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Abstract
Study design Observational cohort study.
Objectives To understand differentials in the force of mortality with increasing time since injury according to key spinal
cord injury (SCI) characteristics.
Setting Specialized rehabilitation centers within Switzerland.
Methods Data from the Swiss Spinal Cord Injury (SwiSCI) cohort study were used to model mortality in relation to age,
sex, and lesion characteristics. Hazard ratios (HRs) and adjusted survival curves were estimated using flexible parametric
survival models of time since discharge from first rehabilitation to death or 30 September 2011, whichever came first.
Results 2 421 persons were included that incurred a new TSCI between 1990 and 2011, contributing a total time-at-risk of
19,604 person-years and 376 deaths. Controlling for attained age, sex, decade, and etiology, there was more than a four-fold
higher risk of mortality for complete tetraplegia compared to incomplete paraplegia (HR= 4.27; 95% CI 2.72 to 6.69).
Survival estimates differed according to SCI characteristics, with differentials steadily increasing with time since injury.
Conclusion This study provides evidence of disparities in mortality and survival outcomes according to SCI characteristics
that increases with increasing time since injury. These results lend support to the hypothesis of a progressive and dis-
proportionate accumulation of allostatic load according to SCI characteristics. Future research should investigate cause-
specific mortality for insight into potentially modifiable secondary health conditions contributing to these disparities.

Introduction

Traumatic spinal cord injuries (TSCIs) are a life-altering
condition associated with serious monetary, social, and
health-related burden that can accumulate over time
resulting in reduced health outcomes and life expectancy.
Within-population comparisons of all-cause mortality, a
measure of disease burden, can support the identification of
high-risk groups requiring targeted interventions to improve
survival outcomes. Identifying risk factors contributing to
associated burdens of TSCI on individual health is crucial
for activating resources towards prevention and improve-
ment of health outcomes, increased well-being, reduced
socioeconomic inequalities, and in particular reduction in
avoidable, or premature, mortality [1].

Extant literature has identified key SCI-related factors
associated with an increased risk of mortality following a
TSCI, particularly high (e.g., C1–C4) and complete lesions
[2–4]. Recent evidence has found variation in risk of death
with the prevalence of self-reported secondary health
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conditions (HCs) according to lesion characteristics, as well
as an overall higher occurrence of reported HCs with
increasing injury severity [5]. The accumulation of allostatic
load associated with HCs according to lesion characteristics
could contribute to the observed discrepancies in mortality
estimates [4]. Understanding the within-population evolu-
tion of discrepancies in mortality and survival estimates
could provide evidence for the accumulation of allostatic
load and subsequent differentials in survival estimates with
increasing time since injury.

Comparisons of mortality estimates across settings can
serve to highlight competencies or deficiencies of health
systems that could potentially inform other health systems
towards improving long-term outcomes. Although recent
large-scale studies in developed countries indicate broadly
consistent survival outcomes, previous research has
demonstrated discrepancies in the magnitude of risk for
mortality following TSCI across settings, highlighting the
influence of health systems on mortality and survival out-
comes [4]. Therefore, country-specific and comparable
estimates of mortality and longevity after SCI are needed.
Additionally, within-SCI population comparisons of mor-
tality and survival estimates can serve to identify potential
modifiable factors associated with increased risk of mor-
tality. The purpose of this study is to thus provide the first,
Swiss-specific estimates of mortality and survival outcomes
after TSCI using information collected in the SwiSCI cohort
study. Moreover, this study aims to investigate the asso-
ciated force of mortality within the SCI population with
increasing time since injury.

Methods

Study description

The SwiSCI study is a longitudinal cohort study that aims to
understand how to support “functioning, health main-
tenance, and quality-of-life of persons with SCI”, and
has been extensively described previously [6–8]. The pre-
sent study uses data collected from the Medical Record
study, encompassed within the broader SwiSCI study,
which include data collected from medical records
from before 1970 up until as recently as 2013 [6, 7]. The
present study includes persons who incurred a new SCI
between 1990 until 2011, given a recent vital status update
for these individuals. Study eligibility criteria include per-
sons admitted to first rehabilitation in one of the five
SCI specialized rehabilitation centers (operational: REHAB
Basel; Balgrist University Hospital; Swiss Paraplegic
Centre; Clinique Romande de Réadaption; historic: Uni-
versity Hospital Geneva), with permanent residency in
Switzerland at admission to specialized rehabilitation, aged

16 years or older at time of injury, and who did not incur
SCI due to a congenital condition (e.g., spina bifida)
or neurodegenerative disorder (e.g., multiple sclerosis).
Data collected for the SwiSCI study underwent ethical
review, and were approved by the ethical committees of
Cantons: Lucerne, Basel, Valais, and Zürich (reference
numbers: 1008 [Luzern]; 37/11 [Basel]; CCVEM 015/11
[Valais]; 2012–0049 [Zürich]). When investigating AIS
grade and injury severity (categorical variable combining
lesion level and AIS grade) as risk factors for premature
mortality, only cases with an incurred TSCI after 2000 were
included due to data unavailability and incompleteness of
data collection pre-2000. Individuals with an AIS grade E
were included within the analysis given their eligibility
for inclusion in the overall SwiSCI study. AIS grades E
and D were combined due to relatively few cases of AIS
grade E (N= 23).

Data management

All variables were grouped according to ISCOS guidelines
to facilitate comparability with other studies [9]. Informa-
tion on lesion type, level, completeness, and AIS score
were collected at discharge from first rehabilitation. If
data at discharge were missing, when available, data col-
lected at admission to first rehabilitation were used instead
(N= 10).

Outcome evaluation

The outcome of interest for this study was death as of 30
September 2011. In 2011, the first Community Survey (CS
2012) for SwiSCI participants started recruitment based on
potential participants identified through the Medical
Records study [8]; 30 September 2011 is chosen as the
arbitrary start of the CS 2012, when questionnaires were
initially sent out. Although the present study only uses
information from the Medical Records study, active parti-
cipation, or response to the CS 2012 questionnaire facili-
tated an update for the vital status of many individuals
within the Medical Records study. Missing vital status
information for individuals who did not respond to the CS
2012, or who were not included or eligible, was updated in
a subsequent tracing effort. This tracing effort updated vital
status first through specialized clinics, and if needed
through community of last known residence (similar to
the study methodology reported for the Swiss Childhood
Cancer cohort [10]). Individuals were identified as either
alive, dead, or lost to follow-up (LTFU) (i.e., no informa-
tion on vital status) as of 30 September 2011. Given that
cauda equina lesions are peripheral lesions with a different
prognosis and evolution, cases of cauda equina were
excluded from all survival analysis.
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Statistical analysis

The study population was described by frequencies (n),
percentages (%), person-years (PYRS), mean and standard
deviation (SD). Differences between injury cohorts were
assessed by a chi-squared test or Kruskal–Wallis test.
Kaplan–Meier curves were estimated in order to have a
nonparametric assessment of survival probabilities, thereby
making no assumptions regarding underlying survival dis-
tribution. Stratification by secondary variable was used for
adjustment of Kaplan–Meier curves for known confounders
that could impact survival (e.g., age, lesion level, and lesion
completeness). Log-rank tests were used to test the equality
of Kaplan–Meier curves. Kaplan–Meier survival estimates
according to years since injury are presented in the sup-
plementary material (Supplementary Table 2). We then used
flexible parametric proportional hazards models to investi-
gate risk factors for dying to estimate HRs and survival
probabilities with 95% confidence intervals (CI) [11]. Time-
at-risk started at date of injury, with study entry defined as
date of admission to first rehabilitation, and study exit as
date of death or 30 September 2011, whichever came first.
We reported unadjusted HRs, as well as HRs adjusted for
sex, age, decade of TSCI, and cause of TSCI. In a sec-
ondary analysis, data were split on follow-up time to
account and estimate the effect of follow-up time on mor-
tality and longevity outcomes. These follow-up periods
were:

1. After admission until discharge from first rehabilitation
2. One year post discharge
3. More than one year post discharge

Flexible parametric models are intended to model the
baseline hazard in a way that allows flexibility in the shape
of the survival distribution modeled; this flexibility comes
from the use of restricted cubic splines [11]. The flexibility
of the spline function is dictated by the number of knots, or
points at which the baseline hazard is allowed to change.
The minimal AIC and BIC values were used to formally
select the number of knots included in the model. Violations
to the proportional hazards function, implicit to flexible
parametric models (as well as other survival models), were
assessed using likelihood ratio test for time-dependent
effects of included covariates. Survival curves were esti-
mated using direct adjustment; with direct adjustment,
survival curves—for categorical variables—are estimated at
specified time points for a combination of covariate pat-
terns, to provide a final average of these values at each time
point. This is importantly different to the mean covariate
method, which provides survival estimates according to the
variable of interest, but while using the mean value of all
underlying covariates—an issue for categorical variables
[11]. The absolute difference between estimated survival

probabilities adjusted for potential confounders was esti-
mated so as to demonstrate the impact of lesion character-
istics (i.e., completeness and lesion level) on survival
probabilities. The figures provided show the difference in
survival between selected characteristics of interest (e.g.,
complete tetraplegic lesions and incomplete paraplegic
lesions) if they had the same covariate distribution as that of
the whole study population (i.e., the same underlying dis-
tributions in age, sex, lesion level, and cause of TSCI).

To account for age effects that occur due to biological
processes of aging, age was time-updated using splitting
techniques so that, as each individual aged, the individual
contributed different amounts of time to each risk set. For
example, if an individual was injured at the age of 29 and
subsequently died at the age of 33, this individual would
contribute one year of follow-up time to the age category
“16–30 years” and roughly three years to the age group,
“31–45 years”. Similarly, to account for potential period
effects that could result from changes in medical technology
and rehabilitation approaches, data were further split on
decade of injury; again allowing for an individual to con-
tribute to different risk sets (e.g., 1990–1999 or
2000–2011).

In a sensitivity analysis to account for persons LTFU,
inverse probability weights (IPW) were estimated using
logistic regression including LTFU (yes/no) as the outcome
and decade of SCI, sex, age at injury, lesion level, rehabi-
litation center, and completeness of lesion as independent
variables in the model. For those missing complete infor-
mation on independent variables, the mean weight for the
total population was used.

We reported p-values from two-sided test statistics. A p-
value smaller than 0.05 was considered as significant. All
analyses were implemented in STATA software version
14.2 [12].

Results

The study population is described in Table 1. Between 1990
and 2011, 2 421 persons incurred a traumatic spinal cord
injury and were eligible for inclusion in the present study.
Of these individuals, 73.2% were male, 42.2% were para-
plegic (excluding cauda equina), and the average age at
injury was 44.6 years (SD= 19.4; IQR= 32). Between the
first (1990–1999) and second decade (2000–2011), the
average age at injury increased by roughly five years (41.5
years and 46.6 years, respectively). Significant differences
were observed between decades according to age at injury,
length of stay, etiology of injury, type of SCI, and com-
pleteness. For example, in the latter decade there was a
larger proportion of TSCIs with a complete lesion (70.9%
compared to 63.0%), fewer transport-related TSCIs (25.9%
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compared to 34.4%), and a larger proportion of older
individuals over the age of 60 years old admitted to spe-
cialized rehabilitation (27.4% compared to 19.1%). There
was no difference between decades were observed for sex,
American Spinal Injury Association (ASIA) Impairment
Scale (AIS) score, destination after discharge, and ventilator
assistance (Table 1). The majority of injuries were due to
falls (36.3%) and transport-related incidents (29.2%). The
total contributing time-at-risk over the study period was
19,604 PYRS (median 7.1 years), with 376 recorded deaths
of which 67 occurred during the rehabilitation period (see
Supplementary Table).

Risk factors for mortality

Attained age, TSCI type, completeness of lesion, and cause of
TSCI were associated with an increased risk of mortality
(Table 2A). Sex or decade of injury were not associated with
risk of mortality. In the analyses stratified according to
follow-up time, risk factors for mortality remained relatively
stable in terms of the direction of effect, but varied slightly
in magnitude. For example, while falls or ‘other source
of injury’ (e.g., surgical)—compared to a transport-related
TSCI—were identified as a significant risk factor for early
mortality, estimated HRs were attenuated or non-significant
during the inpatient period and first year post-discharge
(Table 2B). The overall variation in risk was mainly driven by

Table 1 Demographic and SCI-specific characteristics of participants
by injury cohort

Characteristics Injury cohorts

1990–1999
(n= 950)

2000–2011
(n= 1 471)

P-value

Age at injury, years:
mean; S.D. (IQR)

41.5; 18.5 (29) 46.6; 19.6 (33) <0.001

Length of stay,
months: mean; S.D.
(IQR)

6.2; 9.9 (4.7) 5.2; 4.4 (4.3) <0.001

Sex (1) 0.24

Male 708 (74.5) 1 064 (72.4)

Female 242 (25.5) 406 (27.6)

Age at injury (0) <0.001

16–30 351 (36.9) 385 (26.2)

31–45 227 (23.9) 372 (25.3)

46–60 191 (20.1) 310 (21.1)

61–75 125 (13.2) 261 (17.7)

76+ 56 (5.9) 143 (9.7)

Etiology (2) <0.001

Sports and leisure 186 (19.6) 359 (24.4)

Transport 326 (34.4) 381 (25.9)

Falls 324 (34.2) 555 (37.7)

Other cause 112 (11.8) 176 (12.0)

SCI Type (12) <0.01

Tetra 531 (56.2) 776 (53.0)

Para 343 (36.3) 611 (41.7)

Cauda equine 71 (7.5) 77 (5.3)

Completeness (95) <0.001

Complete 566 (63.0) 1 012 (70.9)

Incomplete 332 (37.0) 416 (29.1)

Lesion level &
completeness (52)

<0.001

Paraplegia,
incomplete

283 (33.5) 479 (35.1)

Paraplegia, complete 235 (27.8) 288 (21.1)

Tetraplegia,
incomplete

229 (27.1) 473 (34.7)

Tetraplegia, complete 97 (11.5) 125 (9.2)

ASIA score (943) 0.75

AIS A 60 (28.6) 380 (29.8)

AIS B 24 (11.4) 160 (12.5)

AIS C 32 (15.2) 214 (16.8)

AIS D/E 94 (44.8) 521 (40.9)

Injury severity
*(1 292)

N.A.

C1–C4 ABC — 108 (10.3)

C5–C8 ABC — 97 (9.3)

T1–S3 ABC 3 (3.1) 318 (30.5)

AIS D/E 94 (96.9) 521 (49.9)

Table 1 (continued)

Characteristics Injury cohorts

1990–1999
(n= 950)

2000–2011
(n= 1 471)

P-value

Destination after
discharge (69)

0.22

Private residence 709 (80.0) 1 146 (78.2)

Hospital 58 (6.5) 80 (5.5)

Nursing home/
assisted living

89 (10.0) 184 (12.6)

Other (e.g., hotel) 4 (0.5) 13 (0.9)

Death 26 (2.9) 43 (2.9)

Ventilator
assistance (73)

0.26

No 881 (96.8) 1 379 (95.9)

Yes 29 (3.2) 59 (4.1)

Associated injuries
(1 851)

N.A.

Yes — 321 (56.3)

No — 249 (43.7)

SCI Spinal cord injury, AIS American Spinal Injury Association
(ASIA) Impairment Scale (AIS)

*p-value from chi-squared test or Kruskal–Wallis test
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the one year or more post-discharge mortality. A similar
pattern of attenuated effect sizes in comparison with the
inpatient period was observed for attained age, particularly
during the period of less than one year post discharge (e.g., for
individuals aged 76 years and older: Overall HR= 38.3, 95%
CI 20.5 to 71.3 [Table 2A]; one year post discharge HR=
27.7, 95% CI 7.3 to 104.4 [Table 2B]). Contrarily, the risk for
mortality increased for complete tetraplegia during the period
of one year post discharge, and then subsequently decreased
during the period greater than one year post discharge.
However, due to the limited number of deaths during
the inpatient period (N= 67) and the period of one year
post discharge (N= 68), the power to capture the true rela-
tionship is limited, as demonstrated in the wide confidence
intervals. There was evidence for interaction between TSCI
type and completeness of lesion (p ≤ 0.01), although not
between attained age and sex, or attained age and cause of
TSCI. Given the evidence for an interaction, in a secondary
analysis based on a categorical variable of a combination of
completeness and level of injury, individuals with complete
tetraplegic lesions had the highest risk of mortality
when compared to subjects with incomplete paraplegic
lesions (HR= 4.27, 95% CI= 2.72–6.69) (Table 2A).

Survival probabilities

Differences in Kaplan–Meier survival curves were observed
according to sex (p < 0.001), age (p < 0.001), type of TSCI
(p < 0.001), and injury severity (a combination of lesion level
and AIS score) (p < 0.001). When controlling for attained age,
a difference was additionally observed for completeness (p <
0.001), although no longer according to sex (p= 0.60).
Kaplan–Meier survival curves for completeness and level of
lesion are presented in Fig. 1; stratified estimates according to
years since follow-up are reported in Supplementary Table 2.
In comparison with paraplegia, adjusted survival probabilities,
estimated using flexible parametric survival models, for tet-
raplegia were diminished, with the divergence increasing over
time (Table 3). For example, a 4.2% difference between
survival probabilities for paraplegia (93.4%; 95% CI 91.6 to
95.2%) compared to tetraplegia (89.2%; 95% CI 86.7 to
91.8%) was observed at one year post admission, while for
20-year survival estimates the difference grew to nearly 10%
(Table 3). The increasing trend results in an overall aug-
mentation in the discrepancy between survival probabilities
for paraplegia compared to tetraplegia of 5.6% overall
(Fig. 2). The discrepancy was even more pronounced for
estimates according to level and completeness of lesion,
whereas there was a 11.6% increase in the gap between
complete tetraplegia and incomplete paraplegia at one-year
survival (12.7% difference) and 20-year survival (24.3%
difference) (Table 3). The absolute difference in survival
probabilities for complete tetraplegia compared to incomplete

Table 2A Univariable and multivariable hazard ratios from the flexible
parametric survival model

Characteristic Univariable
analysis
hazard ratio
(95% CIs)

Multivariable
analysis
hazard ratio
(95% CIs)

P-value

Model one

Sex 0.99

Female Reference Reference

Male 1.38 (1.10–1.74) 1.00 (0.79–1.27)

Attained age <0.001

16–30 Reference Reference

31–45 2.60 (1.36–4.98) 2.53 (1.32–4.85)

46–60 5.46 (2.93–10.19) 5.20 (2.77–9.77)

61–75 14.59
(8.03–26.52)

13.21
(7.14–24.43)

76+ 43.15
(23.83–78.13)

38.27
(20.53–71.33)

Lesion Level <0.001

Paraplegia Reference Reference

Tetraplegia 2.03 (1.64–2.51) 1.74 (1.38–2.20)

Completeness <0.001

Incomplete Reference Reference

Complete 1.00 (0.80–1.25) 2.08 (1.64–2.65)

Decade of SCI 0.51

1990–1999 Reference Reference

2000–2011 1.52 (1.14–2.02) 1.10 (0.82–1.47)

Cause of TSCI <0.01

Transport–related Reference Reference

Sports/Leisure
activity

0.88 (0.59–1.31) 0.93 (0.62–1.39)

Fall 3.20 (2.41–4.25) 1.51 (1.12–2.04)

Other 2.51 (1.73–3.63) 1.66 (1.13–2.45)

Model two

Lesion Level &
Completeness

<0.001

Paraplegia,
incomplete

Reference Reference

Paraplegia,
complete

1.11 (0.80–1.53) 1.54 (1.11–2.14)

Tetraplegia,
incomplete

2.04 (1.55–2.68) 1.50 (1.00–2.27)

Tetraplegia,
complete

2.34 (1.67–3.29) 4.27 (2.72–6.69)

Model three

Injury severitya <0.01

AIS D/E Reference Reference

C1–C4 ABC 3.31 (1.83–5.98) 2.43 (1.29–4.58)

C5–C8 ABC 2.09 (1.07–4.10) 3.27 (1.62–6.62)

T1–S3 ABC 1.59 (0.96–2.64) 2.04 (1.18–3.52)

aAnalyses including “Injury Severity” are restricted to 2000–2011 due
to inadequate data prior to 2000. Model one is adjusted for: current
age, sex, decade of TSCI, cause of TSCI, lesion level, and
completeness of injury; Model two is adjusted for: current age, sex,
decade of TSCI, cause of TSCI, and “Lesion level and completeness”;
and Model three is adjusted for: current age, sex, injury severity, and
cause of TSCI
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Table 2B Risk factors according to follow-up period: Multivariable results from flexible parametric survival model

Characteristic Inpatient
rehabilitation

P-value <1 year post-
discharge

P-value ≥1 year post-
discharge

P-value

Model one

Sex 0.66 0.71 0.74

Female Reference Reference Reference

Male 1.13 (0.65–1.96) 1.11 (0.64–1.95) 0.95 (0.70–1.28)

Attained age <0.001 < 0.001 <0.001

16–30 Reference Reference Reference

31–45 1.99 (0.44–8.94) 2.48
(0.61–10.07)

2.85 (1.18–6.90)

46–60 6.60 (1.77–24.53) 6.02
(1.60–22.63)

5.14
(2.15–12.30)

61–75 14.81
(4.16–52.72)

12.41
(3.41–45.19)

13.75
(5.85–32.32)

76+ 63.75
(17.78–228.52)

27.68
(7.34–104.41)

39.03
(16.46–92.59)

TSCI type 0.03 <0.01 <0.001

Paraplegia Reference Reference Reference

Tetraplegia 1.92 (1.05–3.50) 2.49 (1.38–4.49) 1.57 (1.18–2.09)

Completeness <0.001 <0.01 <0.001

Incomplete Reference Reference Reference

Complete 2.71 (1.57–4.67) 2.53 (1.40–4.59) 1.97 (1.46–2.67)

Decade of SCI 0.09 0.75 0.07

1990–1999 Reference Reference Reference

2000–2011 0.64 (0.39–1.08) 1.10 (0.60–2.03) 1.53 (0.95–2.45)

Cause of TSCI 0.99 0.15 <0.01

Transport-
related

Reference Reference Reference

Sports/Leisure
activity

1.13 (0.46–2.80) 0.57 (0.20–1.64) 1.01 (0.61–1.67)

Fall 1.06 (0.54–2.06) 1.09 (0.54–2.21) 1.81 (1.24–2.64)

Other 1.01 (0.34–3.01) 1.94 (0.82–4.61) 1.76 (1.08–2.84)

Model two

TSCI type <0.001 <0.001 <0.001

Paraplegia,
incomplete

Reference Reference Reference

Paraplegia,
complete

1.74 (0.69–4.40) 0.82 (0.30–2.26) 1.71 (1.17–2.51)

Tetraplegia,
incomplete

1.36 (0.60–3.09) 1.33 (0.68–2.59) 1.42 (1.00–2.01)

Tetraplegia,
complete

4.52 (1.91–10.74) 6.91
(3.22–14.83)

3.36 (2.10–5.37)

Model three

Injury severitya 0.34 <0.001 0.35

AIS D/E Reference Reference Reference

C1–C4 ABC 3.00 (0.79–11.48) 7.10
(1.92–26.30)

1.47 (0.53–4.06)

C5–C8 ABC 2.04 (0.37–11.23) 15.86
(4.17–60.35)

2.49 (0.84–7.41)

T1–S3 ABC 2.61 (0.67–10.16) 6.20
(1.91–20.16)

1.25 (0.59–2.65)

aModel three including “Injury Severity” only includes cases of TSCI post-2000. The model used for estimating hazard ratios in Model three
including follow-up time less than one year post discharge specifies 2 knots, rather than the 3 knots used in all other models, as well as attained age
as a continuous variable to aid in model convergence
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paraplegia, standardized for underlying population character-
istics, are presented in Fig. 2. Accounting for attained age, as
a proxy for biological aging, the survival of complete tetra-
plegia was 4.8% (95% CI 1.8–7.9%) below that of incomplete
paraplegia in absolute, standardized terms at 10 years
(Fig. 2c). This implies that at 10 years, roughly 5% of the
difference in survival probabilities is attributable to the dif-
ference in level and completeness of lesion. This discrepancy
was slightly larger when adjusting for age at injury, rather
than attained age (Supplementary figures).

Discussion

Older age, tetraplegia, completeness of lesion, and TSCIs
due to falls or ‘other causes’ are associated with an
increased risk of mortality following TSCI in Switzerland.
Disparities in mortality and survival estimates according to
SCI-specific characteristics were found to augment with
increasing time since injury. Additionally, stratified results
based on follow-up time post-injury suggest the potential
modification in the magnitude of mortality risk according to
sociodemographic and SCI-specific characteristics.

Disparities in survival outcomes

As individuals age with spinal cord injuries, there is an
increasing gap in survival outcomes according to SCI-
specific characteristics. It should be noted, however, that
due to the limited follow-up time (i.e., 21 years) it is not
known whether this trend towards a widening gap would
continue, and whether it would continue at a similar rate.
However, although comparison with previous literature is
limited due to few studies providing stratified estimates, or
only presenting evidence in figures of unadjusted
Kaplan–Meier curves, of those studies that have provided
stratified estimates for long-term follow-up have found
similar results [2, 3, 13]. For example, a 50-year long-
itudinal study by Middleton et al. estimated a five-year
survival for individuals with paraplegia and tetraplegia of
98% and 94%, respectively; after fifteen years, the twenty-
year survival dropped to 88% and 78%. This represents an
augmentation in the gap between survival estimates of 6%
(4% between 5-year estimates to 10% between 20-year
estimates); the present study estimated an increase of 3.7%,
including those who survived the first year, whereas Mid-
dleton et al excluded those that perished during the first
year [2]. Discrepancies in survival estimates according to
SCI-specific characteristics with increasing follow-up time
could be due to the disproportionate accumulation of
secondary HCs. It should also be noted that due to the
limited follow-up time (i.e., 21 years), it is not known
whether this trend towards a widening gap would continue,
and whether it would continue at a similar rate; additional
long-term studies investigating this question are needed to
confirm whether or not this pattern continues. Furthermore,
in order to investigate the influence of secondary HCs
accumulation, or allostatic load, on mortality differentials
according to SCI-specific characteristics, follow-up studies
including time-updated information on secondary HCs are
required.

Biological plausibility studies have suggested an
increased immunological strain on the SCI-affected indivi-
dual, and premature onset of immune frailty [14, 15], with
animal experiments suggesting a dependency on lesion
level [16]. Evidencing this, epidemiological studies have
shown that individuals aging with SCI report a higher fre-
quency of HCs [17]. Additionally, in the recent SwiSCI
2012 Community Survey, lesion type and completeness
have been shown to play a role as individuals with higher,
more severe lesions reported HCs more often, and reported
different HCs [5]. For example, community members with a
complete SCI reported a higher frequency of pressure
ulcers, and members with tetraplegia reported more
respiratory problems [5]. Secondary HCs—such as pressure
injuries, depression, and infections—have been shown to be
associated with an increased risk of mortality [18, 19],

Fig. 1 Kaplan–Meier curves of the survival function stratified by
SCI characteristics. a represents the Kaplan–Meier estimates for
lesion completeness. b represents the Kaplan–Meier estimates for
lesion level
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likely due to sepsis [20]. However, as evidenced in the
recent nomenclature change from pressure ulcer to pressure
injury, pressure injuries are preventable [21]. Identifying
secondary HCs associated with cause-specific mortality can
highlight potential areas to target interventions of modifi-
able risk factors for mortality, towards reducing the dis-
parity in survival outcomes within the SCI population.
Prospective studies are thus needed that simultaneously
measure HCs and mortality.

Comparisons within SCI literature

Differences in the results of the current study in comparison
with previous studies, as well as differences between pre-
vious studies could be influenced by contextual factors, for
example, access to care, particularly when considering

lower-income countries [4]. In order to exploit these dis-
crepancies to improve mortality and survival outcomes and
identify modifiable contextual factors associated with non-
modifiable risk factors of mortality (e.g., TSCI lesion level,
completeness, severity, age, or sex), comparative estimates
are essential. Presently, there are a number of aspects
hampering comparability of estimates in SCI literature;
namely, denotation of time-at-risk, definitions for acute
mortality, differences in reference groups, and statistical
approaches to analysis. For example, a study by Middleton
et al. starts risk with date of SCI, uses a period of one year
post injury for acute mortality, and estimates long-term
survival after excluding those who did not survive one year
post injury [2]. The aforementioned study by Cao et al.
similarly excludes those who perished within the first year
post-injury [22]. Another study by Hagen et al. defines

Table 3 Marginally adjusted survival probabilities according to time since injury

1-year 5-year 10-year 15-year 20-year

Model one

Overall 91.5 (89.6–93.5) 86.2 (84.4–88.1) 81.2 (79.4–83.1) 77.1 (75.0–79.2) 73.7 (71.2–76.3)

Sex

Male 91.5 (89.5–93.5) 86.2 (84.3–88.2) 81.2 (79.2–83.2) 77.1 (74.8–79.4) 73.7 (71.0–76.5)

Female 91.5 (89.2–93.9) 86.3 (83.8–88.9) 81.3 (78.4–84.3) 77.2 (73.9–80.6) 73.8 (70.0–77.8)

Attained age

16–30 98.8 (98.1–99.5) 97.9 (96.7–99.1) 96.9 (95.1–98.7) 95.9 (93.6–98.2) 95.0 (92.1–97.9)

31–45 97.1 (95.9–98.2) 94.8 (93.1–96.6) 92.3 (90.0–94.7) 90.0 (87.0–93.1) 87.8 (84.2–91.6)

46–60 94.1 (92.0–96.1) 89.7 (86.9–92.5) 84.9 (81.3–88.7) 80.6 (76.2–85.2) 76.7 (71.5–82.3)

61–75 85.7 (81.6–90.0) 76.1 (71.3–81.2) 66.6 (61.2–72.5) 58.7 (52.8–65.4) 52.3 (45.7–59.7)

76+ 64.3 (56.2–73.6) 46.6 (39.0–55.6) 32.9 (26.2–41.3) 23.9 (17.9–31.8) 17.9 (12.6–25.5)

SCI type

Tetraplegia 89.2 (86.7–91.8) 82.8 (80.3–85.3) 76.8 (74.1–79.6) 72.0 (68.9–75.3) 68.1 (64.5–72.0)

Paraplegia 93.4 (91.6–95.2) 89.0 (87.0–91.0) 84.7 (82.5–86.9) 81.0 (78.5–83.6) 77.9 (75.0–80.9)

Completeness

Incomplete 92.9 (91.2–94.6) 88.3 (86.6–90.1) 84.0 (82.1–85.9) 80.3 (78.1–82.6) 77.3 (74.7–80.0)

Complete 86.8 (83.7–90.0) 79.7 (76.7–82.9) 73.5 (70.3–76.8) 68.6 (65.2–72.2) 64.8 (61.0–68.8)

Model two

Lesion level & completeness

Paraplegia, incomplete 93.3 (91.4–95.3) 89.0 (86.7–91.3) 84.8 (82.2–87.6) 81.4 (78.4–84.5) 78.6 (75.3–82.0)

Paraplegia, complete 90.3 (87.5–93.2) 84.5 (81.3–87.9) 79.3 (75.7–83.1) 75.1 (71.2–79.2) 71.7 (67.6–76.2)

Tetraplegia, incomplete 91.9 (89.9–94.0) 86.9 (84.7–89.1) 82.2 (79.7–84.8) 78.4 (75.5–81.4) 75.3 (71.9–78.7)

Tetraplegia, complete 80.6 (76.0–85.6) 71.6 (66.7–76.8) 64.2 (59.1–69.8) 58.7 (53.2–64.7) 54.3 (48.6–60.8)

Model three

Injury severitya

C1–C4 ABC 93.1 (89.3–97.1) 85.0 (78.9–91.6) 78.7 (70.8–87.6) 74.4 (65.0–85.2) 71.0 (60.4–83.5)

C5–C8 ABC 91.0 (85.9–96.4) 81.2 (73.4–89.8) 74.0 (64.4–85.0) 69.2 (58.2–82.1) 65.5 (53.5–80.2)

T1–S3 ABC 94.1 (91.3–97.1) 87.0 (82.7–91.5) 81.3 (75.5–87.4) 77.2 (70.1–85.0) 74.0 (65.8–83.3)

AIS D/E 96.8 (95.2–98.5) 92.6 (90.0–95.2) 88.8 (85.2–92.4) 85.9 (81.2–90.8) 83.5 (77.8–89.6)

aAnalyses including “Injury Severity” are restricted to 2000–2011 due to inadequate data prior to 2000. Model one is adjusted for: Current age,
sex, decade of TSCI, cause of TSCI, lesion level, and completeness of injury; Model two is adjusted for: Current age, sex, decade of TSCI, cause of
TSCI, and “Lesion level and completeness”; Model three is adjusted for: Current age, sex, injury severity, and cause of TSCI
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acute mortality as 30 days post-injury, and commences
time-at-risk with admission to first rehabilitation [3]. Other
studies stratify time-at-risk by two-years and more than
two-years post-injury [23] or one year post injury [24].

Approaches to statistical analyses in SCI literature vary
considerably, as evidenced in a recent systematic review
and meta-analysis [4], with some studies reporting HRs,
others odds ratios, or relative risks. Moving forward, a
standard approach should be adopted that uses advanced,
up-to-date statistical techniques, which adequately take into
account time-dependent exposures and long-term follow-up
to ensure accurate estimates of survival and mortality out-
comes, as well as cohesion across SCI literature for ensur-
ing comparable estimates. The flexible parametric survival
model methodology employed within this paper is a modern
and highly relevant approach often preferable to Cox
regression due to the associated issues, for example,
regarding predictions of life expectancy, and non-
proportional hazards [11]. Additionally, implementation of
an individual-based meta-analysis—using data from multi-
ple studies and sources—would ensure standardized strati-
fication, inclusion and exclusion criteria, and mortality
definitions [25].

Strengths & limitations

This study reports results from a longitudinal cohort study
with a clearly defined source population, and includes more
than 2 400 included cases of TSCI and 376 deaths. How-
ever, given that information on AIS scores was only
available post-2000, there were a limited number of cases
and deaths to include in the analyses. The reduced number
of cases, and thereby resulting limited power, may have
contributed to the higher risk of mortality estimated for
persons with a C5–C8 AIS A, B, or C lesion compared to
those with a C1–C4 AIS A, B, or C lesion. This is contrary
to estimates from many—albeit not all [2, 26]—previous
studies [4]. However, given the wide confidence intervals,
no concrete conclusions regarding this pattern can be made
for this study. Another issue related to data availability in
the present study, is the potential bias related to loss to
follow-up (N= 171; 7.1%) (e.g., selection bias due to
younger individuals being less likely to stay in contact with
the rehabilitation clinic and thereby having a higher like-
lihood of becoming LTFU due to undocumented address
changes that would have impacted tracing methodology).
To overcome this potential issue, sensitivity analyses
including inverse probability weights were employed
(Supplementary table). No significant differences in esti-
mates were observed. However, use of IPWs does not
account for informative censoring where, for example,
persons LTFU may have a differential risk of mortality not
related to collected covariates. To correctly adjust estimates,

Fig. 2 Differences in absolute survival probabilities according to
lesion level and completeness. All figures include incomplete para-
plegia as the group of reference. The gray area on either side of
the line represents the 95% confidence interval. a compares the
reference group with complete paraplegia; b compares the reference
group with incomplete tetraplegia; c compares the reference group
with complete tetraplegia. Interpretation: The absolute difference can
be interpreted as a percent, for example, 0.04 equates to a 4%
difference. The positive increase of the absolute difference, for
example in (c), is indicative of an absolute survival advantage for
incomplete paraplegic lesions as compared to complete tetraplegic
lesions. The continued upwards trend implies a lack of stabilization
(i.e., a continued augmentation in the absolute difference between
survival probabilities)
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a pattern-mixture approach, for instance, could be used to
inform mortality risk of those censored [27].

In a previous study assessing the coverage of the SwiSCI
Medical Records study with respect to TSCI, it was shown
that SwiSCI likely underrepresents less severe cases, as well
as the elderly population; this potentially affects the gen-
eralizability of the study, and subsequent external validity
[28, 29]. In particular, caution should be taken when
interpreting overall estimates of survival as they could be
under- or overestimated depending on the added risk from
underrepresented groups. However, this study covers the
population receiving specialized rehabilitation, as SwiSCI
includes all recognized centers. Presented estimates can thus
be said to be internally valid and generalizable to the Swiss
TSCI population admitted to specialized first rehabilitation.
Another limitation of the present study is the absence of
information on known contributing risk factors for mortal-
ity. Identification of major mediating factors down-stream
from SCI-specific characteristics (e.g., completeness of
lesion) is important for identifying critical, modifiable fac-
tors contributing to potentially preventable mortality [30];
for example, secondary HCs are known to contribute to risk
of mortality [19, 31]. In the next steps, cause of death
information is needed for cause-specific mortality analyses,
as to further evaluate the role of secondary HCs in risk of
mortality.

Conclusion

This study provides evidence of disparities in mortality and
survival outcomes between SCI-specific characteristics.
Estimates of mortality and survival provided within this
study provide an initial evidence base for informing
resource allocation and future research directions, whereas
future research is needed that focuses on the identification
of modifiable contextual factors contributing to risk differ-
entials between SCI characteristics. Analysis of cause-
specific mortality is the next step needed towards identify-
ing modifiable risk factors contributing to this disparity.
Additionally, in medical record studies—or other studies
based on routinely collected data, for which information of
secondary HCs is not available—analysis of cause-specific
mortality may offer insight regarding the influential sec-
ondary HCs contributing to the aforementioned disparities
within the SCI population.
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