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Abstract

Background: Prolonged need for mechanical ventilation greatly impacts life expectancy of patients after spinal cord
injury (SCI). Weaning outcomes have never been systematically assessed. In this systematic review and meta-analysis,
we aimed to investigate the probability of weaning success, duration of mechanical ventilation, mortality, and their
predictors in mechanically ventilated patients with SCI.

Methods: We searched six databases from inception until August 2021 for randomized-controlled trials and observa-
tional studies enrolling adult patients (> 16 years) with SCl from any cause requiring mechanical ventilation. Titles and
abstracts were screened independently by two reviewers. Full texts of the identified articles were then assessed for
eligibility. Data were extracted independently and in duplicate by pairs of authors, using a standardized data collec-
tion form. Synthetic results are reported as meta-analytic means and proportions, based on random effects models.

Results: Thirty-nine studies (14,637 patients, mean age 43) were selected. Cervical lesions were predominant (12,717
patients had cervical lesions only, 1843 in association with other levels'lesions). Twenty-five studies were conducted in
intensive care units (ICUs), 14 in rehabilitative settings.

In ICU, the mean time from injury to hospitalization was 8 h [95% Cl 7-9], mean duration of mechanical ventilation

27 days [20-34], probability of weaning success 63% [45—78] and mortality 8% [5-11]. Patients hospitalized in rehabili-
tation centres had a greater number of high-level lesions (C3 or above), were at 40 days [29-51] from injury and were
ventilated for a mean of 97 days [65—-128]; 82% [70-90] of them were successfully weaned, while mortality was 1%
[0-19].

Conclusions: Although our study highlights the lack of uniform definition of weaning success, of clear factors associ-
ated with weaning outcomes, and of high-level evidence to guide optimal weaning in patients with SCI, it shows that
around two-thirds of mechanically ventilated patients can be weaned in ICU after SCI. A substantial gain in weaning
success can be obtained during rehabilitation, with additional duration of stay but minimal increase in mortality. The
study is registered with PROSPERO (CRD42020156788).
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Background
Spinal cord injury (SCI) is a dramatic and life-changing
event. The prevalence of traumatic SCI was reported to
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45 years of age, the majority of which being between the
age of 16 and 30 [3, 4]. When the origin is non-traumatic,
the most common causes are age-related conditions,
including tumors, vascular/inflammatory diseases, and
degenerative affections [5, 6].

It is estimated that more than 90% of all traumatic cer-
vical SCIs require intubation, a majority of them require
a tracheostomy, and up to 40% of the patients with com-
plete cervical lesions remain ventilator-dependent [7, 8].
Despite many advances in the management of patients
with SCI, mortality for individuals who are ventilator-
dependent remains very high [9, 10]. Life expectancy
largely depends on the possibility to wean them off the
ventilator, as do health care expenses and quality of life
[4, 11, 12].

Despite the crucial role of mechanical ventilation,
studies looking at specific approaches to weaning from
mechanical ventilation in SCI are scarce and published
research on the topic mainly consists of retrospective
observational studies and small case series [13]. The
existing guidelines on respiratory management after SCI
are mainly focused on non-critically ill patients [14, 15].
The probability of weaning success remains difficult to
predict; no previous systematic review or meta-analysis
has been conducted on the topic, and no societal guide-
lines or recommendations on weaning are available for
this population [16].

Our aim was to investigate the probability of wean-
ing success, duration of mechanical ventilation, mortal-
ity, and their predictors in mechanically ventilated adult
patients with SCIL.

Methods

We conducted this review in accordance with the Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses [17]. The protocol was registered in the
International Prospective Register of Systematic Reviews
(PROSPERO; CRD42020156788). Ethics approval was
not required because all study data had been previously
published and, in this study, we did not include any indi-
vidual patient data.

Eligibility criteria, literature search, study selection

We conducted a systematic literature search from incep-
tion to August 2021 to identify studies enrolling adult
patients (> 16 years of age) with SCI (at any level and
from any cause, including traumatic and non-traumatic)
who required mechanical ventilation, and evaluating
at least one of the 3 following key outcomes: probabil-
ity of weaning success, duration of mechanical ventila-
tion, or mortality. Studies enrolling both ventilated and
non-ventilated subjects were included if characteristics
and outcomes of ventilated subjects could be extracted
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separately, or if non-ventilated subjects represented a
minority (<20%) of the study population. Case reports
and case series with fewer than 10 participants were
excluded. Studies enrolling>20% of subjects under
16 years of age whose outcomes were not separable from
the remaining study population were also excluded,
according to usual recommendations [18].

The following six electronic bibliographic databases
were searched using a comprehensive search strategy
developed by one of the authors (DL), an information
specialist who has expertise in database searching: OVID
Medline, CINAHL, the Cochrane Central Register of
Controlled Trials and the Cochrane Database of System-
atic Reviews, Ovid Embase and Scopus (Additional file 1:
Appendix S1).

Outcomes
The primary outcome was the probability of weaning
success (complete and partial liberation from the venti-
lator). The secondary outcome was either time to reach
liberation from the ventilator or duration of mechanical
ventilation, according to each study analysis. Additional
secondary outcomes included mortality at any time
point, intensive care unit (ICU) or rehabilitation unit
lengths of stay (according to each study setting), hospi-
tal length of stay, and probability of tracheostomy and
decannulation. Factors associated with the probability of
weaning-related outcomes (weaning success and dura-
tion of mechanical ventilation) were also assessed.
Studies conducted in ICUs and studies conducted in
rehabilitation units were analyzed separately, given the
differences in these study settings.

Data extraction and quality assessment

Each title and abstract were screened independently by
two reviewers. Full texts of all the articles identified as
relevant by either reviewer were then assessed for eligi-
bility. Pairs of authors, independently and in duplicate,
reviewed and selected studies meeting inclusion crite-
ria and extracted data using a standardized data collec-
tion form (Additional file 2: Appendix S2). Consensus on
extracted data was reached by discussion, and disagree-
ments were resolved by arbitration with a third author.
The same authors evaluated the quality of included stud-
ies using the Newcastle—Ottawa Scale [19, 20].

Statistical analysis
The complete statistical analysis is detailed in the Supple-
mental Digital Content.

For each study mean values and standard deviations
(SDs) were preferred where available. In their absence,
available measures including medians, ranges and 1st—
3rd quartile intervals (Q1-Q3) were used to estimate
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sample means and SDs [21, 22]. For studies reporting
values for subgroups only, the overall estimates were
computed according to the Cochrane handbook guide-
lines [23].

The R package “meta” was used for all meta-analytic
computations and plotting [24]. Synthetic results are
reported as meta-analytic means for continuous vari-
ables, and both as crude proportions and meta-analytic
proportions, for categorical variables. To incorporate
between-study heterogeneity [25], all analyses were
performed using random effects models [26].

A 95% study confidence interval (95% CI) was evalu-
ated for all characteristics and outcomes through the
standard normal distribution for meta-analytic means
and according to the Clopper—Pearson method for
meta-proportions [27]. Study weights were gener-
ated using the inverse variance method. Heterogene-
ity among studies was assessed by visual inspection of
the forest plots, using the I? statistic (threshold level for
significant heterogeneity: > 50%), Cochran’s Q and the
Chi-squared test for homogeneity (significance level for
heterogeneity: p <0.1)[28].
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Predefined subgroup analysis (significance level
a=0.05) was performed dividing studies conducted in
ICUs vs rehabilitative settings.

All statistical analyses were performed using R (version
4.0.3) [29].

Results

Literature search and study characteristics

The search strategy identified 4443 records that were
screened for eligibility. Eighty-two full-text articles were
assessed and 43 were excluded (Fig. 1). Thirty-nine stud-
ies were finally included in the systematic review.

The characteristics of the studies are reported in Addi-
tional file 1: Tables S1 and S2. The majority of the stud-
ies (26, 67%) were published in SCI or trauma journals, 7
(18%) in surgical journals, 4 (10%) in rehabilitative and 3
(8%) in critical care/general medicine journals. Six stud-
ies were multicentric [30-35], 33 were conducted at a
single site [8, 12, 36—66]. Most studies were conducted
either in Level I [8, 37, 42, 46, 57, 61, 63, 66] or in unspec-
ified trauma/SCI treatment centers [12, 31, 35, 36, 38, 39,
41, 43, 47, 48, 50-52, 55, 59, 62, 65]. Twenty-five stud-
ies were run in ICUs [12, 30-33, 35-44, 46, 57, 59-62,
64—66], 14 in rehabilitative settings [34, 45, 47—-56, 58, 61]
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Fig. 1 Flowchart of the study selection process according to PRISMA (www.prisma-statement.org)
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(Additional file 1: Table S1). In 8 studies the cause of the
injury was not specified [33, 43, 47, 49, 51, 53, 54, 58], all
the remaining studies enrolled traumatic SCI patients, 2
of them [55, 61] enrolled both traumatic and a few non-
traumatic patients, whose outcomes were not separable.
Among the studies focusing on traumatic SCI, 6 excluded
patients with concomitant traumatic brain injury [30, 32,
40, 60, 62, 66], 1 excluded patients with multiple spinal
cord lesions [65] and 1 excluded patients with concomi-
tant extra-spine lesions [33].

Quality of included studies is reported in Additional
file 1: Table S3.

A total of 14,637 patients were enrolled (13,763 in ICU,
874 in rehabilitation units), 80% of them were male and
their mean age was 43 years [95% CI 41-45]. The mean
time from injury to hospitalization was 8 h [95% CI 7-9]
for studies conducted in ICU, 40 days [95% CI 29-51]
for studies performed in rehabilitative units (Additional
file 1: Tables S1, S4). Compared to patients hospitalized
in ICU, patients admitted to rehabilitation units were
more frequently male (84% vs 79%, p=0.029), had more
assault lesions (11% vs 1%, p<0.0001), and more high-
level (C3 or above compared to C4 or below) lesions (55%
vs 14%, p=0.0003). Other baseline characteristics of
patients enrolled in each ICU or rehabilitative study are
summarized in Additional file 1: Table S4.

Primary outcome: probability of weaning from mechanical

ventilation after SCI

Twenty-four studies (10 conducted in ICU and all the 14
studies conducted in rehabilitative wards) assessed the
probability of complete liberation, and 6 the probability
of partial liberation from the ventilator (Additional file 1:
Table S2). The crude and meta-analytic proportions of
complete and partial weaning are reported in Table 1
and Fig. 2. 63% [45-78%)] of the patients hospitalized in
ICU were completely separated from the ventilator; 72%
[51-86%] of the patients admitted to a rehabilitative ward
were completely, and 82% [70-90%] were either com-
pletely or partially liberated from the ventilator.

Most studies provided no definition of weaning suc-
cess/failure, and studies that reported it widely differed in
their criteria; when the definition of partial weaning was
provided, analogous variability was also present (Addi-
tional file 1: Table S5). The majority of the studies did
not mention the use of any weaning protocol [8, 12, 31,
33, 34, 42, 47, 49, 52, 57, 61]; two studies mentioned the
use of a protocol without specifying it [48, 64]. For the
remaining 10 studies, the most frequently weaning pro-
tocol was a progressive increase in ventilator-free breath-
ing, with mild variations among the studies, including
unassisted breathing until tired or graded time off the
ventilator [45, 50, 58, 65]; unassisted breathing alternated
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to periods of intermittent mandatory ventilation, con-
tinuous positive airway pressure [43] or pressure support
ventilation [46, 51, 56]; non-invasive ventilation with the
tracheostomy sealed [53-56]. Only 2 studies provided
information on the number of patients requiring one/two
or more than two weaning attempts [16, 65], and only 3
studies reported the number of patients failing extuba-
tion [31, 57, 65].

The application of rehabilitation protocols was men-
tioned in 5 studies and involved respiratory and physical
rehabilitation [46, 56, 60], respiratory therapy [65] and
respiratory muscle training [45].

Secondary outcomes

The number of mechanical ventilation days was assessed
in 14 ICU and 8 rehabilitative studies; the probability of
tracheostomy in 27 studies (19 in ICU, 8 in rehabilita-
tion), of which 10 (3 in ICU) assessed the probability of
decannulation. Incidence of pneumonia was evaluated
in 14 ICU and in 7 rehabilitation studies, mortality in 25
(20 ICU and 5 rehabilitation) studies (Additional file 1:
Table S2).

In ICU, the mean duration of mechanical ventilation
was 27 days, length of stay 23 days, hospital stay 44 days.
81% of patients were tracheostomized and 30% of them
were decannulated. Incidence of pneumonia and mortal-
ity were 40% and 8%, respectively (Figures 3 and 4, Addi-
tional file 2: Figure S1, Additional file 3: S2, Additional
file 4: Figure S3, Additional file 5: Figure S4. Additional
file 6: Figure S5, Table 1).

Patients hospitalized in rehabilitation centres were
ventilated for a mean of 97 days (including duration of
mechanical ventilation prior to admission and during
the stay in rehabilitation, Fig. 3) and stayed in the unit
for 78 days. All patients were tracheostomized and 83%
of them were decannulated; 36% developed pneumo-
nia, and less than 1% died (Fig. 4, Additional file 2: Fig-
ure S1, Additional file 3: S2, Additional file 3: Figure S3,
Additional file 5: Figure S4. Additional file 6: Figure S5,
Table 1).

Predictors of weaning and duration of mechanical
ventilation

Variables identified as predictors of weaning failure
and duration of mechanical ventilation across the stud-
ies are reported in Additional file 1: Tables S6 and S7,
respectively. Among all the variables considered as pre-
dictors in the different studies, we reported those that
we considered clinically relevant to the outcome. A high
number of comorbidities, high Injury Severity Score,
high-level lesions (C1-C3 vs C4—C7), elevated heart rate,
and presence of tracheostomy appeared to be associated
with increased odds of weaning failure. Shorter time to
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Table 1 Main outcomes after injury
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Outcomes after Means and Overall ICU (n=13,763) Rehab unit Number of Subgroup differences
injury proportions (n=14,637) (n=2874) studies
p-value’ p-value®
(excluding Branco
et al. and Anand
etal.)
Weaning success, Crude 1299/1942 674/1068 (63.1%) 625/874 (71.5%) 24 (104 14)
n (%) (66.9%)
Meta-analytic 67.8% [54.2-79%] 63.1% [45.2— 71.5%[51.1- 0.5059 -
77.9%)] 85.8%]
Partial weaning, Crude 75/195 (38.5%) 2/44 (4.5%) 73/151 (48.3%) 6(1+5)
n (%) Meta-analytic 31.9% [74-733%] 4.5% [1.1-164%] 43.3%[11.1- 00582 -
82.4%])
Partial or total Crude 1351/1942 676/1068 (63.3%) 675/874 (77.2%) 24 (10+14)
weaning, n (%) (69.6%)
Meta-analytic 754% [63.9- 63.7% [45.6—- 82.3% [69.6— 0.0610 -
84.1%] 78.6%)] 90.4%])
Tracheostomy, Crude 8344/13371 8142/13165 202/206 (98.1%) 27 (19+38)
n (%) (62.4%)* (61.8%)*
Meta-analytic 93.9%* [77.2- 80.9% [51.4- 100% [9.1-100%)] 0.2201 0.1829
98.6%] 94.4%])
Decannulation, Crude 150/291 (51.5%) 33/131 (25.2%) 117/160 (73.1%) 103+7)
n (%) Meta-analytic 69.4% [39.3 30% [10.9-60.1%]  82.9% [53-95.4%] 00135 -
88.8%]
Duration of Meta-analytic 30.9 [24.8-37.1] 26.91[19.8-34.1] 46.1 [28.3-63.9] 22 (1448) 0.0503 0.0850
mechanical venti- 269[198-341]1 965 [65.1-127.8]° 22(14+8) <0.0001 <0.0001
lation, days
ICU/rehab days Meta-analytic 25.7[20.2-31.2] 22.9[173-28.6] 783[49.1-107.6] 22 (20+2) 0.0003 0.0003
Hospital days Meta-analytic 44 [37.3-50.7] 44 [37.3-50.7] - 13(13+0) - -
Pneumonia, n (%) Crude 814/1927 (42.1%) 738/1630 (45.3%) 76/297 (25.6%) 21 (1447)
Meta-analytic 38.3% [25.7- 40.0% [27 4— 35.5%[11.3- 0.8132 -
52.8%] 54.0%) 70.5%]
Mortality, n (%) Crude 1223/13756 1210/13331 13/425 (3.1%) 25 (204+5)
(8.9%) (9.1%)
Meta-analytic 6.3% [4.1-9.6%)] 77%[52-112%] 0.8% [0-18.5%)] 0.1751 0.1825

Meta-analytic means and proportions were computed through the “metamean” and “metaprop” functions (R package “meta”), respectively

" Crude and meta-analytic proportions differed appreciably because of the very large sample size of one of the included studies, Branco et al. [32] (5256 patients,
weighting for 73% of the total in the crude calculation), which enrolled patients with very low prevalence of tracheostomy (21%) and whose weighting in the pooled

meta-analytic result was more comparable with those of the other studies

# p-values yielded by the subgroup analyses: ICUs vs rehabilitation units with and without Branco et al. [32] and Anand et al. [35]

$ Including duration of mechanical ventilation prior to admission and during the stay in rehabilitation

admission to a specialized SCI center, high-level lesions
(C1-C4 vs C5-C8), complete lesion, low tidal volume
and high positive end-expiratory pressure within 24 h
from admission, and presence of tracheostomy were
associated to a longer duration of mechanical ventilation.

Heterogeneity and sensitivity analysis
Data regarding heterogeneity among studies and in each
subgroup are reported in Additional file 1: Table S8.

The post hoc sensitivity analysis excluding the two larg-
est studies (Branco et al. [32], 5256 patients and Anand
et al. [35], 5980 patients) did not show any difference in
the duration of mechanical ventilation, proportion of

tracheostomy, ICU or hospital length of stay, or mortal-
ity (Table 1, Additional file 7: Figures S6, Additional file 8:
Figure S7, Additional file 9: Figure S8, Additional file 10:
Figure S9, Additional file 11: Figure S10).

Due to a lack of studies reporting separate outcome
data, we were unable to perform additional subgroup
analyses considering the level and cause (traumatic vs
non-traumatic) of spine lesion to predict the outcomes of
interest. However, among the overall patients included in
our study, 12,717 (87%) were retrieved by studies dealing
with cervical lesions only, and of the remaining patients
with mixed lesions, 1365 out of 1843 still had cervical
lesions (Additional file 1: Table S4). Therefore, a potential
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Study Events Total Proportion 95%-Cl
Richard-Denis et al, 2018 13 81 — 0.160  [0.088; 0.259]
Call etal, 2011 59 80 — 0.738 [0.627; 0.830]
Kornblith et al, 2013 247 344 - 0.718 [0.667; 0.765]
Como et al, 2005 18 45 —— 0.400  [0.257;0.557]
Yu etal, 2015 54 73 —— 0.740 [0.624; 0.835]
Liebscher et al, 2015 36 37 —=® 0973 [0.858; 0.999]
Watt et al, 2011 134 189 —— 0.709 [0.639; 0.773]
Jones et al, 2015 76 163 —— 0.466  [0.388; 0.546]
Raurich et al, 2014 5 12 —_— 0.417 [0.152; 0.723]
Gardner et al, 1986 32 44 — 0.727 [0.572; 0.850]
—_—
Gundogdu et al, 2016 7 10 0.700  [0.348;0.933]
Chiodo et al, 2008 13 29 —— 0.448 [0.264; 0.643]
Fiissenich et al, 2018 131 165 — 0.794  [0.724; 0.853]
Zakrasek et al, 2017 30 36 — 0.833  [0.672; 0.936]
Kim et al, 2018 46 67 —— 0.687 [0.562; 0.794]
Atito-Narh et al, 2008 13 13 —&  1.000 [0.753; 1.000]
Peterson et al, 1999 42 42 —& 1.000 [0.916; 1.000]
Wicks et al, 1986 76 134 —— 0.567 [0.479; 0.652]
Toki et al, 2019 1 14 84— 0.071 [0.002; 0.339]
Kim et al, 2017 16 43 —— 0.372  [0.230; 0.533]
Wong et al, 2012 14 24 —— 0.583  [0.366; 0.779]
Wallbom et al, 2005 30 33 — 0.909 [0.757; 0.981]
Bach et al, 1991 10 34 —— 0.294 [0.151; 0.475]
Fuhrer et al, 1987 196 230 - 0.852  [0.800; 0.895]
—_—
Random effects model 1942 — 0.678  [0.542; 0.790]
Heterogeneity: /2 = 90%, 12, = 230.52 (p < 0.01)
02 04 06 08 1
Weaning Success (Proportion)
been described in the Methods. Cl: confidence interval

Study Events Total Proportion 95% CI

Gundogdu et al, 2016 8 10 — 0.800 [0.444; 0.975]
Chiodo et al, 2008 13 29 —— 0.448  [0.264; 0.643]
Fussenich et al, 2018 131 165 — 0.794 [0.724; 0.853]
Zakrasek et al, 2017 33 36 —— 0.917 [0.775; 0.982]
Kim et al, 2018 46 67 —— 0.687 [0.562; 0.794]
Atito-Narh et al, 2008 13 13 ———& 1.000 [0.753; 1.000]
Peterson et al, 1999 42 42 —a&  1.000 [0.916; 1.000]
Wicks et al, 1986 82 134 —— 0.612 [0.524; 0.695]
Toki et al, 2019 1 14 — 0.786 [0.492; 0.953]
Kim et al, 2017 4 43 —& 0953 [0.842;0.994]
Wong et al, 2012 15 24 —— 0.625  [0.406; 0.812]
Wallbom et al, 2005 30 33 — 0.909  [0.757; 0.981]
Bach et al, 1991 14 34 —— 0.412 [0.246; 0.593]
Fuhrer et al, 1987 196 230 - 0.852 [0.800; 0.895]

—_—
Random effects model 874 —— 0.823 [0.696; 0.904]

Heterogeneity: /> = 83%, 13, = 74.96 (p < 0.01) | T T T 1
0 02 04 06 08 1
Partial or complete weaning (Proportion)

Fig. 2 Forest plots for the outcome of complete liberation from the ventilator (left panel) and for the outcome of partial or complete weaning after
rehabilitation (right panel). Studies are presented according to setting classification (intensive care units vs rehabilitation units): both overall and
subgroup estimates are reported. Number of events and total number of patients at risk are reported for each study. The computation process has

analysis including only patients with cervical SCI was
hardly expected to yield results substantially different
from the overall analysis.

Discussion

In this systematic review and meta-analysis, we found
that around 63% of patients were completely weaned
from mechanical ventilation in ICU after SCI, and up
to 82% of the previously unweaned patients were either
completely or partially liberated from the ventilator dur-
ing rehabilitation. This further gain in weaning required
a longer time on the ventilator and tracheostomy, but
was achieved without an increased risk of pneumonia or
mortality.

Probability of weaning in ICU

The proportion of patients that were weaned in ICU
varied widely among the studies, ranging from 16% [46]
to more than 97% [65]. The blurred and heterogeneous
definitions of weaning success across the studies make
the interpretation of these findings complex. Factors
likely to impact on this variability include SCI level and
completeness of injury, presence of multiple spinal cord
lesions, and concomitant traumatic brain injury [7]. The
role of these factors is supported by the fact that some
studies showing a high probability of weaning success
did not include patients with SCIs higher than C3 [65],

while studies reporting lower probabilities included
them [8, 42, 46]. A role of these factors is also consist-
ent with the exclusion of patients with multiple SCIs
and traumatic brain injury in the studies that resulted in
better weaning outcomes [65] and fewer ventilator days
[30, 32, 66]. A lack of disaggregated subgroup data pre-
vents from further investigation of these associations and
identification of predictors of weaning outcomes. Uni-
variate and multivariate regression analyses performed in
some of the included studies [30, 31, 36, 37, 46, 63—65]
also suggest a possible role of the severity of the lesion/
trauma (reflected by the presence of a complete lesion, a
high-level lesion and high Injury Severity Score), of a late
transfer to a specialized acute SCI center, of clinical con-
ditions on ICU admission (elevated heart rate, low tidal
volume and high positive end-expiratory pressure val-
ues—the latter two probably reflecting a more protective
strategy of ventilation), of pre-existing clinical conditions
(number of comorbidities), and of the presence of tra-
cheostomy in reducing the odds of weaning or increas-
ing the time required to achieve it. However, studies that
performed regression analyses were only a minority, the
selected variables were not consistent among them, and
the pooled estimates that we obtained were in most cases
the result of only one or two studies. Therefore, the con-
clusion that can be drawn in terms of predictors of wean-
ing outcomes are limited. Further studies are needed to
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Study Mean 95% Cl Weight Mean
Richard-Denis et al, 2018  35.6 [25.3; 45.9] 4.8%
Roquilly et al, 2014 13.0 [10.2; 15.8] 5.5%
Fenton et al, 2015 33.0 [25.9; 40.1] 5.2%
Flanagan et al, 2018 30.0 [24.7; 35.3] 5.4%
Yu et al, 2015 38.3 [31.3; 45.3] 52%
Liebscher et al, 2015 75.0 [59.2; 90.8] 4.1%
McCully et al, 2014 96 [81; 11.1] 56%
Choi et al, 2013 17.8 [8.9; 26.7] 5.0%
Leelapattana etal, 2012 29.2 [20.0; 38.4] 5.0%
Branco et al, 2011 7.7 [73; 81] 56%
Romero et al, 2009 38.2 [36.3; 40.1] 5.5%
Alizo et al, 2018 36.2 [18.6; 53.8] 3.8%
Raurich et al, 2014 127 [6.5 189] 5.3%
Cinotti et al, 2019 17.8 [14.4; 212] 5.5%
Gundogdu etal, 2016 137.0 [91.1;182.9]  1.4% —_—
Chiodo et al, 2008 105.0 [79.9; 130.1]  2.9% —a
Zakrasek et al, 2017 7.7 [3.4; 120] 54% (@
Kim et al, 2018 17.5 [0.0; 39.8] 3.2% =+
Atito-Narh et al, 2008 56.1 [20.3; 91.9] 19% | ——=——0
Peterson et al, 1999 49.2 [40.1; 58.3] 5.0% -
Wong et al, 2012 27.6 [224; 32.8] 54% | =
Wallbom et al, 2005 223 [14; 432] 34% |—=
—_—
Random effects model  30.9 [24.8; 37.1] 100.0% <
Heterogeneity: 12 = 99%, X§1 =1510.67 (p <0.01) T T 1
0 50 100 150 200
Duration of Mechanical Ventilation (Mean [95% Cl])
Study Mean 95% CI Weight
= 57.40 [32.98; 81.82] 11.5% Study Mean 95% Cl Weight Mean
Gundogdu et al, 2016 ——%—— 13700 [91.14; 182.86] 7.7%
Ghiodo et al. 2008 — 71.00 [49.53; 92.47] 12.3%
lodo et al, _— 105.00 [79.89; 130.11] 11.9% Gundogdu etal, 2016 194.4 [142.5; 246.3] 10.4% ——.
28.00 [23.20; 32.80] 15.5% Chiodo et al, 2008 176.0 [143.0; 209.0] 12.5% —a—
Zakrasek et al, 2017 770 (336, 12.04] 15.4% Zakrasek etal, 2017 357 [20.2; 42.2] 14.4% | ®
[ ]
Kim et al. 2018 = 37.00 [0.00; 81.01] 7.2% Kim et al, 2018 545 [ 5.2;103.8] 10.7% L
im et al, - 17.50 [0.00; 39.78] 12.5% Atito-Narh et al, 2008 158.1 [103.8; 212.4] 10.1% —
, = 102.00 [61.23; 142.77]  7.8% Peterson etal, 1999 101.9 [90.3; 113.5] 14.2% -
Alito-Narh et al, 2008 — = 56.10 [20.28; 91.92] 9.5% Wong et al, 2012 614 [50.4; 72.4] 14.2% -
- . Wallbom et al, 2005 31.3 [10.1; 52.5] 13.6% | —#—
= 52.70 [45.44; 59.96] 15.3%
Peterson et al, 1999 = 4920 [40.13; 58.27] 14.9% ———
= 33.80 [24.04; 43.56] 14.9%
Wong etal, 2012 27.60 [22.44; 32.76] 15.3%
- 000 [525 1275 156% Random effects model 96.5 [ 65.1; 127.8] 100.0% —_—
Wallbom et al, 2005 : 29, e 0% Heterogeneity: 1% = 96%, x2 = 195.37 (p < 0.01) T T T T T 1
e 2230 [1.42; 43.18] 12.8% 0 50 100 150 200 250 300
Random effects model | <= 44.73 [28.74; 60.72] 100.0% Total time span (time to Rehabilitation +
Random effects model - 46.11 [28.27; 63.95] 100.0% duration of mechanical ventilation) (Mean [95% Cl])
0 50 100 150 200

—#— Time to admission to Rehabilitation Unit (days)
—#— Duration of mechanical ventilation (days)

Forest plots for the outcome of duration of mechanical ventilation for re

Cl: confidence interval

Fig. 3 Forest plot for the outcome of duration of mechanical ventilation in intensive care units and rehabilitation units (upper panel). Studies
are presented according to setting classification (intensive care units vs rehabilitation units): both overall and subgroup estimates are reported.

habilitation units (including the time to admission to rehabilitation) (lower

panels). Weight refers to the relative contribution of each study to the meta-analytic estimate and is generated using the inverse variance method.

better explore the association of clinical variables with
weaning outcomes, and to attempt building and validat-
ing prediction models for weaning success.

Probability of weaning in rehabilitative units

The probability of partial or complete weaning success
in rehabilitation reached 82%, in some cases even attain-
ing the totality of the patients [50, 51]. This elevated

probability of successful liberation was achieved despite a
greater number of patients with high-level lesions and no
difference in the number of complete lesions compared
to ICU studies (Additional file 1: Table S4).

There are several potential explanations for the dif-
ferent weaning success probabilities between acute care
and rehabilitation units.
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Study Events Total Proportion 95% CI
Richard-Denis et al, 2018 7 81 —l— 0.086 [0.035; 0.170]
Call et al, 2011 3 80 |—m— 0.038 [0.008; 0.106]
Roquilly et al, 2014 21 164 —i— 0.128 [0.081; 0.189]
Kornblith et al, 2013 32 344 —l— 0.093 [0.064; 0.129]
Como et al, 2005 8 45 —a— 0.178 [0.080; 0.321]
Flanagan et al, 2018 2 70 —l— 0.029 [0.003; 0.099]
Liebscher et al, 2015 1 37 HB—— 0.027 [0.001; 0.142]
Leelapattana et al, 2012 7 66 ——I— 0.106 [0.044; 0.206]
Watt et al, 2011 9 189 —l— 0.048 [0.022; 0.088]
Ganuza et al, 2011 5 323 | 0.015 [0.005; 0.036]
Branco et al, 2011 682 5256 0.130 [0.121; 0.139]
Romero et al, 2009 6 152 |+ 0.039 [0.015; 0.084]
Higashi et al, 2019 14 65 —a— 0.215 [0.123; 0.335]
Alizo et al, 2018 5 95 —I— 0.053 [0.017; 0.119]
Jones et al, 2015 17 163 -—I— 0.104 [0.062; 0.162]
Raurich et al, 2014 0 12 l— 0.000 [0.000; 0.265]
Gardner et al, 1986 14 44 : L 0.318 [0.186; 0.476]
Shah et al, 2021 13 48 : == 0.271 [0.153; 0.418]
Anand et al, 2020 361 5980 0.060 [0.054; 0.067]
Cinotti et al, 2019 3 117 l—r 0.026 [0.005; 0.073]
4.@
Atito-Narh et al, 2008 0 13 ._.7 0.000 [0.000; 0.247]
Wicks et al, 1986 11 134 —l— 0.082 [0.042; 0.142]
Toki et al, 2019 2 14 : 0.143 [0.018; 0.428]
Bach et al, 1991 0 34 1‘ 0.000 [0.000; 0.103]
Fuhrer et al, 1987 0 230 0.000 [0.000; 0.016]
—
Random effects model 13756 | <= 0.063 [0.041; 0.096]
Heterogeneity: I? = 90%, X§4 =247.85 (p <0.01) ' ' ' '
0 0.1 02 03 04

Mortality (Proportion)
Fig. 4 Forest plot for mortality. Studies are presented according to setting classification (intensive care units vs rehabilitation units): both overall

and subgroup estimates are reported. Cl: confidence interval

First, rehabilitation units may have selected a differ-
ent population of patients transferred for late mechani-
cal ventilation liberation. The high weaning success rate
in rehabilitation units may reflect isolated high cervical
SCIs, which are weaned late after resolution of acute
flaccid paralysis induced by denervation, and after dia-
phragm training [3, 67, 68], or lower cervical and tho-
racic SCI lesions, which may also require prolonged
mechanical ventilation, due to impaired pulmonary
clearance from loss of abdominal muscle function.

Second, other concomitant injuries hindering wean-
ing success in ICU, such as traumatic brain injury, need
to recover before a patient could be transferred to reha-
bilitation facilities.

Third, the development of ICU-acquired weakness,
potentially worsening the effect of the previous two
factors, has a possible further additive role in delaying
weaning until rehabilitation is started.

Finally, the application of specific rehabilitation and
treatment techniques, including mechanical insufflation—
exsufflation, aimed at training the respiratory muscles
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spared by the lesion and clearing secretions, could also
favor weaning in rehabilitation units [69, 70].

Secondary outcomes

The proportion of tracheostomy was heterogeneous,
reaching unexpectedly low values in a few of the ICU
studies [32, 40, 57, 66]. This is surprising considering that
these studies enrolled patients with high-level lesions or
older than 60 years of age [40], and because patients with
SCI, due to a loss of sympathetic and expiratory muscle
innervations [71], experience difficulty to clear secre-
tions. The lack of published data and consensus regard-
ing the optimal timing of tracheostomy in patients with
SCI could explain the heterogeneity among studies. Con-
cerns regarding the possibility of cross-contamination
between tracheostomy and cervical spine fixation sur-
gery sites have historically led to delays in tracheostomy
performance [72, 73]. Not surprisingly, tracheostomized
patients were found to fail weaning more and have a
longer duration of mechanical ventilation. This is consist-
ent with the finding that almost all patients admitted to
rehabilitation facilities were tracheostomized.

Heterogeneity was also present in the probability of
decannulation (11% to 62% in ICU and 25% to 100% in
rehabilitation). This finding probably reflects the lack
of published evidence and standardized criteria for
decannulation in patients with SCI. Small studies and
case series mainly convey the message that decannula-
tion should be assessed on individualized basis, as these
patients may never meet the traditional criteria for
decannulation [74, 75].

Overall mortality was 6%, 8% when considering only
patients admitted within 8 h from the injury, and less
than 1% in patients admitted to rehabilitation facilities.
This is low, considering life expectancy of ventilator-
dependent patients after SCI [9]. One-year survival for
ventilated patients with SCI was previously found to be
50%, and 25% for those admitted within 24 h from the
injury [9]. Patients’ selection may explain the reduced
mortality during rehabilitation since they survived the
initial high-risk period in ICU [9], and rehabilitation
techniques favoring weaning and reducing respiratory
complications might hopefully affect mortality [69].

Incidence of pneumonia in ICU studies was in line with
previous data in the acute phase of SCI [71], and was very
low in rehabilitation considering the higher number of
patients with C3 or above lesions and the longer duration
of mechanical ventilation [69, 71].

This systematic review and meta-analysis has several
strengths. It is the first systematic review to address the
crucial topic of weaning in SCI and to analyze its trend
separately, in ICU and during rehabilitation. It relies on
a pre-registered protocol, it is based on a comprehensive
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literature search from inception, and it is based on a
high number of patients with relatively low missing data
of baseline variables. Limitations include the scarcity of
randomized-controlled trials, the heterogeneity in terms
of definition of weaning success/failure in the different
studies and in whether they applied a weaning or reha-
bilitation protocol, and the lack of disaggregate data from
the included studies that prevented us from performing a
number of subgroup analyses.

Conclusions

Approximately two-thirds of the patients admitted to
ICU after SCI can be completely weaned off the ven-
tilator. Weaning success can be further enhanced for
patients that are admitted to rehabilitation facilities,
reaching more than 80% of the previously unweaned
cases, with additional days of mechanical ventilation,
but no additional infectious respiratory complications or
mortality. These findings support the potential usefulness
of rehabilitation facilities for ventilator-dependent SCI
patients, even with high cervical injuries and after a pro-
longed ventilation time.

This study also highlights the need to better understand
the epidemiology of weaning outcomes in this category
of patients, harmonize definitions, and standardize wean-
ing procedures. This would help to elucidate the factors
associated with weaning outcomes and better evaluate
the role of rehabilitation. In fact, even if the application
of rehabilitative techniques in specialized SCI centers,
in the acute phase, is an appealing solution to improve
weaning outcomes, further data are needed to support
it, and to clarify the best timing, setting, and even tech-
niques to adopt in this unique category of patients.
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