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Abstract
Study design Retrospective cohort study.
Objectives The primary objective of this study was to evaluate safety and efficacy of higher tidal volumes (HVt) compared
to moderate Vt (MVt) in people with spinal cord injury (SCI) admitted to acute inpatient rehabilitation (AIR) facility on
mechanical ventilation via tracheostomy.
Setting AIR facility in the United States.
Methods Eighty-four adults with SCI were divided into MVt group if maximum Vt received in AIR was <15 ml/kg
predicted body weight (PBW) and HVt group if maximum Vt was >15 ml/kg PBW. Primary outcomes were incidence of
pneumonia and composite pulmonary adverse events (pneumonia, weaning failure, or acute care transfers due to respiratory
complications). Secondary outcomes were AIR preweaning days defined as time from AIR admission to beginning of
weaning, weaning days defined as days from start to end of weaning, and AIR ventilator days calculated as days on
ventilator from AIR admission to discharge.
Results MVt was utilized in 50 patients and HVt was utilized in 34 patients. The risk of pneumonia in HVt group was 4.3
times higher [95% confidence interval (CI): 1.5–12] compared to MVt group. Odds of pulmonary adverse events in HVt
group was 5.4 times higher (CI: 1.8–17) compared to MVt group. There was no difference in preweaning days, weaning
days, or AIR ventilator days between the two groups.
Conclusions Our data suggest that HVt is associated with increased risk of pneumonia and higher odds of pulmonary
adverse events in tracheostomized patients with SCI which warrants further investigation.

Introduction

Respiratory failure necessitating mechanical ventilation and
respiratory complications such as pneumonia are the main
causes of morbidity and mortality following acute spinal
cord injury (SCI) [1–5]. The prevention of pneumonia and
reaching ventilator liberation early in the rehabilitation
course not only increases life expectancy, but also improves
functional outcomes, quality of life, and decreases health
care costs [1, 6, 7]. Optimal ventilator settings have been
shown to reduce pneumonia and facilitate early weaning in
people with and without acute respiratory distress syndrome
[8–15]. However, there is a lack of robust research with
regards to optimal ventilator settings to prevent morbidity
and mortality in people with acute SCI.
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Current SCI clinical practice guidelines [16] recommend
high tidal volume (HVt) of >15ml/kg predicted body weight
(PBW) ventilation which is based on a small retrospective
study [17]. Further support for this practice has come from a
recently published small randomized control trial (n= 33) in
subacute SCI comparing Vts of 10 and 20ml/kg PBW, which
did not find a difference in rate of pneumonia and ventilator
weaning days [18]. People with cervical level SCI experience
weakness of inspiratory and abdominal muscles resulting in
hypoventilation and inability to clear secretions. HVt is
recommended to prevent atelectasis and improve lung capa-
city in preparation for ventilator weaning for people with
acute SCI [16, 18]. In the USA, SCI model systems have
adopted these recommendations based on biological plausi-
bility without strong evidence to support benefits. In addition,
there are no studies which investigated long-term outcomes
associated with HVt ventilation in SCI.

In contrast to the SCI recommendations, the Acute
Respiratory Distress Syndrome (ARDS) Network protocol
recommends smaller tidal volume ≤ 6ml/kg PBW and positive
end expiratory pressure (PEEP) to prevent secondary respira-
tory complications and decrease mortality in people with
ARDS, based on robust evidence from multicenter clinical
trials [8, 9, 19]. Following the ARDS Network trial, there have
been several randomized clinical trials (RCTs) conducted in
other diagnoses in which Vt of >8–12ml/kg PBW and <6–8
ml/kg PBW were compared [10–15]. Results from these trials
revealed increased risk of acute lung injury (ALI) and pneu-
monia in HVt groups compared to low Vt groups [10–15].
The presumed mechanism for worsening morbidity with
increased Vt ventilation has been called volutrauma—over-
stretched alveoli from HVt causing ventilator-associated lung
injury and pneumonia. In animals, ventilation with the use of
large Vt caused the disruption of pulmonary epithelium and
endothelium, lung inflammation, atelectasis, hypoxemia, and
the release of inflammatory mediators [20–23].

Because of the risk of injury supported by animal
research and the studies in non-SCI human populations, as
well as the lack of a high level of evidence to support the
ventilator settings in the SCI population, it is prudent
to revisit the recommendations that are being widely
followed. To address this gap in evidence in SCI, we
performed a retrospective cohort study to evaluate the
safety and efficacy of high HVt used in patients with acute
SCI in the rehabilitation setting. The primary hypothesis
was that HVt ventilation would be associated with a higher
incidence of pneumonia and poor respiratory outcomes.

Methods

A retrospective cohort study of patients with acute SCI
who were consecutively admitted to an acute inpatient

rehabilitation (AIR) facility from 2015 to 2019 on
mechanical ventilation with a tracheostomy was conducted.
We performed data collection to measure exposure and
outcomes until final discharge from our AIR hospital. Data
were extracted from the electronic medical records retro-
spectively. Patients were excluded if they only required
nocturnal ventilation, duration of SCI > 1 year, if they had a
diaphragmatic pacer, diagnosis of ARDS, age < 18 years,
required long-term IV antibiotics, severe dysphagia due
to cranial nerve injury, and emergent transfer within 72 h of
admission.

Collected data included age, sex, weight, height, date of
injury, date of admission to AIR, mechanism of injury,
American Spinal Injury Association (ASIA) impairment
scale (AIS), vital capacity at admission and maximum vital
capacity achieved during AIR stay, ventilator settings
including Vt, and discharge location. Patients were retro-
spectively divided into two groups based on the maximum
Vt received, calculated as ml/kg of PBW. People who
received <15 ml/kg PBW were included in moderate Vt
(MVt) group and those who received >15 ml/kg PBW were
included in HVt group. In general, Vt is increased gradually
after admission until a target Vt is achieved which is
determined by attending physician based on atelectasis on
admission x-ray, age, weight, and patient tolerance. They
generally remain on this maximal Vt for the duration of
their mechanical ventilation days in AIR. In instances when
the maximum Vt is not tolerated, the Vt is reduced. Hence,
we defined the Vt as the maximum Vt tolerated, used for the
longest duration for mechanical ventilation.

Ventilator weaning

Ventilator weaning is managed by board-certified SCI
medicine rehabilitation physicians in our institution. Inter-
nal Medicine physicians are consulted on all of our
mechanically ventilated patients. Pulmonologists are avail-
able for consultation on as needed basis. On admission,
ventilators are placed on assist control mode. The tra-
cheostomy cuff is deflated and PEEP is weaned within
1–2 days after admission to AIR. Tidal volumes are
increased at 100–200 ml increments with close monitoring
of peak pressures every 1–2 days. The ventilator weaning
protocol begins once the patient is determined to be medi-
cally stable by the attending physician and satisfies the
following institutional criteria: lung auscultation with clear
or relatively clear breath sounds, vital capacity > 12 ml/kg
PBW measured by Wright’s spirometer via mouth or tra-
cheostomy, chest x-ray clear or stable, arterial blood gas
analysis on room air and without PEEP is within normal
limits, no active infection, hemoglobin > 10 gm/deciliter
and should be tolerating tracheostomy cuff deflation.
The institutional weaning protocol consists of 20 days
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progressive spontaneous breathing which is used as a guide.
Weaning schedule is adjusted sometimes due to respiratory
complications, anxiety, and inability to tolerate protocol.

The primary outcome measure was the incidence of
pneumonia (count data) occurring at least 48 h after
admission to AIR or if diagnosed within 48 h of transfer
from AIR to the acute care hospital due to respiratory
complications [24]. Pneumonia was defined as new or
progressive with persistent infiltrate on chest x-ray plus 2 of
the following: abnormal white blood cell count (<4000 or
>12,000), presence of fever or hypothermia (<36 °C or >38
°C), purulent sputum, or deterioration of gas exchange [24].
We also created a composite binary variable of pulmonary
adverse events consisting of at least one of the following:
pneumonia, transferred to acute care due to respiratory
complications (other than pulmonary embolism), or failed
to wean off ventilator for any duration in spite of vital
capacity of >12 ml/kg PBW. Secondary outcomes included
preweaning days, weaning days, and total ventilator days as
defined below:

(1) AIR preweaning days: Number of days from AIR
admission to start of ventilator weaning. This applies
to only people who were successfully weaned. Days
on ventilator prior to admission to AIR was not
included in this data.

(2) Ventilator weaning days: Number of days from
initiation of weaning to end of weaning (24 h off
ventilator). This applies to only people who were
successfully weaned.

(3) AIR Ventilator days: Ventilator days from time of
AIR admission to AIR discharge. All patients were
included in this analysis.

For the purpose of calculating AIR preweaning days,
weaning days, AIR ventilator days, and AIR admission to
discharge days, we included the days that lapsed due to an
acute care transfer for any acute emergencies during their
stay in AIR facility. In addition, we also collected data on
improvement in vital capacity, peak pressures, discharge
location and AIR admission to discharge days.

Statistical analysis

Descriptive analyses were performed to compare baseline
demographics. Median values with interquartile range
(IQR) or means with standard deviation (SD), when nor-
mally distributed, were used to describe continuous data.
Categorical and ordinal data were reported as totals and
frequencies. Baseline variables and variables of interest
were compared using t test if data were normally distributed
otherwise using Wilcoxon rank-sum test for continuous

variables and chi square for categorical and ordinal vari-
ables. Shapiro–Wilk test was performed to test for normality
for each continuous variable. Multivariable frequentist
regressions were utilized to assess the relationship between
outcomes and exposure (Vt) while adjusting for potential
confounders.

We calculated risk ratios (RR) and 95% confidence
interval (CI) for pneumonia and odds ratio (OR) for the
binary composite outcome for HVt group compared to MVt
group using Poisson regression models [25, 26] and logistic
regression models, respectively.

Negative binomial regression models [25, 26] were fit
separately for secondary outcomes of preweaning days,
ventilator weaning days, and total ventilator days. We
adjusted for age, sex and vital capacity at admission as
potential confounders for analysis of following dependent
variables: pneumonia, composite outcomes, preweaning
days, ventilator weaning days, and total ventilator days.
We used Akaike Information Criterion to compare models.
All associations were reported as RR or OR with 95% CI.
All data analyses were completed using StataCorp. 2015.
Stata Statistical Software: Release 14. College Station, TX:
StataCorp LP. Sample size calculations were not performed
due to lack of information on effect size.

Results

There were a total of 140 patients with SCI who were
consecutively admitted to the AIR facility on mechanical
ventilation from 2015 to 2019. Fifty-six patients were
excluded based on exclusion criteria, leaving 84 tracheos-
tomized patients with acute SCI dependent on mechanical
ventilation at the time of admission (Fig. 1).

For comparison purpose, patients were retrospectively
divided into two groups based on Maximum Vt received in
AIR. There were 50 and 34 patients in the Moderate, and
HVt groups, respectively. No one in this cohort received
low Vt of <6–8 ml/kg PBW [8]. Patients in MVt group
received Vt between 8.4 and 14.9 ml/kg PBW; and HVt
group received 15–20 ml/kg PBW. The mean (SD) tidal
volume for MVt group was 13 (1.3) ml/kg PBW, and for
HVt was 17 (1.4) ml/kg PBW. The 95% CI for MVt group
was 12.7–13.4 and for HVt group was 16.4–17.4 ml/kg
PBW. Demographics and baseline characteristics are com-
pared in Table 1. There were no significant demographic
differences or SCI characteristics between the groups except
for mean tidal volume (p < 0.00). However, patients were
predominantly male. Median age was higher for HVt (43
years) compared to MVt group (33 years), though not sta-
tistically significant (p= 0.2). To account for these differ-
ences at baseline, we adjusted our analysis for age and
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gender. We also included vital capacity at admission to
account for severity of respiratory impairment at admission
to AIR.

Primary outcomes: HVt group had increased incidence
(Table 2) and the risk of pneumonia (Table 3) compared to
MVt group. The risk of pneumonia in HVt group compared
to MVt group was 4.3 times higher (95% CI: 1.5–12). We
also found that higher vital capacity at admission was
associated with lower risk of pneumonia. An increment in
vital capacity on admission by 1 ml/kg PBW was associated
with 10% decreased risk of developing pneumonia (RR:
0.9, 95% CI: 0.83–0.98) (Table 3). Similarly, incidence
(Table 2) and odds of the composite outcome of pulmonary
adverse events were higher in HVt group compared to MVt
group with OR of 5.4 (95% CI: 1.8–17) (Table 3).
Regression analysis with tidal volume as continuous out-
come revealed that for every 1 ml/kg PBW increment in Vt,
risk of pneumonia increased by 28% (RR: 1.28, 95% CI:
1.1–1.6) and odds of the composite outcome of developing
any pulmonary adverse events increased by 42% (OR: 1.4,
95% CI: 1.1–1.8) (Table 4).

Secondary outcomes: Overall, 87% of patients were
successfully weaned off mechanical ventilator with no
significant difference in rates of weaning between two
groups (Table 2). Reason for failure to wean off ventilator
was low vital capacity of <12 ml/kg PBW for all except two
patients in HVt group who failed to wean in spite of vital
capacity of 14 and 35 ml/kg PBW at the time of discharge
from AIR. On review of documentation, anxiety off venti-
lator was interfering with weaning. Median days from time
of SCI to time of admission to AIR facility was similar in
both groups (Table 1).

There was no statistical difference in AIR preweaning
days, ventilator weaning days, or AIR ventilator days

Table 1 Demographic data.

All patients (n= 84) Moderate Vt
(n= 50)

High Vt
(n= 34)

p value

Tidal volume ml/kg PBW,
Mean (SD)

13 (1.3) 17 (1.4) 0.00

VC at admission ml/kg
PBW, Mean (SD)

11 (5.7) 10 (5.7) 0.52

VC at admission in ml,
Mean (SD)

836 (463) 703 (422) 0.19

Age, years (Median, IQR) 33 (21–56) 43 (26–59) 0.2

Time since SCI to AIR
hospital admission in days,
Median (IQR)

22 (17–39) 25 (18–34) 0.58

Male, n (%) 41 (82%) 24 (71 %) 0.2

Smoking history, n (%) 23 (47%) 15 (44 %) 0.8

Concomitant TBI/ CVA,
n (%)

8 (16%) 10 (29%) 0.14

Concomitant thoracic
injuriesa, n (%)

13 (26%) 9 (26%) 0.96

Pneumonia in acute care,
n (%)

46 (92%) 27(79%) 0.09

Admitted to AIR on
antibiotics for ongoing
pneumonia treatment, n (%)

14 (28%) 10 (29%) 0.8

Pneumonia developed within
48 h after admission to AIR

6 (12%) 6 (18%) 0.47

Admitted to AIR on tube
feeding, n (%)

47 (94%) 34 (100%) 0.15

Etiology of injury, n (%)

Vehicular 28 (56%) 19 (56%) 0.09

Falls 7 (14%) 11 (32%)

Violence 10 (20%) 1 (3%)

Medical/surgical
complications

1 (2%) 0 (0%)

Sports 1 (2%) 2 (6%)

Other traumatic injuries 3 (6%) 1 (3%)

AIS

A 30 (60%) 19 (56%) 0.7

B 9 (18%) 7 (20.5%)

C 7 (14%) 7 (20.5%)

D 2 (4%) 0 (0%)

Unknown 2 (4%) 1 (3%)

Neurological level

C1–C3 22 (44%) 11 (32%) 0.4

C4–C6 25 (50%) 22 (65%)

T2–T4 2 (4%) 0 (0%)

Unknown 1 (2%) 1(3%)

aThoracic injuries resulting in pneumothorax, sternal fractures,
hemothorax, pneumo-mediastinum, pulmonary contusion were
included.

Vt tidal volume, SD standard deviation, PBW predicted body weight,
IQR interquartile range, VC vital capacity, AIR acute inpatient
rehabilitation facility, SCI spinal cord injury, TBI traumatic brain
injury, CVA cerebrovascular accident, AIS ASIA impairment scale.

• Only nocturnal ventilation: 15 
• Chronic SCI >1 year since injury: 13 
• Diaphragmatic pace maker: 9 
• Diagnosed with ARDS: 5 
• Age <18 years: 5 
• On prolonged IV antibiotics: 3 
• Dysphagia due to CN injury: 2 
• Transferred within 72 hrs of admission:1 
• Non - traumatic SCI: 3

SCI diagnosis on ventilation 

n=140 

SCI included 
n=84 

Moderate
Vt 

N =50 

High Vt 
N = 34 

Fig. 1 Flow chart with reasons for exclusion. SCI spinal cord injury;
ARDS acute respiratory distress syndrome; CN cranial nerve; Vt tidal
volume.
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between the two groups in either unadjusted or adjusted
regression analysis (Tables 2 and 3). However, higher vital
capacity at admission was associated with lower AIR pre-
weaning and AIR ventilator days (Table 3; Secondary
outcomes). There was no statistical difference in AIR
admission to discharge median days between MVt group
and HVt group (Table 2). In addition, neither ARDS nor
barotrauma occurred in any patients in the two groups.
Median peak pressures were <35 cm H2O for all patients
with slightly lower peak pressures in MVt group compared
to HVt group (median 19 vs. 21, p= 0.00) (Table 2).
Though this difference is statistically significant, it is not
clinically important given that values were below harmful
range. In MVt group, 80% were discharged to home com-
pared to 65% in HVt group (p= 0.04) (Table 2).

Discussion

This is the first study to investigate the association between
tidal volumes on rates of pneumonia and other undesirable
respiratory outcomes in an AIR facility as the primary
outcome. We report findings contrary to the accepted
guidelines for ventilator weaning in SCI. Our data show
higher risk of pneumonia and negative respiratory outcomes
with HVt. Our outcomes suggest that lower tidal volume
ventilation may decrease incidence of pneumonia and
adverse pulmonary events in the SCI patient population.

Many studies revealed that most alveolar cells are cap-
able of producing inflammatory mediators when ventilated
with a large tidal volume (Vt) in ex vivo and in vivo animal

studies [20, 22, 23, 27, 28] and in vitro studies of human
lung cells [29–31]. In vivo human studies suggest that the
use of lower VTs and PEEP may limit pulmonary inflam-
mation in mechanically ventilated patients without pre-
existing lung injury [32] and mechanical ventilation with
high tidal volume induces inflammation in patients without
lung disease [33].

Inflammatory mediators released during volutrauma may
play a role in the development of various mechanical.
ventilation related complications, such as sepsis and
ventilator-associated pneumonia [34].

Pneumonia prevention is of primary importance for
people with acute SCI to decrease morbidity and mortal-
ity. In a large prospective cohort study of the SCI Model
System, pneumonia or postoperative infections suffered
during the initial injury through acute rehabilitation was
associated with reduced gain in ASIA motor scores
recovery when compared to similarly injured people who
did not develop pneumonia [6]. In another prospective
cohort study of the SCI Model Systems (n= 1203)
pneumonia and postoperative wound infection suffered
during the initial injury through to acute rehabilitation was
associated with reduced functional recovery and increased
risk of death seen up to 10 years post-SCI when compared
to similarly injured patients who did not develop pneu-
monia. It is theorized that pneumonia and other infections
shortly after injury leads to worsening neurologic injury
and functional recovery [6, 7]. It is imperative to develop
evidence on optimal ventilator mode and settings to
mitigate the incidence of pneumonia and reduce the time
on the ventilator.

Table 2 Results: unadjusted
analysis.

MVt (n= 50) HVt (n= 34) p value

Episodes of pneumonia, mean (SD) 0.1 (0.36) 0.44 (0.66) 0.00

Composite outcome, n (%) 7 (14%) 15 (44%) 0.00

Success with ventilator weaning, n (%) 45 (90%) 28 (82%) 0.31

AIR preweaning days, Median (IQR) 9 (6–17) 13 (9–19) 0.15

Ventilator weaning days, Median (IQR) 19 (18, 21) 19 (18, 22) 0.9

AIR ventilator days, Median (IQR) 32 (26–39) 35 (26–47) 0.18

AIR admission to discharge days, Median (IQR) 45 (39–68) 49 (38–65) 0.7

Maximum vital capacity in ml gained in AIR, Median (IQR) 750 (500–1300) 875 (400–1300) 0.7

Peak Pressure, Median (IQR) 19 (18–22) 21 (19–24) 0.00

Discharge location, no (%)

Home 40 (80%) 22 (65%) 0.04

Skilled nursing facility 4 (8%) 9 (26%)

Long-term acute care facility 0 (0%) 2 (6%)

Transfer to another AIR 4 (8%) 1 (3%)

Transfer to acute care hospital 2 (4%) 0 (0%)

MVt moderate tidal volume, HVt high tidal volume, IQR interquartile range, AIR acute inpatient
rehabilitation facility.
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Similar to Fenton et al., we did not find a significant
difference in ventilator weaning days between HVt and
MVt groups. In their randomized control study, Fenton
et al. compared tidal volumes of 10 ml/kg PBW and
20 ml/kg PBW in 33 participants with subacute SCI [18].
Importantly, they showed mean ventilator days prior
to initiating weaning was longer in the high tidal volume
group compared to low tidal volume group by nearly
10 days (37.8 days vs. 28.4 days, p= 0.197). We report
a similar increase in mean days to initiate weaning
in the high tidal volume group compared to the
medium tidal volume group. Although not statistically
significant, these are clinically meaningful differences.
We recommend further exploring total days required from
time of admission to AIR to end of weaning (off ventilator
for 24 h) as an outcome in future randomized control
trials.

The existing literature that guides SCI ventilator man-
agement has several limitations and requires further
investigation. In the two studies that compared high and
low Vt in SCI population, there were important limita-
tions. In the study by Peterson et al. [17], they used cur-
rent body weight to calculate tidal volume instead of the
widely recommended PBW [35, 36]. This will likely
cause patients to be misclassified into their respective
groups and cause significant errors in analysis. The Fen-
ton et al. study was limited by underpowered sample size.
Therefore, results from this study should be interpreted
with caution.

Likewise, this retrospective study has several limitations,
primarily hampered by a small sample size and lack of
generalizability due to the single institution setting, as well
as the inherent limitations found in any retrospective study.
Nonetheless, the results question both the safety and
effectiveness of high tidal volume ventilation for patients
with SCI, which concurs with much of the non-SCI litera-
ture. Another limitation was that the median age was older
in the HVt group, although not found to be significant.
Furthermore, the regression models adjusted for age to
account for this difference.

In conclusion, our cohort study suggests that HVt is
associated with increased risk of pneumonia and higher
odds of adverse pulmonary events in tracheostomized
patients with SCI. We believe that further investigation of
higher and lower Vt in a large, well-designed adequately
powered randomized control trial with long-term follow up
data on functional and survival outcomes is warranted to
prevent morbidity. In addition, inflammatory biomarkers
have the potential to identify patients at high risk for
development of mechanical ventilation related complica-
tions. In the future clinical trials, measurement of bio-
markers can guide identification of optimal ventilator
settings for people with acute SCI.Ta

bl
e
3
R
es
ul
ts
:
pr
im

ar
y
an
d
se
co
nd

ar
y
ou

tc
om

es
re
gr
es
si
on

an
al
ys
is
af
te
r
ad
ju
st
in
g
fo
r
po

te
nt
ia
l
co
nf
ou

nd
er
s.

P
ri
m
ar
y
ou

tc
om

es
(t
id
al

vo
lu
m
e
as

bi
na
ry

in
de
pe
nd

en
t

va
ri
ab
le
)

S
ec
on

da
ry

ou
tc
om

es

In
de
pe
nd

en
t
va
ri
ab
le
s

E
pi
so
de
s
of

pn
eu
m
on

ia
C
om

po
si
te

ou
tc
om

e
A
IR

pr
ew

ea
ni
ng

da
ys

W
ea
ni
ng

da
ys

A
IR

ve
nt
ila
to
r
da
ys

R
R

(9
5%

C
I)

p
va
lu
e

O
R

(9
5%

C
I)

p
va
lu
e

R
R

(9
5%

C
I)

p
va
lu
e

R
R

(9
5%

C
I)

p
va
lu
e

R
R

(9
5%

C
I)

p
va
lu
e

H
ig
h
V
t
co
m
pa
re
d
to

m
od

er
at
e
V
t

4.
3
(1
.5
–
12

)
0.
01

5.
4
(1
.8
–
17

)
0.
00

1.
23

(0
.9
–
1.
7)

0.
2

1.
0
(0
.8
9–
1.
2)

0.
77

1.
1
(0
.9
6–

1.
3)

0.
15

A
ge

(p
er

1
ye
ar
)

0.
99

(0
.9
7–

1)
0.
7

0.
99

(0
.9
7–

1.
0)

0.
8

1.
0
(1
.0
–
1.
0)

0.
2

1.
0
(0
.9
9–
1.
0)

0.
17

1.
0
(1
.0
–
1.
0)

0.
43

F
em

al
e
co
m
pa
re
d
to

m
al
es

0.
73

(0
.2
4–

2.
2)

0.
58

0.
48

(0
.1
3–

1.
8)

0.
28

1.
0
(0
.7
–
1.
5)

0.
94

0.
9
(0
.7
7–
1.
1)

0.
2

0.
95

(0
.7
9–

1.
1)

0.
6

V
C

at
ad
m
is
si
on

(m
l
/k
g
P
B
W
),
pe
r
1
m
l

0.
9
(0
.8
3–

0.
98

)
0.
02

0.
91

(0
.8
3–

1.
0)

0.
08

0.
95

(0
.9
2–

0.
98

)
0.
00

0.
99

(0
.9
8–
1.
0)

0.
2

0.
97

(0
.9
6–

0.
98

)
0.
00

M
V
t
m
od

er
at
e
tid

al
vo

lu
m
e,
H
V
th

ig
h
tid

al
vo

lu
m
e,
R
R
ri
sk

ra
tio

,C
I
co
nfi

de
nc
e
in
te
rv
al
,O

R
od

ds
ra
tio

,V
C
vi
ta
lc
ap
ac
ity

,P
B
W

pr
ed
ic
te
d
bo

dy
w
ei
gh

t,
A
IR

ac
ut
e
in
pa
tie
nt

re
ha
bi
lit
at
io
n
fa
ci
lit
y.

Comparing outcomes of mechanical ventilation with high vs. moderate tidal volumes in tracheostomized. . . 623



Data availability

The datasets generated and/or analyzed during the current
study are available from the corresponding author on rea-
sonable request.

Acknowledgements This work would not have been possible without
the financial support of the Department of Physical medicine and
Rehabilitation, McGovern Medical School, The University of Texas
Health Science Center Houston (UTHealth). I am especially thankful
to Dr. Gerard Francisco, Chair of the Department of Physical medicine
and Rehabilitation at UTHealth, who worked actively with me
to provide me with the protected academic time to pursue this
research study.

Funding: The Department of Physical Medicine and Rehabilitation,
McGovern Medical School, The University of Texas Health Science
Center Houston (UTHealth) provided protected research time to
principal investigator/Corresponding author of this paper which
allowed her to conduct this study.

Author contributions RK was responsible for designing the
protocol, conducting the study, screening, extracting and analyzing
data, interpreting results, creating ‘Summary of findings’ tables,
and writing the paper. AS assisted in designing the review protocol.
He contributed to interpreting results and writing the paper.
HUR was responsible for data extraction and providing feedback
on the paper. PJM was responsible for writing protocol, data
extraction and providing feedback on the paper. ECA was respon-
sible for data extraction and providing feedback on the
paper. ECA was responsible for data extraction and providing
feedback on the paper. CP provided input on data analysis methods
and assisted in regression analysis, interpreting results, and
writing paper.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethics Study was approved by University of Texas Health Science
center, Houston institutional review board. Approval number: HSC-
MS-17-0999.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. National Spinal Cord Injury Statistical Center. Spinal cord injury
facts and figures at a glance. Birmingham, AL: University of
Alabama at Birmingham; 2019.

2. Bellamy R, Pitts FW, Stauffer ES. Respiratory complications in
traumatic quadriplegia. Analysis of 20 years’ experience. J Neuro-
surg. 1973;39:596–600.

3. Fishburn MJ, Marino RJ, Ditunno JF Jr. Atelectasis and pneu-
monia in acute spinal cord injury. Arch Phys Med Rehabil. 1990;
71:197–200.

4. Jackson AB, Groomes TE. Incidence of respiratory complications
following spinal cord injury. Arch Phys Med Rehabil. 1994;75:
270–5.

5. Reines HD, Harris RC. Pulmonary complications of acute spinal
cord injuries. Neurosurgery. 1987;21:193–6.

6. Failli V, Kopp MA, Gericke C, Martus P, Klingbeil S, Brommer
B, et al. Functional neurological recovery after spinal cord injury
is impaired in patients with infections. Brain. 2012;135:3238–50.

7. Kopp MA, Watzlawick R, Martus P, Failli V, Finkenstaedt FW,
Chen Y, et al. Long-term functional outcome in patients with
acquired infections after acute spinal cord injury. Neurology.
2017;88:892–900.

8. Acute Respiratory Distress Syndrome N, Brower RG, Matthay
MA, Morris A, Schoenfeld D, Thompson BT, et al. Ventilation
with lower tidal volumes as compared with traditional tidal
volumes for acute lung injury and the acute respiratory distress
syndrome. N Engl J Med. 2000;342:1301–8.

9. Amato MB, Barbas CS, Medeiros DM, Magaldi RB, Schettino
GP, Lorenzi-Filho G, et al. Effect of a protective-ventilation
strategy on mortality in the acute respiratory distress syndrome. N
Engl J Med. 1998;338:347–54.

10. Gu WJ, Wang F, Liu JC. Effect of lung-protective ventilation with
lower tidal volumes on clinical outcomes among patients under-
going surgery: a meta-analysis of randomized controlled trials.
CMAJ. 2015;187:E101–9.

11. Guay J, Ochroch EA. Intraoperative use of low volume ventilation
to decrease postoperative mortality, mechanical ventilation,
lengths of stay and lung injury in patients without acute lung
injury. Cochrane Database Syst Rev. 2015;12:CD011151.

12. Serpa Neto A, Cardoso SO, Manetta JA, Pereira VG, Esposito
DC, Pasqualucci Mde O, et al. Association between use of
lung-protective ventilation with lower tidal volumes and clinical
outcomes among patients without acute respiratory distress syn-
drome: a meta-analysis. JAMA. 2012;308:1651–9.

13. Yang D, Grant MC, Stone A, Wu CL, Wick EC. A meta-analysis
of intraoperative ventilation strategies to prevent pulmonary
complications: is low tidal volume alone sufficient to protect
healthy lungs? Ann Surg. 2016;263:881–7.

Table 4 Primary outcomes:
regression analysis after
adjusting for confounders with
tidal volume as continuous
dependent variable.

Primary outcomes

Risk of pneumonia Composite outcome

RR (95% CI) p value OR (95% CI) p value

Tidal volume in ml/kg PBW (per 1 ml) 1.28 (1.1–1.6) 0.02 1.4 (1.1–1.8) 0.01

Age (per 1 year) 1.0 (0.98–1.0) 0.82 1.0 (0.97–1.0) 0.8

Female compared to males 0.54 (0.17–1.8) 0.3 0.32 (0.07–1.3) 0.12

VC at admission (ml/kg PBW), per 1 ml 0.91 (0.83–0.98) 0.02 0.92 (0.83–1.0) 0.1

RR risk ratio, CI confidence interval, OR odds ratio, VC vital capacity, PBW predicted body weight.

624 R. Korupolu et al.



14. Sutherasan Y, Vargas M, Pelosi P. Protective mechanical venti-
lation in the non-injured lung: review and meta-analysis. Crit
Care. 2014;18:211.

15. Zhang Z, Hu X, Zhang X, Zhu X, Chen L, Zhu L, et al. Lung
protective ventilation in patients undergoing major surgery: a
systematic review incorporating a Bayesian approach. BMJ Open.
2015;5:e007473.

16. Cosortium for Spinal Cord Medicine Respiratory management
following spinal cord injury: a clinical practice guideline for
health-care professionals. J Spinal Cord Med. 2005;28:259–93.

17. Peterson WP, Barbalata L, Brooks CA, Gerhart KA, Mellick DC,
Whiteneck GG. The effect of tidal volumes on the time to wean
persons with high tetraplegia from ventilators. Spinal Cord. 1999;
37:284–8.

18. Fenton JJ, Warner ML, Lammertse D, Charlifue S, Martinez L,
Dannels-McClure A, et al. 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. Spinal
Cord. 2016;54:245.

19. Fan E, Del Sorbo L, Goligher EC, Hodgson CL, Munshi L,
Walkey AJ, et al. An Official American Thoracic Society/Eur-
opean Society of Intensive Care Medicine/society of critical care
medicine clinical practice guideline: mechanical ventilation in
adult patients with acute respiratory distress syndrome. Am J
Respir Crit Care Med. 2017;195:1253–63.

20. Dreyfuss D, Basset G, Soler P, Saumon G. Intermittent positive-
pressure hyperventilation with high inflation pressures produces
pulmonary microvascular injury in rats. Am Rev Respir Dis.
1985;132:880–4.

21. Parker JC, Hernandez LA, Peevy KJ. Mechanisms of ventilator-
induced lung injury. Crit Care Med. 1993;21:131–43.

22. Tremblay L, Valenza F, Ribeiro SP, Li J, Slutsky AS. Injurious
ventilatory strategies increase cytokines and c-fos m-RNA expres-
sion in an isolated rat lung model. J Clin Investig. 1997;99:944–52.

23. Tsuno K, Miura K, Takeya M, Kolobow T, Morioka T.
Histopathologic pulmonary changes from mechanical ventilation
at high peak airway pressures. Am Rev Respir Dis. 1991;143(5 Pt
1):1115–20.

24. Ottosen J, Evans H. Pneumonia: challenges in the definition,
diagnosis, and management of disease. Surg Clin NAm. 2014;
94:1305–17.

25. Coxe S, West SG, Aiken LS. The analysis of count data: a gentle
introduction to poisson regression and its alternatives. J Pers
Assess. 2009;91:121–36.

26. Solis-Trapala IL, Farewell VT. Regression analysis of over-
dispersed correlated count data with subject specific covariates.
Stat Med. 2005;24:2557–75.

27. Mourgeon E, Isowa N, Keshavjee S, Zhang X, Slutsky AS, Liu M.
Mechanical stretch stimulates macrophage inflammatory protein-2
secretion from fetal rat lung cells. Am J Physiol Lung Cell Mol
Physiol. 2000;279:L699–706.

28. Von Bethmann AN, Brasch F, Nusing R, Vogt K, Volk HD,
Muller KM, et al. Hyperventilation induces release of cytokines
from perfused mouse lung. Am J Respir Crit Care Med. 1998;
157:263–72.

29. Dunn I, Pugin J. Mechanical ventilation of various human lung cells
in vitro: identification of the macrophage as the main producer of
inflammatory mediators. Chest. 1999;116(1 Suppl):95S–7S.

30. Pugin J, Dunn I, Jolliet P, Tassaux D, Magnenat JL, Nicod LP,
et al. Activation of human macrophages by mechanical ventilation
in vitro. Am J Physiol. 1998;275:L1040–50.

31. Vlahakis NE, Schroeder MA, Limper AH, Hubmayr RD. Stretch
induces cytokine release by alveolar epithelial cells in vitro. Am J
Physiol. 1999;277:L167–73.

32. Wolthuis EK, Choi G, Dessing MC, Bresser P, Lutter R, Dzoljic
M, et al. Mechanical ventilation with lower tidal volumes and
positive end-expiratory pressure prevents pulmonary inflammation
in patients without preexisting lung injury. Anesthesiology. 2008;
108:46–54.

33. Pinheiro de Oliveira R, Hetzel MP, dos Anjos Silva M, Dallegrave
D, Friedman G. Mechanical ventilation with high tidal volume
induces inflammation in patients without lung disease. Crit Care.
2010;14:R39.

34. Halbertsma FJ, Vaneker M, Scheffer GJ, van der Hoeven JG.
Cytokines and biotrauma in ventilator-induced lung injury: a
critical review of the literature. Neth J Med. 2005;63:382–92.

35. Crapo RO, Morris AH, Clayton PD, Nixon CR. Lung volumes in
healthy nonsmoking adults. Bull Eur Physiopathol Respir. 1982;
18:419–25.

36. Crapo RO, Morris AH, Gardner RM. Reference spirometric
values using techniques and equipment that meet ATS recom-
mendations. Am Rev Respir Dis. 1981;123:659–64.

Comparing outcomes of mechanical ventilation with high vs. moderate tidal volumes in tracheostomized. . . 625


	Comparing outcomes of mechanical ventilation with high vs. moderate tidal volumes in tracheostomized patients with spinal cord injury in acute inpatient rehabilitation setting: a retrospective cohort study
	Abstract
	Introduction
	Methods
	Ventilator weaning
	Statistical analysis

	Results
	Discussion
	Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.Acknowledgements
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




