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BACKGROUND: High-flow oxygen therapy via tracheostomy (HFT) can be used in tracheostomized
patients during ventilator disconnection. The physiologic effects of this technique are unknown. We
hypothesized that HFT would reduce inspiratory effort and improve breathing pattern compared to
conventional oxygen therapy via T-tube. This study aimed to evaluate the physiologic effects of HFT
compared to conventional O, in patients with prolonged mechanical ventilation. METHODS: A
randomized crossover physiologic study was conducted in adult tracheostomized patients who experi-
enced temporary periods of ventilator disconnection. Subjects were ventilated with pressure support
ventilation (PSV) for 15 min and were then randomly assigned to HFT or conventional O, via T-tube
for 30 min. After a washout period, subjects were switched to the other system. Esophageal pressure
(Pes), breathing frequency, blood pressure, heart rate, S,0,, and transcutaneously measured pressure
of carbon dioxide (P¢co,) were recorded. The primary outcome was inspiratory effort as determined
by the simplified esophageal pressure-time product (sPTP,). Secondary outcomes were P, swing,
breathing frequency, heart rate, mean arterial pressure, S,0,, and Pyco, between groups. RESULTS:
Twenty-two subjects were enrolled: sPTP.; per minute was significantly higher with HFT and conven-
tional O, compared to PSV (153.5 = 97.9, 163.5 + 111.3, and 86.8 = 51.1 cm H,O X s/min, respec-
tively, P = .001), but it was not different between HFT and conventional O, (P = .72). Breathing
frequency increased significantly after switching from PSV to HFT and conventional O, (23 * 4 vs
26 *+ 6 and 23 = 4 vs 27 * 5 breaths/min, respectively, P = .001). S0, was higher with conventional
O, compared to HFT (P = .02). No differences in Pco,, mean arterial pressure, or heart rate were
observed between HFT and conventional O,. CONCLUSIONS: Inspiratory effort and breathing fre-
quency increased significantly during unassisted breathing compared to PSV in tracheostomized sub-
jects, but HFT via tracheostomy provided no measurable additional physiologic benefit compared to
O, therapy via T-tube. Key words: esophageal pressure; high-flow oxygen therapy, inspiratory effort; me-
chanical ventilation; tracheostomy. [Respir Care 2021;66(5):806-813. © 2021 Daedalus Enterprises]

Introduction

Tracheostomy is commonly performed in 10-15% of
critically ill patients requiring prolonged mechanical venti-
lation to facilitate the weaning process,'” and it has been
increasingly used during the past decade.® A recent propen-
sity-matched cohort study in subjects with ARDS reported
that ICU and hospital length of stay were longer in those
with tracheostomy.* While subjects with tracheostomy had
the highest survival probability, there was no difference in
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60-d or 90-d mortality in the subjects who survived for = 5
d in the ICU, or in a propensity-matched subsample.* Many
tracheostomized patients remain on mechanical ventilation
for a substantial duration, which may increase the risk of
developing complications of prolonged mechanical ventila-
tion and increased mortality.”” Increases in ICU and hospi-
tal stay also impose a large economic burden. Interventions
to shorten the duration of mechanical ventilation in trache-
ostomized patients are, therefore, welcome.
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When tracheostomized patients are ready to wean, con-
ventional oxygen therapy via T-tube or collar mask is often
used.® However, many patients do not tolerate prolonged
periods of disconnection and may experience increased
work of breathing and desaturation. In addition, hypoxemia
may occur due to variable Fio, with a low-flow oxygen
delivery system. Clearance of secretions is frequently a
major issue, and adequate humidification of the airway
may benefit the mucociliary system and reduce dryness
symptom.®'® Therefore, optimizing patient’s work of
breathing, adequate humidification, and trying to improve
respiratory muscle function by repeated disconnection peri-
ods may facilitate weaning in mechanically ventilated
patients after tracheostomy.'!

High-flow oxygen therapy via nasal cannula (HFNC) has
been increasingly used as ventilatory support. Physiological
studies in subjects with acute hypoxemic respiratory failure
have demonstrated significant reduction in patient work of
breathing and improved gas exchange after administration of
HFNC."*'"* HFNC may decrease the need for endotracheal
intubation in patients with moderate to severe hypoxe-
mia.'>!'® Current high-flow oxygen systems can be applied
with tracheostomy tube via a dedicated interface."”
However, the effect of high-flow oxygen via tracheostomy
(HFT) is unclear and may differ from a conventional use of
HEFNC because the upper airway is bypassed by the tracheos-
tomy.'#?° We hypothesized that HFT would reduce inspira-
tory effort and improve breathing pattern in tracheostomized
patients on prolonged mechanical ventilation. Our objectives
were to compare the physiologic effects of HFT and conven-
tional O, via T-tube in terms of inspiratory effort, breathing
pattern, and hemodynamics.

Methods
Study Design and Population

This was a randomized, crossover, physiologic study con-
ducted in the respiratory ICU of the Department of Medicine,
Faculty of Medicine Siriraj Hospital, Mahidol University,
Bangkok, Thailand, from July 2018 to April 2019. This study
was approved by the Siriraj Institutional Review Board (#Si
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Current knowledge

Conventional oxygen therapy via T-tube or collar mask
is often used in tracheostomized patients who are ready
to wean. High-flow oxygen can be applied with a tra-
cheostomy tube via a dedicated interface. The physio-
logic effects of high-flow oxygen therapy via
tracheostomy may differ from conventional high-flow
oxygen via nasal cannula because the tracheostomy
bypasses the upper airway.

What this paper contributes to our knowledge

Inspiratory effort significantly increased after switching
from pressure support ventilation to unassisted breathing
in tracheostomized subjects on prolonged mechanical
ventilation. High-flow oxygen therapy via tracheos-
tomy did not decrease inspiratory effort and breathing
frequency compared to conventional oxygen therapy via
T-tube.

322/2018) and was registered in the Thai Clinical Trial
Registry #TCTR20180612001). Written informed consent to
participate was obtained from each subject or their relatives.

We enrolled tracheostomized subjects aged 18 to 90 y
who were mechanically ventilated with pressure support
ventilation (PSV) with the following criteria: pressure sup-
port = 10 cm H,O, PEEP = 8 cm H,0, Fip, = 0.5,
Glasgow coma score > 8, and able to tolerate transient peri-
ods of disconnection.?' Patients were excluded if they met
any of the following criteria under PSV: unstable hemody-
namics (eg, systolic blood pressure > 180 or < 90 mm Hg,
diastolic blood pressure > 100 or < 60 mm Hg, heart rate
> 140 or < 60 beats/min, or any sign of poor tissue perfu-
sion); breathing frequency > 35 breaths/min; Syo, < 92%;
severe acid/base disturbance (ie, arterial pH < 7.3 or >
7.55); contraindication for esophageal balloon catheter
insertion; or pregnancy.

Device

The Airvo 2 high-flow oxygen device (Fisher &
Paykel Healthcare, Auckland, New Zealand) used in this
study consists of a flow generator (= 60 L/min), an air-
oxygen blender that allows for adjustment of Fjp, from
21-100%, and an auto-fill MR290 heated chamber. The
gas mixture at 37°C was delivered via a single-limb
heated breathing tube to the patient via the Optiflow tra-
cheostomy interface (Fisher & Paykel) (Fig. 1).

An esophageal balloon catheter (CooperSurgical,
Trumbull, Connecticut) was inserted through the nose and
positioned in the lower third of the esophagus. The balloon
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was filled with 1 mL of air according to the manufact-
urer’s instruction and connected to a pressure transducer
(BIOPAC Systems, Goleta, California). The correct posi-
tion of the esophageal balloon was checked by identifying
cardiac artifact and applying gentle pressure on the abdo-
men to verify the absence of gastric pressure fluctuations;
then an occlusion test was performed to confirm the posi-
tion of the esophageal catheter.”> Esophageal pressure (Pe,)
was recorded with an MP150 Data Acquisition System and
AcgKnowledge Data Acquisition and Analysis Software
(BIOPAC Systems).

Study Protocol
Subjects were initially ventilated with PSV using their clin-

ical settings for 15 min. We randomized subjects using a
sealed opaque envelope to receive in a randomized order

Fig. 1. Tracheostomy interface with high-flow oxygen delivery system.

either HFT at a flow of 50 L/min and Fjo, 0.4, or conven-
tional O, via T-tube with 100% oxygen at a flow of 10 L/min
through the AQUAPAK humidification system (Teleflex,
Wayne, Pennsylvania). Each intervention was applied for 30
min. Baseline PSV was then applied for 15 min during the
washout period following the first intervention. The second
intervention (HFT or conventional O,) was applied in a cross-
over fashion for 30 min (Fig. 2). The cuff of the tracheostomy
tube was inflated during the study intervention period to
reduce the risk of aspiration of secretions above the cuff and
to maximize the physiologic effects of HFT. After comple-
tion of the study protocol, the types and settings of ventilator
support were decided by the attending physicians.

Data Collection

Baseline demographic and clinical data were collected
before randomization. During the study intervention period,
heart rate and breathing frequency were recorded every 5
min, and blood pressure was recorded every 15 min, includ-
ing at the beginning and the end of each step. The observed
values of breathing frequency, heart rate, and mean arterial
pressure in the last minute of recording were reported. S0,
and transcutaneously measured pressure of carbon dioxide
(Picco,) were recorded continuously using a SenTec Digital
Monitoring System (SenTec, Therwil, Switzerland). We
continuously recorded P.; waveforms for 5 min at the end
of each step. P.s was analyzed offline with the investigator
blinded to the mode of support using the waveforms of the
last 2 min of recording to calculate P., swing and esopha-
geal pressure-time product (PTP,) per breath (cm H,O X
s) and per minute (cm H,O X s/min) as an index of inspira-
tory effort using the dedicated AcgqKnowledge Data
Acquisition and Analysis Software. The measurement of
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Fig. 3. Calculation of simplified esophageal pressure-time product by integrating the area under the P signal (gray area). The beginning of the
inspiration is the instant of the Pes decay (A), and the end of the inspiration is the point of Peg that elapsed 25% of time (B) from its maximum
esophageal pressure deflection (C) to return to baseline (D). Pes = esophageal pressure.

chest wall elastance would need passive ventilation and
was not obtained. Moreover, determining the end of inspi-
ration requires an air flow signal, which cannot be obtained
from a pneumotachograph during HFT. Therefore, we
modified the calculation of PTP, per breath by integrating
the area under the P, signal from the onset of P, decay to
the point that P, elapsed 25% of time from its maximum
deflection to return to baseline (Fig. 3). This simplified
technique has been used and reported in the previous stud-
ies,”? and we refer to it in this study as the simplified
PTP.; (sPTP,;). sPTP.s per minute was obtained by multi-
plying sPTP, per breath by breathing frequency. The aver-
age value of P swing, sPTP. per breath, and sPTP. per
minute were reported.

Outcomes

The primary outcome was inspiratory effort as evaluated
by sPTP.s per minute between HFT and conventional O,
via T-tube as well as between baseline PSV and each inter-
vention. Secondary outcomes were difference in sPTP, per
breath, P, swing, breathing frequency, heart rate, mean ar-
terial pressure, Spo,, and Pi.co, between HFT and conven-
tional O,.

Statistical Analysis
The sample size was calculated on the basis of the previ-
ous study comparing HFNC with standard oxygen in sub-

jects with acute hypoxemic respiratory failure'> and an
estimated decrease in PTP., of 30% in the HFT group.
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With a 2-sided significance level of .05 and power of 80%,
the estimated sample size was 22 subjects.

Continuous variables are presented as mean = SD or
median (interquartile range [IQR]). Categorical varia-
bles are presented as absolute number and percentage.
Normality of data distribution was tested with the
Kolmogorov-Smirnov test. For normally distributed
data, we used an analysis of variance (ANOVA) with
repeated measures followed by a post hoc pairwise
comparison. Non-normally distributed data were com-
pared with the Friedman 2-way ANOVA by ranks with
a post hoc pairwise comparison. Data were analyzed
using PASW Statistics 18 (SPSS, IBM, Armonk, New
York). P < .05 was considered statistically significant.

Results

Twenty-two tracheostomized subjects with prolonged
mechanical ventilation (mean ventilator days of 27 = 21 d)
were enrolled. The mean age was 73 = 10 y, 15 subjects
(68%) were male, and the mean Acute Physiologic and
Chronic Health Evaluation (APACHE) II score was
20 = 3. All subjects were ventilated in PSV mode at a
mean pressure support level of 8 = 1 cm H,O, PEEP of
5 £ 0 cm H,0, and Fyp, of 0.36 £ 0.06. Other baseline
characteristics are detailed in Table 1.

Inspiratory Effort

During PSV, sPTP.¢ per minute was 86.8 = 51.1 cm
H,0 X s/min. During conventional O, via T-tube and HFT,
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Table 1.  Baseline Demographic and Clinical Characteristics

Age,y 73 = 10
Male 15 (68)
Body mass index, kg/m? 214+ 45
Comorbidity

Hypertension 4 (18)
Diabetes mellitus 14 (64)
Cardiovascular disease 12 (55)
Cerebrovascular disease 12 (55)
COPD 3(14)
APACHE II at enrollment 203
Duration of mechanical ventilation before enrollment, d 27 =21
Inner diameter of tracheostomy tube, mm 6.5 +0.2
Pressure support ventilation setting

Pressure support, cm H,O 8§+1
PEEP, cm H,O 50
Fio, 0.36 = 0.06
Flow cycling, % 25*1
Physiologic variables at enrollment

Breathing frequency, breaths/min 226
Minute ventilation, L/min 8.8 1.9
Mean arterial pressure, mm Hg 88 = 12
Heart rate, beats/min 86 = 17
Arterial blood gas at enrollment

pH 7.44 = 0.04
Pco,, mm Hg 402 = 7.1
P,0,, mm Hg 111.3 £ 37.0

Data are presented as mean * SD or n (%). N = 22 subjects.
APACHE II = Acute Physiologic and Chronic Health Evaluation II

sPTP.s per minute increased significantly (163.5 = 111.3
and 153.5 = 97.9 cm H,O x s/min, respectively) to a simi-
lar extent compared to PSV (P = .001). No significant dif-
ference in sPTP., per minute was observed between
conventional O, and HFT (P = .72) (Fig. 4). Changes in
sPTP, per breath and P, swing with conventional O, and
HFT compared to PSV were also in the same direction as
sPTP,, per minute (Table 2).

Breathing Frequency and Gas Exchange

Breathing frequency was significantly higher with con-
ventional O, compared to PSV (27 = 5 vs 23 * 4 breat-
hs/min, respectively, P = .001) and with HFT compared to
PSV (26 = 6 vs 23 = 4 breaths/min, respectively, P =
.006). There was no difference in breathing frequency
between HFT versus conventional O, (P = .90) (Table 2).
The median Syo, was significantly higher with conven-
tional O, than HFT (100% [IQR 100-100] vs 99% [IQR
99-100], respectively, P = .02), but no significant differ-
ence in S,0, was observed between conventional O, and
PSV (P = .08) or HFT and PSV (P = .55). There was no
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significant difference in Pi.co, among PSV, conventional
O,, and HFT (39.5 = 6.5vs 39.7 = 6.3 vs 38.0 = 11.4 mm
Hg, respectively, P = .67) (Table 2).

Hemodynamics

No significant differences in mean arterial pressure were
found between PSV, conventional O, via T-tube, and HFT
(89 = 13vs 92 = 13vs 90 = 11 mm Hg, respectively, P =
.10) (Table 2). There was no significant difference in heart
rate among PSV, conventional O,, and HFT (86 = 19 vs
87 = 17 vs 87 = 17 beats/min, respectively, P = .55)
(Table 2).

Adverse Events

No adverse event was observed during the study period
and all subjects tolerated both interventions until the end of
the study.

Discussion

Our results indicate that inspiratory effort as determined
by sPTP,, per minute, sSPTP per breath, and P, swing and
breathing frequency increased significantly after switching
from mechanical ventilation with PSV to spontaneous
breathing in tracheostomized subjects on prolonged me-
chanical ventilation. HFT did not decrease inspiratory
effort or breathing frequency compared to conventional O,
via T-tube. No differences were observed in Pico,, mean
arterial pressure, and heart rate between conventional O,
and HFT.

The benefits of HFNC in patients with acute hypoxemic
respiratory failure are well established. A large randomized
controlled study by Frat et al*® reported lower 90-d mortality
compared to standard oxygen and noninvasive ventilation in
subjects with moderate to severe hypoxemic respiratory fail-
ure. In addition, a recent meta-analysis reported that HFNC
may decrease the need for endotracheal intubation and esca-
lation of oxygen therapy in subjects with moderate to severe
hypoxemia.'® However, high-flow oxygen in these clinical
studies was applied with nasal cannula. High-flow oxygen
can also be used with tracheostomy tube via a dedicated
interface,'” although data regarding physiologic effects and
clinical outcomes are limited.'*°

We found no significant difference in inspiratory effort
as determined by sPTP., per minute, sSPTP, per breath, and
P swing between HFT and conventional O, via T-tube. A
study by Corley et al'® compared HFT at 50 L/min with
conventional O, via T-tube at 15 L/min in 20 tracheostom-
ized subjects who were weaned from mechanical ventila-
tion in randomized crossover fashion. They reported
significant improvement in oxygenation with HFT as deter-
mined by Syo,/ Fio,» but no differences in breathing
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Fig. 4. Individual data and mean value of simplified esophageal pressure-time product (SPTP.s) per minute during pressure support ventilation,

conventional oxygen therapy, and high-flow oxygen via tracheostomy.

Conventional O, HFT P

163.5 = 111.3* 153.5 = 97.9* .001
6.6 = 4.4%* 6.1 = 3.8%* <.001
9.2 = 5.6* 8.8 £ 4.8* <.001
27 * 5% 26 = 6* .001
100 (100-100)+ 99 (99-100) .004

39.7 £ 6.3 38.0x 114 .67
87 = 17 87 = 17 .55
92 £ 13 90 = 11 .10

Table 2.  sPTP., P.s Swing, Respiratory Variables, and Hemodynamic Variables During Ventilation
Variables PSV

sPTP,, per minute, cm H,O X s/min 86.8 = 51.1

sPTP. per breath, cm H,O xs 3.8+24

P, swing, cm H,O 5227

Breathing frequency, breaths/min 23+ 4

Spo,, % 100 (98-100)

Pico,, mm Hg 395+ 6.5

Heart rate, beats/min 86 + 19

Mean arterial pressure, mm Hg 89+ 13

Data are presented as mean * SD or median (interquartile range).

#P < .05 compared with PSV.

FP < .05 compared with HFT.

sPTP,, = simplified esophageal pressure-time product

P, = esophageal pressure

PSV = pressure support ventilation

HFT = high-flow oxygen via tracheostomy

Picco, = transcutaneously measured partial pressure of carbon dioxide

frequency, end-tidal CO,, end-expiratory lung volume, or
heart rate between the 2 groups. The duration of each inter-
vention was short (ie, only 20 min), and the effect on inspir-
atory effort was not investigated. Our findings are
consistent with a recent prospective crossover study by
Stripoli et al,'” who compared conventional O, via T-tube

RESPIRATORY CARE ® MAY 2021 VoL 66 No 5

at a flow of 10 L/min to HFT with a gas flow of 50 L/min)
via tracheostomy cannula in 14 tracheostomized subjects at
high risk for weaning failure. The authors reported no dif-
ference in neuro-ventilatory drive as determined by electri-
cal activity of the diaphragm, the pressure-time product of
inspiratory muscles calculated from the electrical activity
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of the diaphragm, breathing frequency, and gas exchange
between conventional O, and HFT. The effect of HFT on
inspiratory effort observed in our study and in the study by
Stripoli et al'® contrasts with the expectation that HFT might
alleviate inspiratory effort and breathing pattern in tracheos-
tomized patients. Physiological studies in subjects with acute
hypoxemic respiratory failure reported significant reduction
in inspiratory effort with HFNC.'>'****" The physiol-
ogic benefit of HFNC to reduce inspiratory effort can be
explained by mechanisms not present in tracheostomized
patients, such as generation of positive airway pressure by
high flow of gas, alteration of airway resistance, and washing
out of the oropharyngeal dead space.”®>° Bypassing the nor-
mal respiratory passage with tracheostomy may diminish the
physiologic effects of HFT compared to HFNC.*' Natalini
et al*® evaluated the effect of high-flow oxygen therapy via
tracheostomy with different flows (10, 30, and 50 L/min)
compared to standard oxygen in 26 tracheostomized sub-
jects. They found a small increase in peak and mean expira-
tory pressure with HFT, and HFT at a flow of 50 L/min was
needed to increase the peak tracheal expiratory pressure to
1.8 cm H,0. Moreover, compared to HFT, Natalini et al*
reported significantly higher peak tracheal expiratory pres-
sure with HFNC in 5 subjects who underwent tracheostomy
decannulation (1.8 vs 5.1 cm H,O, respectively). The find-
ings from that study support the different physiologic effect
of HFT on positive airway pressure from HFNC. In addition,
the dedicated HFT connector to the tracheostomy tube,
which has a large outlet for exhaled air, may also affect the
physiologic change as compared to the narrow space sur-
rounding the nostrils when using HFNC. Moreover, the high
flow of gas might not reach deeper into the tracheal lumen
because of flow delivery outside of the trachea through a
large outlet of tracheostomy interface. However, some
patients might benefit from the effect of heat and humidifica-
tion that may improve patient comfort and alleviate inspira-
tory effort, thus it should be tested in the future studies.

We noted a significant increase in breathing frequency
from PSV to noninvasive respiratory support. In addition,
there was a trend toward increased breathing frequency
between conventional O, via T-tube and HFT, but the dif-
ference was not statistically significant. This finding was
similar to previous studies, but comparison with the base-
line value has not been reported.'®™'® In contrast, we
observed lower S,0, with HFT compared to conventional
O,. This discordance might be explained by the higher Fio,
in the conventional O, group because we used a fixed flow
of oxygen via T-tube; however, this difference might not be
clinically important.

Our study has limitations. First, the duration of each
intervention was short. Second, we did not measure Fjo,
during conventional O, via T-tube due to technical limita-
tions; therefore actual Fip, secondary to room air entrain-
ment cannot be reliably concluded. Third, the simple
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eligibility criteria for inclusion in our study facilitated the
enrollment of a diverse study population; however, our
randomized crossover design may compensate for this limi-
tation. Finally, this study was designed to evaluate the
physiologic effects of HFT via tracheostomy, and there was
no focus on clinical outcomes. Future study is needed to
elucidate the clinical effects of HFT via tracheostomy.

Conclusions

Inspiratory effort and breathing frequency significantly
increase during unassisted breathing in tracheostomized
subjects compared to those treated with PSV. HFT provides
no measurable additional benefit on inspiratory effort as
determined by sPTP,, breathing pattern, and hemodynam-
ics compared to conventional O, via T-tube.
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