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Study design: Retrospective review of patient medical records comparing the outcomes of
two groups of individuals with high-level (C3-4) tetraplegia ± those with high-volume and those
with low-volume mechanical ventilation.
Objectives: To determine if higher volume mechanical ventilation contributes to faster
weaning from the ventilator with fewer complications in individuals with ventilator dependent
high-level tetraplegia.
Setting: A Model Spinal Injury Center, located in Colorado, USA, which treats patients
referred from throughout the Rocky Mountain region as well as other states.
Methods: The medical records of 42 individuals with ventilator dependent C3-4 tetraplegia,
admitted consecutively to the Rocky Mountain Regional Spinal Injury System between 1983
and 1993, were reviewed. All had required full-time mechanical ventilation upon admission,
but had successfully weaned by discharge. They were divided into two groups that di�ered
with respect to the ventilator tidal volumes used during their treatment and weaning: a large
volume group (420 mls/kg of body weight) and a smaller volume group (520 mls/kg of body
weight).
Results: Though the two groups were equivalent in neurological level and completeness,
muscular function, initial spontaneous vital capacity, the weaning method used (T-piece), and
®nal spontaneous vital capacity, those in the large tidal volume group successfully weaned an
average of 21 days faster than the lower tidal volume group (37.6 days vs 58.7 days, P=0.02).
They also had signi®cantly less atelectasis (P=0.01) than the lower tidal volume group.
Conclusion: This research suggests that the use of higher ventilator tidal volumes may speed
up the weaning process and lessen respiratory complications. Because of the potential for this
to decrease the length and cost of the rehabilitation programs for persons with high-level
tetraplegia, further large-scale research is needed to verify these single-center ®ndings.
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Introduction

Only since the advent of modern resuscitation
techniques and advanced trauma care have persons
with high level spinal cord injuries begun to survive
their initial injuries. Many of these individuals,
however, require mechanical ventilation to combat
severe respiratory complications or, because of
paralysis of their respiratory musculature, to insure
longer-term survival. Not only has survival among
both groups increased dramatically over the past
several decades,1 but most ventilator dependent
tetraplegics ± as many as 83% in one report ± now
ultimately wean from the mechanical ventilator and
regain the ability to breathe on their own.2,3

However, such respiratory-compromised tetraplegia
survivors frequently present an unparalleled weaning
challenge. The length of time required for them to
become ventilator-free can be protracted ± as long as
14 months in one report,4 up to 8 years in another.5

During this process (regardless of its duration)
rehabilitation and community placement options are
limited, and costly equipment and considerably higher
levels of nursing, respiratory, and other specialized
care are needed.

Not surprisingly there is substantial motivation ±
particularly as our health care systems undergo close
scrutiny and focuses on cost containment ± to shorten
weaning times as much as possible, and many di�erent
techniques have been utilized to facilitate this process.
These include various methods of weaning, the
addition of such auxiliaries as continuous positive
airway pressure (CPAP), positive end expiratory
pressure (PEEP), and pressure support, as well as the
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use of larger ventilator volumes. The latter, however,
has remained a highly controversial therapeutic
approach. Despite some reports of e�cacy,6 ± 8 large
tidal volumes (those greater than 15 ml/kg/body
weight) have been linked to such severe and some-
times irreversible complications as barotrauma,
bronchopleural air leak, pulmonary parenchymal
damage, pulmonary edema, altered hemodynamics,
decreased vital capacity, decreased compliance, and
altered perfusion ratios.9 ± 14

However, these complications are documented
primarily in non-spinal cord injured subjects with
active lung disease or pathology. Moreover, other
researchers have shown that, despite these potential
complications, larger ventilator volumes may be
advantageous in clearing atelectasis15 ± 18 ± a frequent
complication in high level spinal cord injury survivors
and a deterrent to their successful weaning. Clearly,
research speci®cally addressing the weaning process in
spinal cord injured persons is lacking. It was this
paucity of spinal cord injury-speci®c data, as well as
clinical experience at our center which seemed to
suggest a role for gradually increasing, high volume
ventilation, that led to the undertaking of the study
reported here. Its purpose was to determine whether
larger tidal volume settings on ventilators do in fact
contribute to faster weaning from the ventilator and
fewer pulmonary complications in individuals with
tetraplegia.

Methods

The subjects for this study consisted of 42 individuals
with C3-4 tetraplegia consecutively admitted for initial
rehabilitation at the Rocky Mountain Regional Spinal
Injury System (RMRSIS) between 1983 and 1993.
Individuals with complete tetraplegia at the C3 and C4
neurological levels were selected because they represent
a level at which ventilator free breathing is di�cult but
theoretically possible.2,5 Individuals with these levels of
injury were identi®ed by the presence of functional
bilateral trapezius muscle strength (manual muscle test
grades of `fair' or better19), and non-functional distal
musculature (grade `poor' or less19), including both
biceps and deltoids.

All eligible participants required total, 24 h a day
ventilator support upon admission to the RMRSIS,
but had successfully weaned by the time they were
discharged. By examining only those patients who
successfully weaned, it was possible to focus on those
factors which in¯uenced the weaning process itself.

The research design consisted of a retrospective
medical record review comparing two groups of
individuals: those for whom higher ventilator tidal
volumes were used were compared to those for whom
lower tidal volumes were used. To establish the two
groups, ventilator tidal volume settings at two weeks
post admission were used, expressed as milliliters (ml)
per kilogram (kg) of ideal body weight. Ideal rather
than actual body weight was utilized because of the

rapid weight loss and muscular atrophy, especially in
the lower extremities, experienced by many spinal cord
injury survivors.

Those individuals who, at 2 weeks post-admission,
had ventilator inspiratory tidal volumes greater than
20 ml/kg ± a level at which previous research had
shown more rapid clearing of atelectasis10 ± comprised
the higher tidal volume (HTV) group (n=19;
mean=25.3 ml/kg; range=20.3 ± 32.2 ml/kg). The low
tidal volume (LTV) group consisted of 23 individuals
with ventilator inspiratory tidal volumes less
than 20 ml/kg (mean=15.5 ml/kg; range=11.6 ±
19.4 ml/kg). At this 2 week cut-point, the groups did
not di�er signi®cantly with respect to how far along in
the weaning process they were (Table 1).

All members of both groups had been ventilated
with assist/control ventilation, using a decelerating
ramp ¯ow pattern. Rates were typically 10 ± 12
breaths/min, but had been increased in a few cases
to prevent the patient from triggering or overriding the
ventilator, or to minimize patient complaints of
discomfort. Throughout the process, dead space
between the ventilator and the tracheostomy was
adjusted as needed to maintain pCO2 levels between
30 and 35, a range that typically eliminates the
patients' stimulus to trigger the ventilator without
allowing the pCO2 to be too low. Initially, a partial air
leak around the tracheostomy cu� ± created by
de¯ating the cu� fully or partially as tolerated by the
patient ±was used to permit vocalization; as each
individual's weaning progressed, cu�s were de¯ated
for longer periods of time and `trach talks' were used
not only to further enhance vocalization, but to assist
with coughing as well. Typically ± and especially as
long as atelectasis persisted ± tidal volumes were
increased by 100 ml/day (50 ml/day in patients under
168 cm tall) and ¯ow rates were increased by 10 l/min
daily (5 l/min in patients under 168 cm tall), unless
either caused peak pressures to exceed 40 cmH2O. If
the latter occurred, increases were not made. Finally,
in keeping with protocols for ventilator management
at the RMRSIS, positive end expiratory pressure
(PEEP) was not used in either group.20

The frequencies of complications throughout the
hospitalization were tracked by thorough review of the
complete medical record in order to document
occurrences of: new chest tubes, pneumonia, and
adult respiratory distress syndrome (ARDS). The
presence or absence of atelectasis was based on
radiologists' readings of chest X-rays. It was coded
as `new onset' when it appeared in individuals who
had had no atelectasis at the time of admission to the
RMRSIS.

Though speci®c patient readiness to begin weaning
was determined by the attending pulmonologist, a
patient vital capacity of at least 150 ml was generally a
prerequisite. Other key RMRSIS criteria for beginning
and continuing weaning typically included: clear or
improving chest radiographs, stable arterial blood
gases, stable vital signs (especially heart rate and

Efffect of tidal volume on weaning
WP Peterson et al

285



respiratory rate), and freedom from such complica-
tions as excessive secretions and fever. Finally, the
patient had to be emotionally ready to consent to and
embrace the weaning program.21 The weaning process
itself utilized Progressive Ventilator Free Breathing
(PVFB), also referred to as `T-piece' weaning.

With all of the above conditions met, weaning
typically began with removal from the ventilator for
2 min of independent, self-initiated breathing. A
respiratory care professional was present, and at least
one set of parameters were obtained during the wean,
including: forced vital capacity, tidal volume, respira-
tory and heart rate, oxygen saturation, minute volume,
negative inspiratory pressure, and end tidal CO2

(ETCO2). The regular protocol called for three weans
per day, with wean durations (5 mins; 10 mins;
20 mins; 30 mins; 1 h; 2 h; 3 h) being increased every
1 ± 3 days, dependent upon the above values and
patient comfort and success. Further progression
called for 4 and 5 weans twice daily, followed by
12 h of ventilator free breathing in a 24 h period,
which was then further increased by 2 h every 1 ± 3
days until complete freedom from the ventilator was
achieved.

While the individuals included in this study were
not prospectively randomized into treatment condi-
tions, the two groups were compared on a variety of
factors and were found to be equivalent on several
important criteria. In addition to their similar
neurologic and functional pro®les, both groups were
admitted with almost identical spontaneous vital
capacities, averaging about 0.7 l. With respect to
several other key variables, they were also similar.
There were no signi®cant di�erences with respect to
gender. Five of the 42 participants were women; four
of these were in the HTV group (P=0.096). The two
groups also did not di�er with respect to mean age or
duration of injury, as is illustrated in Table 1. To
establish the signi®cance of these di�erences ± and to
analyze the study's results ± independent sample two-
tailed t-tests for comparing means, and Chi squares
for comparing frequencies, were used.

Results

The HTV group achieved signi®cantly faster weaning
times (37.6 days vs 58.7 days; P=0.02). This 21 day
di�erence was observed despite the fact that both

Table 1 Comparison of group characteristics and outcomes

Low tidal volume group (n=23) High tidal volume group (n=19)

Mean Range
Standard
deviation Mean Range

Standard
deviation P=

Age at admission to RMRSIS
Duration of injury, at admission

to RMRSIS
Spontaneous vital capacity

At admission
At end

Ventilator tidal volume
At DC from referring hospital
Day 1 at RMRSIS
2 weeks at admission to RMRSIS

Peak ventilator ¯ow rates
Day 1 at RMRSIS
2 weeks at admission to
RMRSIS

Peak pressure
Dynamic compliance
Days until wean started
Time from admission to wean
% of participants with atelectasis

At admission to RMRSIS
At start of wean
2 weeks at admission to
RMRSIS

Onset new atelectasis, in those
who were clear at admission

Complications
Pneumonia at RMRSIS admission
New diagnosis of pneumonia
Chest tubes
ARDS

29 years
56.0 days

0.63 l
1.5 l

0.95 l
1.01 l
1.18 l

70.0 l/min
76.30 l/min

28.83 cmH2O
42 ml/cmH2O

8 days
58.7 days

39% (n=9)
48% (n=11)
52% (n=12)

86% (12 of 14
persons)

9% (n=2)
13% (n=3)

0
4% (n=1)

15 ± 59
0 ± 117

0.18 ± 1.5
0.70 ± 2.50

0.65 ± 1.20
0.60 ± 1.20
0.85 ± 1.70

60 ± 90
52 ± 125

18 ± 35
29 ± 60
1 ± 23
15 ± 118

11.86
31.88

0.34
0.50

0.19
0.16
0.19

8.53
18.41

5.09
8.07
6.99
33.03

31 years
48.6 days

0.70 l
1.5 l

0.92 l
1.08 l
1.73 l

74.4 l/min
91.11 l/min

35.2 cmH2O
50 ml/cmH2O
4.82 days
37.6 days

84% (n=16)
53% (n=10)
16% (n=3)

33% (1 of 3
persons)

5% (n=1)
5% (n=1)
5% (n=1)

0

16 ± 60
14 ± 178

0.15 ± 2.4
0.65 ± 2.30

0.60 ± 1.90
0.60 ± 2.00
1.10 ± 2.2

50 ± 120
60 ± 120

28 ± 45
29 ± 75
0 ± 27
5 ± 85

13.85
6.30

0.55
0.53

0.31
0.31
0.31

14.64
19.61

5.11
11.7
7.63
21.38

0.70
0.50

0.63
0.56

0.75
0.38

50.001

0.231
0.02

50.001
0.013
0.19
0.02

0.003
0.80
0.01

0.05

0.67
0.39
0.27
0.36
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groups had equivalent tidal volumes at the beginning
of their rehabilitation programs, weaned using the
same methodology (PVFB), and increased their
spontaneous vital capacities to nearly identical levels
by the time weaning had been completed (approxi-
mately 1.5 l on average).

There also were di�erences in the frequency of
atelectasis, with the two groups di�ering considerably
at several points throughout the study. At admission
to the RMRSIS, 39% of the patients who became the
LTV group had atelectasis documented on chest X-ray
®lms compared with 84% of those who ended up in
the higher volume group (P=0.002). By the start of
each individual's weaning process, approximately half
of both groups had atelectasis (48% of LTV group,
53% of HTV group), but by 2 weeks after admission
the rate of atelectasis had reversed so that the lower
volume group now had more atelectasis (52%)
compared with 16% of the HTV group (P=0.01)
(Table 1).

The higher volumes not only appeared to clear
atelectasis more quickly but also to prevent the new
onset of atelectasis. While 86% of the LTV group-
members who had not had atelectasis upon admission
to the RMRSIS developed new atelectasis during their
admission, only 33% of the HTV group developed the
new onset of atelectasis (P=0.05; Table 1). There were
relatively few other respiratory complications as well.
In the HTV group there were three: one individual
required chest tubes subsequent to pneumothorax
which occurred after placement of a subclavian
catheter; two individuals had pneumonia ± one upon
admission to the RMRSIS, one during the hospital
stay. In the LTV group six individuals had complica-
tions: there was one case of ARDS, and ®ve
pneumonias, two which were present upon admission
and three of which developed during the RMRSIS
hospital stay.

Finally, the two groups di�ered signi®cantly in their
average peak pressure. Peak pressures for the LTV
group averaged 28.8 cmH2O while the higher volume
group averaged 35.4 cmH2O (P50.001). Additionally,
as Table 1 shows, average dynamic compliance for the
lower volume group was 41 ml/cmH2O, compared
with 50 ml/cmH2O for the HTV group.

Discussion

Clearly, the time required to wean from the mechanical
ventilator was shorter and atelectasis rates were lower
in the group for whom high ventilator volumes were
used. While the patients who entered the high volume
group had more initial atelectasis, their group
demonstrated quicker clearing of existing atelectasis ±
with no evidence of barotrauma ± and better prevention
of new onset atelectasis. The resultant 3 week
di�erence in weaning time translates into substantial
savings in health care costs.

Although it seems very likely that ventilator tidal
volume accounted for the di�erence between the two

groups ±which were equivalent with respect to
weaning methodology and initial tidal volumes and
peak ¯ow rates ± it is still di�cult to determine the true
cause of the high volume group's better outcomes.
Perhaps larger tidal volumes give paralyzed patients
more expanded lung to work with. This could be
re¯ected by the observed increases in lung compliance
and the decreased rates of atelectasis. Indeed, as larger
volumes recruit additional lung elements and as
atelectasis decreases, improved compliance may lead
to a greater ease of breathing and to greater success in
weaning. On the other hand, perhaps the higher
pressures ± occurring subsequent to the larger volumes
and faster ¯ow rates ± were in fact responsible for the
rapid clearing of atelectatic lungs rather than the
higher volumes themselves. Finally, the gradual
approach to increasing volume may have played a
key role. Perhaps, by allowing surfactant production
to keep pace, re-expanded lung areas are protected
from barotrauma and other insults while the
simultaneously improving compliance eases the act of
breathing and facilitates weaning. Moreover, by using
greater lung in¯ation (through large tidal volumes)
and maximizing de¯ation (by not using PEEP),
perhaps the stretching of type II alveolar cells is
maximized, stimulating the release of surfactant. In
any case, this research does suggest that the
physiological processes that often contraindicate the
use of high ventilator volumes in non-spinal cord
injured people who have diseased lungs or impaired
respiratory systems may not be the same in individuals
with high-level, otherwise uncomplicated tetraplegia.
Certainly, many factors make the individual with
tetraplegia di�erent. Tetraplegics di�er from other
patients, for example, in the paralysis of their
intercostal, and in some cases, their diaphragmatic
muscles, which makes them highly susceptible to
atelectasis.8 Atelectasis responds to higher ventilator
volumes, probably because of the combination of
enhanced release of surfactant which prevents further
alveolar collapse,15 ± 17 and the recruitment of addi-
tional lung elements.18 Moreover, tetraplegics spend
much of their time supine, a position that reportedly
requires larger ventilator volumes to insure ventilation
and perfusion of basilar lung regions and further
prevent atelectasis and respiratory complications.6

The ®ndings of this research are clouded somewhat
by the fact that there were not wide di�erences in the
volumes used with the LTV and HTV groups. Not
only did the LTV group include individuals whose
ventilator volumes were still relatively high, but there
were no participants in this study who were treated at
the RMRSIS with volumes at or below the 10 ml/kg
recommended by Bezzant and Mortensen.9 This was
due, in large part, to the previous research at the
RMRSIS demonstrating that larger volumes are
associated with more rapid clearing of atelectasis.8

As a result of this research, larger ventilator volumes
have been an established standard of care by all
pulmonologists at the RMRSIS.

Efffect of tidal volume on weaning
WP Peterson et al

287



Another limitation of this study is that many
subjects came to the RMRSIS from other hospitals;
thus, consistent information for the coding of both
pre-injury and pre-RMRSIS characteristics and
complications was not available. Also, because this
study was conducted retrospectively, its two study
groups were not randomly assigned. However, all
subjects did have equivalent neurological levels and
equivalent initial and ®nal vital capacities, indicating
equivalent weaning potential. Indeed, if any bias
existed, it should logically have favored the low
volume group with its initially lower incidence of at
least one complication that signi®cantly deters
successful weaning ± atelectasis. Other complications,
like pneumonia, ARDS and pneumothorax, were few
and di�erences between the two groups were not
signi®cant.

A ®nal limitation of this study relates to the size of
its sample. Although the RMRSIS attracts high level
tetraplegics from throughout the US and the world,
the number of individuals sustaining this catastrophic
injury are relatively small. Clearly, further multi-center
research involving larger numbers of patients is
indicated so respiratory weaning protocols, like the
one described here, can be tested and evidence of the
role of high volumes in clearing and preventing
atelectasis can be further examined.
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