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BACKGROUND: The role of end-expiratory lung volume (EELV) during a spontaneous breath-
ing trial (SBT) in patients who were tracheostomized and on prolonged mechanical ventilation is
unclear. This study aimed to assess EELV during a 60-min SBT and its correlation with weaning
success. METHODS: Enrolled subjects admitted to a weaning unit were measured for EELV
and relevant parameters before and after the SBT. RESULTS: Of the 44 enrolled subjects, 29
(66%) were successfully liberated, defined as not needing mechanical ventilation for 5 d. The
success group had fewer subjects with chronic kidney disease (41% vs 73%, P = .044), stronger
mean *= SD maximum inspiratory pressure (41.6 = 10.4 vs 34.1 = 7.1 cm H,O; P = .02) and
mean * SD maximum expiratory pressure (46.9 *= 11.7 vs 35.3 = 16.9 cm H,O; P = .01) versus
the failure group. Toward the end of the SBT, the success group had a significant increase in
the mean = SD EELV (before vs after: 1,278 = 744 vs 1,493 = 867 mL; P = .040) and a
decrease in the mean = SD rapid shallow breathing index (83.8 * 39.4 vs 66.3 = 29.4; P = .02),
whereas there were no significant changes in these 2 parameters in the failure group. The Cox
regression analysis showed that, at the beginning of SBT, a greater difference between EELV
with a PEEP of 0 cm H,O and with a PEEP of 5 cm H,0 was significantly correlated to a
higher likelihood of weaning success. Toward the end of the SBT, a greater EELV level at a
PEEP of 0 cm H,O was also correlated with weaning success. Also, the greater difference of
EELYV at a PEEP of 0 cm H,O between the beginning and the end of the SBT was also corre-
lated with a shorter duration to weaning success. CONCLUSIONS: The change in EELV during
a 60-min SBT may be of prognostic value for liberation from prolonged mechanical ventilation
in patients who had a tracheostomy. Our findings suggest a model to understand the underlying
mechanism of failure of liberation from mechanical ventilation in these patients. Key words: re-
spiratory failure; mechanical ventilation; weaning, lung volumes; tracheostomy, ventilator dependence.
[Respir Care 2021;66(11):1704-1712. © 2021 Daedalus Enterprises]

Introduction

Patients with prolonged mechanical ventilation, gener-
ally defined as the requirement of at least 6 h of mechanical
ventilation for = 21 consecutive d,'? accounts for 10% of
those experiencing acute respiratory failure. This prolonged
mechanical ventilation status is correlated with a poor prog-
nosis® and imposes a significant care burden on health-care
systems.* Liberation from mechanical ventilation is an
essential goal in the care of patients who survive acute life-
threatening respiratory failure; however, only 30%—-53% of
patients can be successfully liberated.> A multi-national
prospective multi-center observational study reported that
only 67% of the subjects on mechanical ventilation had a
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weaning process of <1 week; the rest of them had a longer
weaning course or never started a weaning process.”
Results of a previous report suggest that frequent screen-
ing for preparedness for weaning and early initiation of a
spontaneous breathing trial (SBT) can result in a higher
weaning rate.” Although patients may tolerate a reduction
in mechanical ventilation settings and proceed with a final
SBT, failure in this last stage is common.® A possible rea-
son for this failure is an increased respiratory mechanical
load coupled with insufficient capability and endurance of
the respiratory muscles.” The change from mechanical ven-
tilation support to unassisted breathing can impose mark-
edly increased work of breathing®; however, in real-world
patient care, measuring work of breathing may not be
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practical in a post-acute setting due to the need for the inva-
sive placement of pressure sensors.

An alternative approach is to assess the loss of end-ex-
piratory lung volume (EELV) during an SBT to explain
the lack of respiratory endurance. Functional residual
capacity (FRC) is the amount of gas that remains in the
lungs after expiration during tidal breathing, not necessar-
ily during rest.’ Previous studies proposed that EELV'° or
accessible pulmonary gas volume'' can be used to assess
lung volumes in abnormal conditions or during mechani-
cal ventilation. During normal tidal breathing with
adequate expiratory time, EELV approximates FRC,"
which is a valuable indicator for aeration and recruitment
of lung tissue."? The FRC is normally 30-35 mL/kg per
predicted body weight in healthy individuals.'* In patients
who are critically ill and on mechanical ventilation, the
level of PEEP and the degree of patient relaxation deter-
mine the FRC; therefore, it is better to use EELV."

After a patient starts an SBT, commonly through a T-pi-
ece, CPAP is immediately lost, especially toward the end-
expiratory time point. Lungs previously affected by acute
respiratory failure may be less aerated, which results in a
reduced EELV. Traditional methods of measuring FRC or
EELV include gas dilution, nitrogen washout,'®'” body
plethysmography, and computed tomography;'*'>'® how-
ever, applying these approaches is difficult in patients on
mechanical ventilation in the ICU. New techniques have
been developed to address this issue, with the advantage of
not interrupting breathing with mechanical ventilation,'*'*:
nitrogen multiple breath washout techniques integrated into
ventilators,'”>® electrical impedance tomography,** and
the capnodynamic method.?®

Most previous studies on the correlation between the
FRC or EELV and ventilator weaning focused on patients
who were endotracheally intubated. A lower FRC before
extubation has been reported to have a negative impact on
weaning outcomes.'® However, studies on EELV during
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QUICK LOOK

Current knowledge

Only 30%-53% of patients on prolonged mechanical
ventilation can be successfully liberated from the venti-
lator. The change from ventilatory support to unas-
sisted breathing can impose markedly increased work
of breathing and a change of lung volume.

What this paper contributes to our knowledge

The difference of measured end-expiratory lung vol-
ume during the 60-min spontaneous breathing trial
and the end-expiratory lung volume at the end of the
trial correlated with the days to successful weaning of
subjects who were tracheostomized and on prolonged
mechanical ventilation. Our findings suggest the loss
of end-expiratory lung volume during a spontaneous
breathing trial to explain the lack of respiratory
endurance.

SBTs for patients who were tracheostomized, especially
those on prolonged mechanical ventilation, are lacking. In
this study, we hypothesized that an evolution of EELV
might occur during unassisted breathing in patients with
prolonged mechanical ventilation. We aimed to evaluate
the correlation between the changes in EELV and weaning
outcomes in these patients.

Methods

Design and Settings

This prospective single-center observational study was
conducted since August 2017 at the Respiratory Care
Center, a dedicated weaning unit of National Taiwan
University Hospital, a university-affiliated medical cen-
ter in Taiwan. The study was performed in accordance
with current ethics guidelines (Declaration of Helsinki),
and the Research Ethics Committee B of National
Taiwan University Hospital approved the study protocol
(201606049RINB). Informed consent was obtained from
the subjects or their surrogates. The Respiratory Care
Center has 15 beds and receives patients with prolonged
mechanical ventilation from ICUs for liberation from the
ventilator. Since 2014, the Respiratory Care Center has
implemented a standardized weaning protocol.’ The de-
cision to initiate the weaning process is determined by
the consensus of attending physicians, residents, and re-
spiratory therapists.

Briefly, the clinicians gradually reduce the ventilator set-
tings to a pressure support level of 10 cm H,O and 5 cm
H,O PEEP for at least 8 h. A screening process with a 12-h
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SBT is then conducted for 2 consecutive days with humidi-
fied oxygen delivered through a T-piece. If there is no dis-
tress during the screening period, a direct liberation trial
with continuous unassisted breathing is provided for 5 con-
secutive days. If this screening process fails in the patient,
then a stepwise liberation trial ensues with the daily dura-
tion of the SBT starting from 2 h, then extending to 2 h
twice daily, 4 h daily, 4 h twice daily, 8 h daily, 12 h daily,
16 h daily, 20 h daily, and finally continuous unassisted
breathing for 5 days. A slow weaning trial is used for
patients in whom the stepwise trials failed, with either
external positive airway pressure breathing through a T-pi-
ece or stepwise liberation with a slow increment of the SBT
duration. Patients who tolerate the liberation process and a
final 5 days of continuous unassisted breathing are trans-
ferred to a general ward.

Participants

Patients admitted to the Respiratory Care Center were
screened; the patients were considered eligible to partici-
pate in the study if they fulfilled all of the following crite-
ria: ages = 20 y, tracheostomized after intubation due to
acute respiratory failure, which required at least 14 d of
continuous mechanical ventilation; and no fever or clini-
cal evidence of active infection. Also, the ventilator set-
tings for the included subjects had to be successfully
reduced to and maintained at a low level of support for at
least 24 h, including: S,0, > 90%, Pyco, < 52 mm Hg,
frequency <35 breaths/min under a pressure support
mode with Fjp, = 0.4, and PEEP of <8 cm H,O. In addi-
tion, patients were excluded if they met any one of the fol-
lowing criteria: unstable hemodynamics, active bleeding,
frequent seizures, myoclonus, tremors, or involuntary
movements.

Measurement of EELVs and Relevant Parameters

Measurement of the EELV was performed when the
subject was put on a ventilator equipped with the ability
to measure EELV (Engstrom, GE Healthcare, Chicago,
Illinois). This was based on a previous report of a simplified
and modified nitrogen multiple breath washout technique'*->*
integrated with an Engstrom ventilator, with breath-by-breath
calculation of nitrogen-based on carbon dioxide production,
end-tidal oxygen concentration, and end-tidal P,o, without
using supplementary gases. After written informed consent
was obtained, the ventilator settings were reduced to a pres-
sure support level of =10 cm H,O and PEEP of 5 cm H,O
with Fjp, 0.4, and the subject was observed for at least 8 h to
ensure stable respiratory and hemodynamic conditions. The
subject then underwent an SBT for 60 min through an
open breathing circuit composed of a T-piece connected
to a central oxygen source with Fjo, 0.4 and air flow of 10
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L/min. Before and after an SBT of 60 min, the investigator
measured EELV when the subject was temporarily recon-
nected to the specified ventilator (Engstrom) for this study
after the patient received oxygen for 1 h through a T-
piece. After the EELV measurement, the subject contin-
ued the T-piece trial. The settings during this measure-
ment included the cuff pressure of the tracheostomy tube
was checked to prevent air leakage, and tracheostomy suc-
tion was performed to remove possible airway secretions.
Therefore, the measured EELV was an estimate of the
EELV at the end of the T-piece trial. EELV was meas-
ured”’” with the FRC INview system (GE Healthcare).

During the measurement, the subjects were positioned
semi-recumbent, at 45°; the humidifier was turned off, and
the data were captured after a steady sate had been reached
for at least 10 min. The subjects were allowed to receive
necessary bedside care tasks, including suctioning of air-
way secretions, administering nutrition, intravenous fluids,
oral and intravenous medications, and physical restraints if
needed. However, percussion, rehabilitation activities,
nebulized medications, and bedside procedures were
avoided. Before and after the SBT, the rapid shallow
breathing index, the ratio of breathing frequency to tidal
volume (Vr), was measured with a handheld Wright spi-
rometer (NSpire, Health Ltd, Hertford, UK) placed on the
tracheotomy tube. The maximum inspiratory pressure and
maximum expiratory pressure were also measured by using
a manometer with a unidirectional valve. For subjects’
EELYV, the mean value of 2 readings of EELV was recorded.
For those with the difference between 2 readings that
exceeded 25%, the measurement was repeated. The ratio of
EELV to predicted body weight was also calculated, with
the predicted body weight being calculated as 50 + 0.91 x
(height [cm] — 152.4) kg for men and as 45.5 + 091 x
(height [cm] — 152.4) kg for women.?’

Collection of Clinical Data

For each subject, we collected the following data from
the health-care information system of the hospital: age, sex,
comorbidities, etiology of respiratory failure and reason to
initiate mechanical ventilation, date of initiating ventilator
use, the APACHE II (Acute Physiology and Chronic
Health Evaluation II) score on ICU admission, and docu-
mentation of extubation and tracheostomy. In addition, the
following clinical, laboratory, and physiologic data were
also collected before the SBT: body height, weight,
Glasgow coma scale, blood cell counts, hemoglobin, and
C-reactive protein levels. During the SBT, blood oxygen
saturation was measured by using continuous pulse oxime-
try, whereas blood pressure was measured every 15 min by
using an electronic sphygmomanometer. The definitions of
failure to liberate from mechanical ventilation were
adopted from a previous study as follows: systolic blood
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Table 1.  Demographic and Clinical Characteristics of the Subjects and Comparisons Between the Success and Failure Groups
Characteristic Total (N =44) Weaning Success (n =29) Weaning Failure (n = 15) P Effect Size*
Age,y 66.1 = 17.6 66.0 = 16.9 66.2 = 19.4 98 0.01
Men 26 (59) 18 (62) 8(53) .58 0.08
Conditions that contributed to acute respiratory failure
Sepsis and/or septic shock 20 (4) 13 (45) 7 (47) .90 0.02
Hospital-acquired pneumonia 15 (34) 10 (35) 5(33) 94 0.01
Community-acquired pneumonia 8 (18) 6 (21) 2 (13) .70 0.09
Central nervous system diseases 6 (14) 57 1(7) 41 0.15
Pulmonary edema 3(7) 2(7) 1(7) >.99 0.01
Cardiopulmonary arrest 4(9) 2(7) 1(7) .60 0.11
ARDS 2(5) 1(3) 1(7) >.99 0.07
Others 409 2(7) 2 (13) .60 0.11
Comorbidities
Chronic kidney disease 23 (52) 12 (41) 11 (73) .044 0.30
Cardiovascular diseases other than heart failure 22 (50) 14 (48) 8 (53) 75 0.05
Malignancy 16 (36) 931 7 (47) 31 0.15
Central nervous system diseases 13 (30) 10 (35) 3 (20) 49 0.15
Congestive heart failure 10 (23) 6 (21) 4 (27) 71 0.07
Obstructive airway diseases 6 (14) 3 (10) 3 (20) .65 0.13
Others 7(1) 5(17) 2 (13) >.99 0.05
APACHE 1I score on ICU admission 15539 15.0 £ 3.5 16.5 £ 4.7 23 0.38
Duration of mechanical ventilation before study, d 40.0 = 23.5 35.1 =20.2 492 =272 .058 0.62
Extubation failure before tracheostomy 41 (93) 26 (87) 15 (100) .20 0.20
Mode of weaning before RCC discharge
Protocol (direct liberation + stepwise weaning) 34(77) 27 (93) 7 (47) <.001 0.53
Non-protocol (slow weaning) 10 (23) 2(7) 8 (53) NA NA

Data are expressed as mean * SD or 1 (%).

*Cohen d for continuous variable or Cramer V for categorical variable.
APACHE II = Acute Physiology and Chronic Health Evaluation II
RCC = Respiratory Care Center

NA = not applicable

pressure > 180 mm Hg; heart rate > 120% of baseline, or
the development of arrhythmia; frequency > 150% of base-
line; S0, < 90%; the blood CO, or end-tidal P,o, increase
> 8 mm Hg, or serum pH < 7.2; the clinical judgment of a
primary physician who was not involved in this study,
including intolerable subjective dyspnea, accessory muscle
use, diaphoresis, cyanosis, and loss of consciousness.®

Statistical Analysis

Data of clinical, physiologic, and outcome data are
expressed as mean * SD for continuous variables and were
compared by using independent-sample ¢ tests between the
success and failure groups. However, the paired-sample ¢
test was used to compare data between the beginning and
the end of the SBT. Categorical variables were compared
between the groups by using the chi-square or the Fisher
exact test as appropriate. Linear regression analysis was
performed to evaluate the relationships between EELV pa-
rameters and other physiologic variables, including Vr,
frequency, and oxygen uptake. Also, the relationships
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between EELV parameters and the survival outcome of the
days to successful liberation from mechanical ventilation
during hospitalization were investigated by using the Cox
proportional hazard model. All tests were 2-tailed, and P <
.05 was considered statistically significant. Data analyses
were conducted by using SPSS 25 (SPSS Chicago, Illinois).

Results
Participants

During the study period, 44 subjects (26 men, 18
women) were included; their demographic and clinical
characteristics are summarized in Table 1. Sepsis and/or
septic shock and hospital-acquired pneumonia were the
most common conditions that contributed to acute respira-
tory failure; heart diseases, including congestive heart fail-
ure and other cardiovascular diseases, were the most
frequent comorbidities. Of the subjects, 29 (66%) were
successfully liberated from mechanical ventilation at
discharge from the Respiratory Care Center. The
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Table 2.  Physiologic Parameters of the Subjects and Comparisons Between the Success and Failure Groups
Parameter Total (N = 44) Weaning Success (n = 29) Weaning Failure (n = 15) P Effect Size*
Glasgow coma scale 13.6 = 3.0 142 £25 12.6 = 3.7 A1 0.54
WBC count, cells/pL 8.84 = 3.84 8.56 = 3.64 9.43 £4.37 54 -0.22
Hemoglobin, g/dL 9.1 = 1.0 93+ .9 87+12 11 0.59
C-reactive protein 23.1 £110.7 47 +54 61.9 = 194.7 .16 -0.51
Prmax, cm H,O 39.0 = 10.0 41.6 £ 10.4 34171 .02 0.80
PEmax, cm HyO 43.0 = 14.6 469 £ 11.7 353 £ 169 .01 0.85
Beginning of SBT
EELV at PEEP 0 cm H,O, mL 1,279 = 688 1,278 £ 744 1,279 = 590 > .99 -0.001
EELV/PBW at PEEP 0 cm H,O, mL/kg 22.1 = 11.5 219 =124 22.5+9.8 .87 -0.05
EELV at PEEP 5 cm H,O, mL 1671 £ 936 1738 = 1070 1542 = 611 .52 0.21
EELV/PBW at PEEP 5 cm H,O, mL/kg 28.8 £ 15.7 29.7 + 18.1 27.1 =99 .61 0.16
RSBI 88 £ 42 83.8 394 97.1 £45.7 32 -0.32
Vr, mL 330 = 114 350 = 125 291 =77 A1 0.53
Frequency, breaths/min 25.8 £ 6.7 25.8 £ 6.3 258 £7.6 .99 < 0.001
Mean blood pressure, mm Hg 86.9 = 13.9 872129 86.7 £ 16.2 .85 0.04
Heart rate, beats/min 84.5 = 14.2 84.8 = 13.4 84.0 = 16.2 .86 0.06
Spo,, % 98.8 = 1.8 99.0 = 1.8 98.6 = 2.0 .53 0.21
Carbon dioxide production, mL/min 173.0 £ 65.0 167.8 = 60.6 182.9 £ 733 47 -0.23
End of SBT
EELV at PEEP 0 cm H,O, mL 1,402 £ 747 1,493 * 867 1,224 = 401 .26 0.36
EELV/PBW at PEEP 0 cm H,O, mL/kg 242 £ 124 254+ 143 21.8 £ 7.4 37 0.29
EELV at PEEP 5 cm H,O, mL 1,605 = 717 1670 = 787 1479 £ 558 41 0.27
EELV/PBW at PEEP 5 cm H,0, mL/kg 279 = 12.1 28.5 = 12.8 26.7 = 10.8 .65 0.15
RSBI 71.9 = 36.4 66.3 =29.4 82.7 = 46.2 .16 —0.46
Vr, mL 369 = 118 375 =98 357 £ 154 .63 0.15
Frequency, breaths/min 23.7 £ 6.6 232 £ 6.8 247 £ 6.5 47 -0.22
Mean blood pressure, mm Hg 88.8 = 12.1 89.0 = 11.6 88.6 £ 13.5 92 0.03
Heart rate, beats/min 89.4 = 15.6 89.7 = 12.5 88.8 = 20.7 .87 0.06
Spo,, % 98.5 =24 98.8 =22 97.7 =27 15 0.46
Carbon dioxide production, mL/min 184.3 = 50.6 182.2 = 40.9 188.4 + 66.9 .70 -0.12
Difference (end-beginning)
EELV at PEEP 0 cm H,O, mL 123 = 497 215 = 537 =55 * 360 .09 0.56
EELV/PBW at PEEP 0 cm H,O, mL/kg 2.1 =82 35*87 0.7+ 64 11 0.55
EELV at PEEP 5 cm H,O, mL —66 *= 584 —68 *+ 659 —62 + 429 98 —-0.01
EELV/PBW at PEEP 5 cm H,0, mL/kg -0.9 = 10.1 -1.2x11.3 04 7.7 .80 -0.08

Data are expressed as mean = SD.

*Cohen d for continuous variable or Cramer V for categorical variable.
WBC = white blood cell

Pimax = maximum inspiratory pressure

Pemax= peak expiratory pressure

SBT = spontaneous breathing trial

EELV = end-expiratory lung volume

PBW = predicted body weight

RSBI = rapid shallow breathing index

V= tidal volume

demographic and clinical features of the success and fail-
ure groups were similar, except that more subjects in the
failure group had chronic kidney disease versus those in
the success group (73% vs 41%; P = .044).

Physiologic Parameters

The measured data of physiologic parameters and com-
parisons between the 2 groups are summarized in Table 2.
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The success group had better mean = SD maximum
inspiratory pressure (success vs failure, 41.6 = 10.4 vs
34.1 = 7.1 cm H,0; P = .02) and mean = SD maximum
expiratory pressure (43.0 = 14.6 vs 35.3 = 16.9 cm
H,O; P = .01) than the failure group; however, there
were no significant differences in the other physiologic
parameters at the same time points, including at baseline,
at the beginning of the SBT, and toward the end of the
SBT (Table 2).
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Total (N =44) Weaning Success (n =29) Weaning Failure (n = 15) P

Effect Size*

Table 3.  Outcomes of the Subjects and Comparisons Between the Success and Failure Groups
Variable

Duration of mechanical ventilation since the test, d 11.5 £ 12.0

Duration of mechanical ventilation in the RCC, d 18.9 = 13.1

RCC length of stay, d 229 =109

Length of since the test, d 48.0 = 32.9

In-hospital mortality 10 (23)

Data are expressed as mean = SD or n (%).
*Cohen d for continuous variable or Cramer V for categorical variable.
RCC = Respiratory Care Center

49+ 47 244 +11.3 <.001 -2.58
10.8 + 6.5 34.6 £ 6.5 <.001 -3.66
16.9 + 7.1 34.6 + 6.5 <.001 -2.56
54.5 + 36.6 36.4 + 20.7 09 0.56

6(2.7) 4(26.7) 71 0.07

Table 4.  The Relationships Between EELV and Days to Successful
Liberation from Mechanical Ventilation (survival outcome)

Hazard Ratio

SBT Parameter (95% CI)

Beginning of the SBT
EELV at PEEP 0 cm H,O per 100 mL
EELV/PBW at PEEP 0 cm H,O
EELV at PEEP 5 cm H,0 per 100 mL
EELV/PBW at PEEP 5 cm H,0

1.01 (0.96-1.06) .82
1.00 (0.97-1.03) 97
1.02 (0.98-1.06) .30
1.01 (0.99-1.03) .38

End of SBT
EELV at PEEP 0 cm H,O per 100 mL 1.05 (1.02-1.08) .002
EELV/PBW at PEEP 0 cm H,O 1.03 (1.01-1.05) .01

EELV at PEEP 5 cm H,O, per 100 mL

EELV/PBW at PEEP 5 cm H,O
Difference, end of SBT and beginning of SBT

EELV at PEEP 0 cm H,O per 100 mL

EELV/PBW at PEEP 0 cm H,O

EELV at PEEP 5 cm H,O per 100 mL

EELV/PBW at PEEP 5 cm H,O

1.03 (0.99-1.08) 13
1.02 (0.99-1.04) 28

1.10 (1.01-1.19) .02
1.06 (1.003-1.11) .040
1.01 (0.93-1.09) .84
1.00 (0.96-1.04) >.99

EELV = end-expiratory lung volume
SBT = spontaneous breathing trial
PBW = predicted body weight

For all 44 subjects, unassisted breathing for 60 min
resulted in significantly decreased mean = SD rapid shal-
low breathing index (before vs after: 88.0 = 42.0 vs 71.9 =
36.4; P = .004) and mean * SD frequency (25.8 £ 6.7 vs
23.7 £ 6.6 breaths/min; P = .039), with increased mean *
SD heart rate (84.5 £ 14.2 vs 89.4 = 15.6 beats/min; P =
.02) and mean = SD V1 (330 = 114 vs 369 = 118 mL;
P = .02). On average, the success group also had a signifi-
cantly increased mean = SD EELV at PEEP of 0 cm H,O
(1,278 + 744 vs 1,493 + 867 mL; P = .040), and mean *
SD EELYV per predicted body weight (21.9 = 12.4 mL/kg
vs 25.4 = 14.3 mL/kg; P = .038) also increased toward the
end of the SBT, with a significantly decreased mean * SD
rapid shallow breathing index (83.8 = 39.4 vs 66.3 * 29.4;
P =.02).

In contrast, toward the end of the SBT, there were no sig-
nificant changes in EELV or rapid shallow breathing index
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in the failure group; however, the mean = SD V increased
significantly (291 = 77 vs 357 £ 154 mL, P = .03). The
difference of the mean = SD EELV at PEEP of 0 cm H,O
(215 £ 537 vs — 55 = 360 mL; P = .09) and the mean *
SD EELYV per predicted body weight at PEEP of 0 cm H,O
(3.5 £87vs-0.7 = 6.4 mL; P = .11) between the meas-
urements of end and beginning of SBT tended to be
increased in the success group and decreased in the failure
group. The results of the linear regression of EELV and
ventilation parameters showed that EELV, either at PEEP
of 0 cm H,O or 5 cm H,O, was significantly positively cor-
related with carbon dioxide production at the beginning of
the SBT but not at the end of SBT are summarized in Table
1 of the supplementary materials (see the supplementary
materials at http://www.rcjournal.com). The V and the fre-
quency were not correlated to the EELV (see the supple-
mentary materials at http://www.rcjournal.com).

Weaning Outcome and Prognostic Significance of
EELV

The secondary outcomes and comparisons between the 2
groups are summarized in Table 3. The failure group had a
longer duration of mechanical ventilation after measuring
the EELV (P < .001) and a longer duration of mechanical
ventilation at the Respiratory Care Center (P < .001). The
failure group also had a longer stay at the Respiratory Care
Center (P < .001), but the stay after measuring the EELV
was similar to the success group, with a similar in-hospital
mortality rate.

The results of univariable Cox regressions for the wean-
ing outcome are summarized in Table 4. At the beginning
of the SBT, a more significant difference between EELV
with PEEP of 0 cm H,O and PEEP of 5 cm H,O was signif-
icantly correlated to a higher likelihood of weaning success.
Toward the end of SBT, a greater EELV level at PEEP of 0
cm H,0 was also correlated with a higher chance of wean-
ing success. Also, the more significant difference of the
EELV at PEEP of 0 cm H,O between the beginning and the
end of the SBT was also correlated with a shorter duration
to weaning success (Table 4).
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Discussion

In this study, we found that the difference of the meas-
ured EELV during the 60-min SBT and the EELV at the
end of SBT was correlated with the days to successfully
weaning of the subjects who were tracheostomized and
with prolonged mechanical ventilation. To the best of our
knowledge, the prognostic significance of the kinetics of
EELV during open-circuit SBT in subjects with tracheos-
tomy and with prolonged mechanical ventilation has not
previously been reported. Thus, our findings suggest a
potentially feasible model to understand the underlying
mechanism of failure to be liberated from mechanical ven-
tilation in these patients.

Previous studies measured the FRC in subjects on pres-
sure-support spontaneous breathing or CPAP when the
breathing circuit was connected to the ventilator.””*® FRC
is not correlated with P,o,/Fio, in patients on mechanical
ventilation, and is only moderately correlated with respira-
tory-system compliance.””*° Despite concerns whether
measured EELV data can represent the FRC during unas-
sisted breathing, FRC is influenced more by mechanical
ventilation settings than by physiologic variables as in
spontaneous breathing.?” However, in this study, there was
significant diversity in the evolution of the EELV. In general,
the success group had a significant increase (215 mL on av-
erage) in the EELV. This indicated that multiple factors
could influence the measurement of the EELV, such as pul-
monary and extrapulmonary medical disorders, the breathing
pattern during SBT, the presence of expiratory flow limita-
tion due to underlying obstructive airway disease, dynamic
airway compression, or retained airway secretions, peak
inspiratory pressure, minute ventilation, and body weight.”
Therefore, further studies with a larger population of subjects
on prolonged mechanical ventilation stratified based on
underlying mechanisms related to EELV are needed. Also,
we focused on absolute EELV values rather than the EELV
per predicted body weight. Indexing measured FRC values
to predicted FRC values did not improve the correlation
between P,0,/Fio, and respiratory-system compliance.*

The correlation between changes in the EELV during an
SBT with weaning outcomes in this study suggests that
patients in whom the weaning process failed may develop
unfavorable changes in pulmonary aeration status during
unassisted breathing. Because patients who have unassisted
spontaneous breathing are not monitored by ventilators that
measure respiratory mechanics, alternative approaches to
understand the potential changes after starting unassisted
breathing may be indicated. Measurement of the FRC or
EELV during mechanical ventilation to assess the amount
of ventilated alveoli*' can be accomplished with new mea-
surement technology incorporated into commercially avail-
able ventilators.** In patients with acute respiratory failure,
atelectasis with decreased FRC and increased shunt, results
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in decreased oxygenation;* therefore, attempts at increas-
ing the FRC might improve pulmonary gas exchange.
However, in patients on ventilation, the FRC is influenced
by multiple factors; therefore, a single FRC value could be
misleading.** In contrast, FRC changes during the weaning
process may reflect different states of alveolar recruitment
and de-recruitment.

Our findings had several implications. Bedside measure-
ment of the EELV or FRC with clinically acceptable accu-
racy and repeatability has the potential to be included in
established assessments known as “weaning parame-
ters.”'?* The development of a progressive reduction in
the EELV may also be an early indicator of weaning failure
before the patient exhibits overt clinical manifestations,
such as impaired gas exchange, paradoxical breathing
movement, or severe distress. Rehabilitation to enhance the
respiratory muscles and clearance of potentially obstructing
airway secretions can also enhance the EELV. Measuring
the EELV might not be feasible as a routine practice in the
weaning units, mainly because of its cost and technical
demand.

However, as our main finding was the tendency of the
EELV reduction during SBT in subjects for whom weaning
failed, clinicians might consider measuring EELV in those
patients who tolerated continuous minimal support from
the ventilator but with a failed SBT later. Maneuvers to
restore EELV might also be considered during the SBT
process in those patients in whom weaning failed and
showed a reduced EELV. In some patients with a low
EELYV or with a significant reduction in EELV during unas-
sisted breathing, a strategy of intermittent ventilatory sup-
port to maintain an adequate EELV may be considered.
Nevertheless, how FRC measurements can guide the wean-
ing process is still under debate, and our findings may pro-
vide more in-depth insight into how weaning failure
develops during SBTs intended to impose a fixed work of
breathing.

This study’s strengths included the use of a protocolized
weaning process in the weaning unit, the measurement of the
EELV by a noninvasive device in an open-circuit setting of
breathing, and simultaneous measurement of multiple respi-
ratory physiologic variables. Nevertheless, there also were
limitations to this study. First, this single-center study
included only a small number of subjects, whereas the analy-
sis of the data suggested high variations of the measured
EELVs and other physiologic data in a patient population
with diverse causes of respiratory failure. Second, we per-
formed only one session of EELV measurements during the
SBT because of a standardized weaning protocol, unless the
process had been interrupted by clinical events or had failed.
The feasibility of repeated measurements of the EELV needs
further investigation. Third, the measurement of the EELV
during subjects’ spontaneous breathing movements did not
exclude any condition that might affect the lung volumes,
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such as severe cough, obstruction of airways by secretion,
which resulted in atelectasis of the lung units, suctioning of
airway secretion, and medications that affected ventilation
and the drive for breathing. Nevertheless, our primary focus
was not to interfere with the breathing pattern during the
SBT, as seen in a real-world scenario. Fourth, because of the
small number of subjects (n = 15) with failed tests, the multi-
variate analysis could not include more potential variables,
such as clinical characteristics and other physiologic parame-
ters. Fifth, because this study was based on a noninvasive
design, we did not obtain the data to calculate work of breath-
ing by using esophageal pressure measurements. Further
studies are needed to investigate the exact role of work of
breathing in the mechanism of weaning failure and its corre-
lation with the EELV.

Conclusions

In this study, we hypothesized that the evolution of the
EELV might occur during unassisted breathing in subjects
on prolonged mechanical ventilation. Although we were
unable to perform multivariate analysis in this single-cen-
tered study secondary to a small sample size, analysis of our
data suggests that the changes in EELV during a 1-h SBT
may be of prognostic value in the liberation of patients who
were tracheostomized and with prolonged mechanical venti-
lation. However, further large-scale studies are warranted.
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