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A comparison of high vs standard tidal volumes in ventilator
weaning for individuals with sub-acute spinal cord injuries:
a site-specific randomized clinical trial
This article has been corrected since advance online publication and a corrigendum is also printed in this issue.

JJ Fenton1,2, ML Warner1,2, D Lammertse2,3, S Charlifue2, L Martinez4, A Dannels-McClure2, S Kreider2 and
C Pretz2

Study design: Prospective, randomized, controlled parallel group trial with single-blinded data analysis.
Objectives: To determine the safety and efficacy of higher (20ml kg−1 ideal body weight (IBW)) vs standard (10ml kg−1 IBW) tidal
volumes (Vt) for patients with sub-acute traumatic tetraplegia during ventilator weaning using a 14-day (minimum) weaning protocol.
Setting: United States regional spinal cord injury treatment center.
Methods: Thirty-three ventilator requiring inpatients were randomized to either the higher (Group 1) or the standard (Group 2) Vt
protocol. Initially, all patients were ventilated at 10ml kg−1 IBW Vt and 5 cm H2O of PEEP for 72 h. For Group 1, Vt was raised
100ml per day until reaching target Vt of 20ml kg−1 IBW. Group 2 was maintained at Vt of 10ml kg−1 IBW. Plateau pressures were
kept at or below 30 cm H2O. Safety outcomes included incidence of adverse events.
Results: Because of smaller than expected enrollment, evaluation of efficacy was not possible. Therefore, we report the safety
outcomes of 33 study participants. The 16 patients in Group 1 and 17 patients in Group 2 were demographically similar at baseline,
except for age. The average age was 39.3 years in Group 1 and 27.2 years in Group 2, (P=0.002). There was no difference in median
days to wean: 14.5 days in Group 1 and 14 days in Group 2. The incidence of adverse pulmonary events was similar between groups.
Conclusion: Higher tidal volumes can be safely utilized during weaning of patients with tetraplegia from mechanical ventilation using a
14-day weaning protocol.
Spinal Cord (2016) 54, 234–238; doi:10.1038/sc.2015.145; published online 15 September 2015

INTRODUCTION

There are ~ 12 000 new spinal cord injury (SCI) cases each year in the
United States, and life expectancy for those individuals is still
significantly below those without SCI.1 Data from the National Spinal
Cord Injury Statistical Center in the United States indicate that people
with SCI who are ventilator dependent have approximately half the life
expectancy of similarly injured non-ventilated individuals, and the
cause of death is respiratory in over 50% of cases.1–3 Reaching
ventilator liberation early in the rehabilitation course not only
increases life expectancy but also improves quality of life, decreases
costs3–5 and enhances participation in rehabilitation. There is no
consensus, however, on the best method of weaning SCI patients or on
the optimal tidal volume (Vt) to be used. The Consortium for Spinal
Cord Medicine’s 2005 Clinical Practice Guidelines “Respiratory
Management Following Spinal Cord Injury”5 recommends the use
of high Vt (20–25ml kg− 1 ideal body weight (IBW; formula: males:
IBW (kg)= 50+2.3 (height (in)–60); females: IBW (kg)= 45.5+2.3
(height (in)–60))) in people with SCI, but the safety of higher Vt has
been questioned.
The use of higher Vt in a general population at risk for acute

respiratory distress syndrome (ARDS) is associated with worse

outcomes including organ failure, ARDS, prolonged intensive care
unit stays and increased mortality.6,7 Acute SCI patients are certainly at
higher risk for ARDS/acute lung injury and death8 and should be
managed with a low tidal volume protocols. Sub-acute SCI patients,
however, are generally not felt to be at risk for ARDS and may not
need lung-protective ventilation. In fact, they may be more prone to
atelectasis and wean failure if a low Vt strategy is used.9 High Vts
have been safely used in the sub-acute SCI population for many years
and are believed to help prevent atelectasis, minimize pulmonary
complications, augment speech and enhance weaning.10,11 This study
addresses the safety of using higher Vt in a pre-designated minimum
14-day protocol of ventilator weaning for sub-acute SCI patients who
were not felt to be at risk for ARDS.

PATIENTS AND METHODS

Participants
SCI patients who required mechanical ventilation provided informed consent

and were screened for eligibility criteria that included injury within the past

6 months, traumatic SCI at cervical levels C3–C6 and non-functional motor

preservation as measured by the American Spinal Injury Association Impair-

ment Scale (AIS) and respiratory failure requiring continuous mechanical
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ventilation. All subjects underwent diaphragmatic fluoroscopy prior to entry
into the study to eliminate individuals who demonstrated paralysis of the
diaphragms. The complete eligibility criteria are listed in Table 1.
Those who met the criteria for participation were enrolled in the study. We

stratified participants into two groups based on neurologic injury level, as
the C5–6 subgroup was expected to wean more readily than the C3–4 group.
The flow of participants through the study is illustrated in Figure 1.

Intervention
Participants were ventilated in assist control mode at 10ml kg− 1 IBW with
5 cm H2O positive end expiratory pressure (PEEP) for 72 h prior to being
randomized into a standard (10ml kg− 1 IBW) or a higher (20ml kg− 1 IBW)
Vt group. The use of PEEP was standard of care at the institution and has been
shown to be protective of ventilator-induced lung injury if higher Vts are
used.12 Plateau pressures (Pplat) were kept ⩽ 30 cm H2O for both groups.
Following the stabilization period, the Vt in Group 1 was titrated upward at a
rate of 100ml day− 1 until 20ml kg− 1 IBW was reached. PEEP was maintained
at 5 cm H2O for both groups. The wean protocol commenced during the
upward Vt titration and consisted of progressive, spontaneous breathing
periods (Table 2). Arterial blood gases were monitored weekly. The ventilator
dead space was adjusted to maintain a pCO2 of at least 32 to prevent
progressive respiratory alkalosis. The Borg Scale13 was obtained after each
weaning episode to assess subjective dyspnea.
A participant was maintained at each step of the wean protocol for a

minimum of 1 day and advanced to the next step if study criteria were met.
Participants were required to repeat a step in the protocol if they failed to meet
the prescribed criteria (including but not limited to increased O2 requirements
and participant request; Table 3). Our standard of care rehabilitation program
of physical and occupational therapy, nursing care, education and psychosocial
counseling was maintained during weaning and after ventilator liberation.
In addition, participants in both groups received our standard of care
for medication management of respiratory signs and symptoms including
albuterol, N-acetylcysteine, inhaled budesonide, guaifenesin for secretion
clearance and ipratropium as needed.

Outcomes
Outcome measurements included successful completion of the wean protocol,
respiratory mechanics, chest x-ray findings and dyspnea as measured by the
Borg scale. Each assessment was recorded at baseline and then weekly

throughout the study period. All imaging studies were subsequently reviewed
to confirm the presence of abnormal findings (atelectasis, infiltrates, edema,
ARDS or barotrauma) by a thoracic radiologist and two study pulmonologists
who were blinded as to the patient’s treatment arm.
The primary efficacy outcome was to examine days to ventilator liberation

(72 h ventilator free). Secondary efficacy outcomes were improvement in
specific pulmonary functions chosen for their reproducibility and clinical
significance: forced vital capacity (FVC), peak inspiratory pressure (PIP) and
Pplat. PIP and Pplat were monitored to assess risk for barotrauma and
development of ARDS.
The primary safety outcome was the incidence of key pulmonary adverse

events (ventilator-associated pneumonia (VAP), barotrauma and ARDS). VAP
was defined as the development of new or progressive pulmonary infiltrates in
conjunction with at least two out of three clinical findings of abnormal
temperature (438 °C or o36 °C), leukocytosis or leukopenia (WBC412 000
or o40 000 or 410% immature forms) and purulent tracheobronchial
secretions.14 Barotrauma was defined as pneumothorax, pneumomediastinum,
pneumopericardium or pneumatocoele. ARDS was diagnosed using the 1994
American-European Consensus Conference/AECC definition.15 Additional
safety end points were development of atelectasis, requirement for secretion
clearance maneuvers (suction/cough-assist), measurement of dyspnea and
non-pulmonary adverse events. Atelectasis was detected by weekly chest
radiograph and confirmed by the reviewing study physicians. Need for secretion
clearance maneuvers was documented prospectively with each ventilator
assessment and weaning trial by the respiratory therapist. The participant’s
perceived dyspnea as measured by the Borg scale was recorded following each
wean episode.

Statistical plan
It was originally proposed that survival analysis (Cox regression) would be used
to compare the two groups on time to ventilator liberation; however, this
analytic approach was abandoned for two reasons: (i) the sample size captured
(n= 33) rendered the study underpowered (originally, the study was powered
based on a sample of 70); and (ii) the imposed weaning schedule resulted in the
vast majority participants achieving ventilator liberation in 14 days. Thus, the
main focus of the analyses investigated higher Vt safety compared with lower
Vt, focusing on comparison of adverse outcomes between the two groups.
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7 with C5-6 neuro levels. 
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intervention (n = 1) – subject chose to 
withdraw from study early  

Figure 1 Diagram showing the flow of participants through each stage of the
randomized trial.

Table 1 Inclusion and exclusion criteria

Inclusion criteria
Ventilator dependent

Ages 18–55 years

Sub-acute (42 weeks post injury) traumatic SCI

C3–C6 levels (AIS A,B,C)

Exclusion criteria
Concurrent severe traumatic brain injury limiting ability to participate in

wean protocol

Residual severe chest trauma

Residual esophageal trauma/ongoing aspiration

Current ARDS

Current VAP unresponsive to antibiotic therapy

Cardiomyopathy, unstable angina, bullous emphysema, obstructive lung

disease, BMI⩾35, increased ICP, chronic liver disease, history of bone

marrow or transplantation

Critical illness polyneuropathy

Burns over 430% of body-surface area

Current participation in another clinical trial

Any condition that precludes successful participation

Abbreviations: AIS, American Spinal Injury Association (ASIA) Impairment Scale; ARDS, acute
respiratory distress syndrome; BMI, body mass index; ICP, intracranial pressure; SCI, spinal cord
injury; VAP, ventilator-associated pneumonia.
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Descriptive techniques (that is, mininum, maximum and quartiles) were
utilized with the purpose of demonstrating that, for both groups, time to
wean was nearly identical. Analyses were also performed on secondary
outcomes where group comparisons consisted of t-tests for continuous
variables, tests for equality of proportions for categorical variables (using
Fisher’s exact test) and reporting of odds ratios. P-values associated with these
tests should be considered for descriptive purposes and to potentially inform a
larger and a sufficiently powered study.

Statement of ethics
We certify that all applicable institutional and governmental regulations
concerning the ethical use of human subject volunteers were followed during
the course of this research. The study was approved by the HealthONE Alliance
Institutional Review Board.

Trial registration
The trial was registered on clinicaltrials.gov (identifier number RCT 00412308).

RESULTS

The study consisted of 33 participants randomly assigned into a higher
and a standard Vt group. (Figure 1). The enrollment was stopped
short of the target due to fewer than expected admissions of eligible
patients during the 4-year study period combined with a higher than
expected ineligibility rate. There were no significant differences
between the two groups in demographic and injury characteristics
including gender, cause of SCI, SCI level or presence/absence of
diaphragm paralysis, although three individuals in the higher Vt group
had evidence of hemidiaphragm weakness (Table 4). The mean age of
the two groups at baseline was statistically different––39.3 years for the
higher Vt group and 27.2 years for the standard Vt group (P= 0.002).
Because of the difference in age between the two groups, age was
statistically controlled for by treating it as a covariate in investigation
of the primary and secondary outcomes.

Primary outcome
There was no significant difference in the number of days to wean
from mechanical ventilation between the two treatment groups. Both
groups took a mean of 14 days to achieve 472 h of ventilator
liberation. When analyzed by subgroup of SCI level (C3–4 vs C5–6),
both subgroups weaned at 14 days, reflecting no difference in median
days to ventilator liberation. After controlling for age, there was
likewise no difference in median days to wean based on a hazard ratio
of 1.163 with an associated 95% confidence interval ranging from
0.485 to 2.790 (P= 0.7349).

Secondary outcomes
The FVC values improved over time in both groups, but there was no
significant difference in the rate of improvement between groups
(P= 0.172).
Although the PIP and Pplat values for all subjects remained in a safe

range throughout the trial, differences between the groups were
observed. For each day of weaning, the higher Vt group had an
additional 0.5814 cm H2O increase in mean PIP and an additional
0.4133 cm H2O increase in mean Pplat compared with the standard Vt
group (Po0.0001).

Safety outcomes
The odds of developing VAP did not differ between the two Vt groups
(odds ratio: standard Vt vs high Vt= 1.56, (P= 0.607)). The average
total number of VAPs reported did not differ between treatment
groups (P= 0.1597). The higher Vt group reported 4 episodes of VAP
and the standard Vt group reported 3 episodes of VAP for a total of 7

Table 2 Wean protocol followed by both groups

Day #1 5min TID Day #9 10 h day−1

Day #2 15min TID Day #10 12 h day−1

Day #3 30min TID Day #11 14 h day−1

Day #4 60min TID Day #12 16 h day−1

Day #5 2 h BID Day #13 18 h day−1

Day #6 3 h BID Day #14 20 h day−1

Day #7 4 h BID Day #15 24 h day−1

Day #8 8 h day−1

Abbreviations: BID, two times a day; TID, three times a day.

Table 3 Criteria for wean episode discontinuation

Tachypnea: 430–35 b.p.m. or change of 450% of baseline b.p.m.

Bradypnea: o10 b.p.m. or change of 450%

Abnormal respiratory pattern

Increased work of breathing and/or accessory muscle use

Increased heart rate 420% change or 4140 beats min−1

Decreased heart rate 420% change or o60 beatsmin−1

Increased or decreased blood pressure 420% change

Diaphoresis

Pain or patient complaints of discomfort

Change in mental status

Acidosis or increased pCO2 as measured by arterial blood gas or end-tidal CO2

O2 Sat o88% after increasing Fio2 by 10%

Abbreviation: b.p.m., breaths per minute.

Table 4 Comparison of key demographics and respiratory parameters

at baseline between study groups

High Vt—group 1

n=16

Standard Vt—group

2 n=17

P-

value

Age (mean) 39.31 years

(s.d. 12.52)

27.24 years

(s.d. 7.22)

0.002

Gender
Male 14 11 0.224

Female 2 6

Neurologic level
C1–3 4 2 0.857

C4 6 8

C5 5 6

C6 1 1

Injury etiology
Motor vehicle 9 6 0.134

Fall 1 5

Sports 2 3

Diving 1 3

Other 3 0

Baseline FVC

(mean)

1231ml

(s.d. 506.97)

1122ml

(s.d. 513.42)

0.541

Vent days prior to

wean initiation

(mean)

37.8l

(s.d. 27.32)

28.4

(s.d. 10.57)

0.197

Abbreviations: FVC, forced vital capacity; Vt, tidal volume.
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VAPs out of 33 patients. There was also no difference between
treatment groups when analyzed by SCI level (C3–4 or C5–6) in the
odds of developing VAP. The odds of developing a VAP in the
standard Vt group was 2.25 (0.5383) in the C3–4 subgroup and 1.25
(0.8530) in the C5–6 subgroup. Neither ARDS nor barotrauma
occurred in any study subjects. Borg dyspnea scores and the use of
airway clearance maneuvers also did not differ between groups
(0.7496).
The number of pulmonary adverse events (VAP, atelectasis, dyspnea

and secretions) did not differ between the two groups. The number of
ALL adverse events combined within the two groups did not
significantly differ from each other. A listing of adverse events appears
in Table 5.

DISCUSSION

We did not find a significant difference between the higher Vt and the
standard Vt groups for the safety outcomes. Both groups successfully
weaned off the ventilator at ~ 14 days, and there was no increased
incidence of VAP, ARDS or barotrauma in the higher Vt group.
In recent years, the safety of higher Vts has been questioned. Studies

suggest that higher Vts of 10–15ml kg− 1 IBW may promote
ventilator-induced lung injury by producing alveolar over-distention
(volutrauma), high airway pressures (barotrauma) and repetitive
alveolar expansion and collapse (atelectatrauma).12,16 In a landmark
multi-center, randomized trial published in the New England Journal
of Medicine in 2000, the ARDS Network investigators found that the
overall mortality was significantly lower, and ventilator-free days were
significantly greater when individuals with ARDS were ventilated with
low Vt (6ml kg− 1 IBW).7 This study has changed the standard of care
for patients with ARDS by mandating the use of a lung-protective
ventilator strategy in patients at risk for ARDS. Whether these

recommendations apply to other patient populations without identifi-
able risk factors for ARDS is unclear. Sub-acute SCI patients are
generally not felt to be at the same risk for ARDS, as acute SCI patients
and higher Vts have been safely used in these patients for many
years.10,11,17 Current clinical practice guidelines even advocate higher
Vts in SCI patients5 because higher Vts have been associated with
improved outcomes. A retrospective concurrent cohort comparison
study of SCI patients found that higher Vts (mean Vt 25.3ml kg− 1

IBW) were associated with earlier weaning from mechanical
ventilation and more rapid resolution of atelectasis than lower Vts
(mean Vt 15.5ml kg− 1 IBW).11 A more recent retrospective review
also suggested that the use of higher Vts resulted in fewer days on
mechanical ventilation.17

Large Vts prevent small-airway closure by stretching airway smooth
muscle and reduce surface tension by expanding the surface area of
pulmonary surfactant. Tidal volumes as large as 1.0 litre are still only
about 1/3 the inspiratory capacity of an average adult and are not felt
to cause ventilator-associated lung damage in the absence of acute lung
injury from other causes.18 In addition, higher Vts are often preferred
by people with SCI because they help augment speech, decrease the
work of breathing and the sensation of dyspnea.19 Our study was not
able to confirm the superiority of higher Vts in the time to wean, but
we did not find any adverse outcomes using this strategy. Specifically,
there were no incidences of ARDS or barotrauma in our study, even in
the higher Vt group.
The study was limited by its strict adherence to our institutional

wean protocol, which prohibited 'skipping' steps, thus requiring a
minimum wean duration of 14 days regardless of a participant’s ability
to wean in a shorter time frame. For individuals who were not doing
well with weaning, our protocol allowed for lengthening the weaning
time. However, as there was a clustering of wean duration outcomes at
14 days in both groups, the protocol was insensitive to any real
difference in efficacy that might have been detected with a protocol
that allowed shorter weaning duration. We chose to have both groups
adhere to a protocol because it was previously shown that having a
designated protocol allows people with SCI to gradually improve
endurance and strength, which leads to better outcomes.20

We did not achieve the anticipated enrollment due to lower than
expected admissions of individuals meeting the study criteria, and this
decreased the statistical power of the study. This study cannot be
considered a definitive trial on the efficacy of one Vt strategy or the
other but does provide important information on the duration of
weaning and the safety of using higher Vts in patients with sub-
acute SCI.

CONCLUSION

There was no significant difference in the time to wean, incidence of
VAP or occurrence of adverse events in patients with tetraplegia who
were ventilated with Vt of 10ml kg− 1 IBW vs 20ml kg− 1 IBW.
Mechanical ventilation at higher Vts was not associated with any
episodes of ARDS or barotrauma in this small randomized trial.
Whether higher Vts translate to improved outcomes and acceptable
safety in this unique patient population needs to be addressed in a
larger randomized controlled trial.
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Table 5 Adverse events occurring in ⩾10% of study participants in

either group

Condition Standard Vt n (/%) High Vt n (/%) Significance a

Infiltrate/atelectasis NOS 17 (100.0) 16 (100.0) —b

Diarrhea 9 (52.9) 8 (50.0) 0.571

O2 desaturation 13 (76.5) 13 (81.3) 0.537

Abdominal distention 1 (5.9) 3 (18.8) 0.277

Fever/sepsis NOS 2 (11.8) 3 (18.8) 0.470

Urinary tract infection 9 (52.9) 12 (75.0) 0.170

Excessive secretions 16 (94.1) 15 (93.8) 0.742

Dyspnea 8 (47.1) 8 (50.0) 0.571

DVT 5 (29.4) 5 (31.3) 0.603

Nausea/vomiting 6 (35.3) 7 (43.8) 0.444

Anxiety 7 (41.2) 6 (37.5) 0.556

Constipation 2 (11.8) 8 (50.0) 0.021

Dysreflexia 1 (5.9) 2 (12.5) 0.477

Fatigue 2 (11.8) 6 (37.5) 0.093

Nasal congestion 6 (35.3) 8 (50.0) 0.308

Bradycardia 2 (11.8) 1 (6.3) 0.523

Chest pain 2 (11.8) 0 (0.0) 0.258

Pleural effusion 2 (11.8) 5 (31.3) 0.174

Depression 2 (11.8) 1 (6.3) 0.523

Aspiration 4 (23.5) 9 (56.3) 0.058

Malaise 1 (5.9) 3 (18.8) 0.277

Hypotension 0 (0.0) 2 (12.5) 0.227

Trach site complication 3 (17.6) 3 (18.8) 0.642

Abbreviations: DVT, deep vein thrombosis; NOS, not otherwise specified; Vt, tidal volume.
aFisher’s exact test.
bNo statistics computed as all subjects in both groups experienced infiltrate/atelectasis.
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