FiO,, which is related
to insufficient oxygen filling time and reduces oxygen reservation in the airway. Thus,
any variation in AR affects the composition of the next inspiration. In addition, a more
decreased difference of measured FiO, during high V (700 mL) than during normal Vt
(500 mL) and low V1 (300 mL) at different breathing rates suggests that the high inspiratory
flow rate results in more room air dilution. This resembles the results of Wagstaff [32]
and Sim [10], wherein a higher RR and shorter expiratory time led to the air dilution
effect of FiO; in the airway anatomic dead space and reduced oxygen reserves. The RR
20 breaths/min is a valuable reference during the use of nasal cannula, which suggests that
RR 20 breaths/min provides an opportune time to mix inspired room air and oxygen in the
AR space.

According to our calculations, the prediction formulas are suited to adult patients with
normal lungs and those with restrictive or obstructive lung disease. Our study showed
that V1 and oxygen flow rate affect the measured FiO, rather than RR. Therefore, we
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proposed equations for future clinical practice with nasal cannula oxygen therapy during
spontaneous breathing. These equations are based on different lung mechanics, V1, and
oxygen flow rates, and they will provide clinicians with a reference when using nasal
cannula among patients with normal lungs and those with restrictive and obstructive
lung disease.

Our results provide a salutary reminder about the variability of the FiO, delivered
via nasal cannula. When using the nasal cannula, clinicians must carefully consider the
alveolar PO, and the physiological shunt, based on the alveolar-arterial oxygen difference
to decrease the risk of hypoxemia.

This study had several limitations. First, regarding our research design, we controlled
the V1, RR, and inspiratory time using a simulating ventilator that differed from natural
conditions. In addition, we did not consider the factors of open or closed mouth breathing,
although the oxygen concentration was influenced by the reservoir space (oral cavity), and
the rebreathing phenomenon of CO; in the low oxygen supply flow. Additionally, the
necessity of humidified oxygen for patients should take into consideration the effect of the
oxygen concentration of water vapor.

Second, a previous study demonstrated that a larger inspiratory flow rate consequently
lowered the measured FiO; because of the higher amount of inspired room air dilution [11].
However, we did not measure the inspiratory peak flow in our experiment, which is a
limitation of our research. Third, measurement of FiO, was affected by the shunt and dead
space during ventilation of the restrictive and obstructive lung disease models. Obviously,
a mannequin model cannot simulate this complexity, which is a limitation of our study.

5. Conclusions

Since room air dilution was an unavoidable situation in low-flow oxygen therapy
and the apparatus dead space varied between devices, it was necessary to estimate the
FiO, value to assure one device brought up the oxygen concentration. The data obtained
suggest that the actual inspired percentage of oxygen reaching the trachea is never as high
in spontaneously breathing patients as that estimated. According to our observations, the
Vr and oxygen flow rate had a substantial impact on the FiO; and can therefore lead to over
or under oxygenation without careful monitoring. Our experiment proposed a prediction
formula regarding various lung mechanics and respiratory patterns that considers oxygen
flow rate and Vr for clinical application.

Although our result provides a salutary reminder about the variability of the FiO,
delivered via nasal cannula, when using the nasal cannula, clinicians must carefully con-
sider the alveolar PO, and the physiological shunt, based on the alveolar-arterial oxygen
difference, to decrease the risk of the hypoxemia.
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