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Abstract
Study design Retrospective observational.
Objectives To compare results of several different methods for calculating life expectancy in the same sample of people with
spinal cord injury (SCI), and critically assess their advantages and disadvantages.
Setting Two spinal centres in Great Britain.
Methods Survival status of persons with traumatic SCI injured between 1943 and 2010 with follow-up to 2015 was
determined. Standardised mortality ratios (SMRs) were calculated using age at injury and current (attained) age, and
compared. Life expectancy was then estimated using the SMR methods and compared with the results of a method based on
multivariate logistic regression of a person-year dataset. Life expectancy estimates calculated by applying SMRs based on
current age to general population period (current) and cohort (projected) life tables were also compared.
Results The estimated life expectancies were significantly higher when the SMRs were based on age at injury. They were
also higher when a general population cohort life table was used, particularly for younger ages. With the exception of the
ventilator-dependent group, the life expectancy estimates derived from logistic regression were slightly lower than those
derived from SMRs based on current age and a general population period life table.
Conclusions The multivariate logistic regression of person-years method offers several advantages compared to the SMR
method for calculating life expectancy after SCI, the main ones being: greater statistical power and precision with smaller
sample sizes, the ability to include more predictive factors and to distinguish the otherwise confounded effects of current age,
time post-injury, and calendar time.

Introduction

Long-term survival and life expectancy can be estimated in
a variety of ways [1]. Several methods have been used to
study long-term survival and life expectancy among persons
with spinal cord injury (SCI) and each approach has its
strengths and limitations. Life expectancy estimates vary
based on the chosen method of statistical analysis [2]. One
of the aims of this paper was to highlight the most com-
monly used methods for estimating life expectancy among
persons with SCI, and how the choice of methods affects
reported findings. Another aim was to demonstrate the
significant differences between the results derived from
different methods of analysis, by recalculating life expec-
tancy in five different ways in the same sample of indivi-
duals with traumatic SCI.
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Standard life tables

Initially, investigators relied on the use of standard life
tables or the Kaplan–Meier approach to estimate the
cumulative survival function over time following SCI, and
these approaches are still occasionally used [3, 4]. Cohort
methods like these are best utilized when the length of
follow-up is relatively short [5–8]. However, as treatment
practices changed and life expectancy increased, limitations
of these methods became magnified. For a typical SCI study
population, median (50%) survival is now more than 30
years after injury. Therefore, by the time a cohort study
concludes and results are available, Kaplan-Meier or stan-
dard life table estimates of survival are substantially out of
date, because the results reflect what life expectancy was
when persons were enrolled in the study (accounting for
subsequent changes in health care) rather than what they
would be at the end of the study.

Standardized mortality ratios (SMR)

Given these limitations of standard life tables, investigators
began to seek ways to adjust period (current) general
population life tables to reflect the effect of having an SCI.
The typical approach that has been used is to calculate
standardized mortality ratios (SMR). This involves deter-
mining an expected number of deaths based on mortality
rates for the general population of comparable age, sex,
race, and length of follow-up. The general population
mortality rates used in these calculations should be con-
comitant with the period of exposure of the study popula-
tion rather than the most recent general population mortality
rates. The SMR is then calculated as the ratio of the actual
number of deaths occurring in the SCI study population to
the expected number of deaths that would have occurred in
the general population over the same time period.

Given known differences in long-term survival based on
injury severity, investigators typically calculated a separate
SMR for each category of injury [9–13]. Originally this
involved creating four neurologic groups (incomplete
paraplegia, complete paraplegia, incomplete tetraplegia, and
complete tetraplegia); however, to improve homogeneity,
the current recommendation is to construct five groups in
accordance with the International Standards for Neurologi-
cal Classification of SCI (C1-4 with American Spinal Injury
Association (ASIA) Impairment Scale (AIS) grade A, B, or
C; C5-8 ABC; T1-S4/5 ABC; AIS D regardless of injury
level; and ventilator-dependent regardless of injury level)
[14, 15]. Life expectancy was then estimated by multiplying
the mortality rates in the general population life table by the
SMR for that neurologic category and recalculating the life
table accordingly. Often, the most current general popula-
tion period life table was used for SCI life expectancy

calculations under the assumption that the SMR was con-
stant over time. However, this assumption is inconsistent
with the findings of several studies now indicating a trend
toward a higher SMR or lower percentage of normal life
expectancy for SCI than in the past [16–19]. Therefore,
current SCI life expectancy has been slightly overestimated
by studies based on this SMR approach.

As sample sizes, numbers of deaths, and lengths
of follow-up increased, it became possible for investigators
to calculate SMRs specific for age at injury or current
(attained) age within each neurologic category [6–8, 20–23].
In general, these investigators found that the SMR declines
substantially with increasing age. Moreover, the decrease in
SMR by age is greater among persons with more severe
injuries. As a result, we now know that use of a constant
SMR for all ages will result in an overestimation of life
expectancy at younger ages and an underestimation of life
expectancy at older ages, with the bias being greater among
more severely injured persons.

While calculation of SMRs grouped by age at injury has
revealed an important trend toward decreasing SMR with
increasing age, there are significant limitations to consider
when interpreting these results. Most importantly, results
across studies are not comparable unless the average length
of follow-up is the same, which is rare. For example,
assume there are two studies and, in both studies, the lowest
age at injury group includes persons injured before age 20.
Given the declining SMR with advancing age, if the first
study is a 50 year follow-up study, the current experience of
65-year-old persons who are 50 years post-injury will be
included in the youngest age group because they were
injured before age 20, causing the calculated SMR for this
young age at injury group to be significantly reduced when
compared to the results of a second study limited to 10 years
of follow-up.

Therefore, more recent studies have reported SMR
values grouped more appropriately by current (attained) age
rather than age at injury [22, 23]. This is accomplished by
first creating a person-year data set in which each person
followed for each year is treated as a separate observation.
Thus, a person who dies during the fifth year after injury
contributes five observations to the data file. For each year,
a binary outcome measure is created indicating whether the
person survived or died during the year. Therefore, for this
example, the person would be considered alive for the first
four observations and dead for the fifth observation. The
expected and actual number of deaths then can be calculated
from this person-year data set based on the current age
during each follow-up year, and SMR values grouped by
current age can be determined. These two studies [22, 23]
went one step further by using actuarial methods [24] of
graduation and data-smoothing techniques to adjust for
excess variability and imprecision of SMR values caused by
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small sample sizes. While this method lacks the power of
statistical multivariate analyses described below, it allows
more direct access to the data and development of
assumptions regarding the determination of SMRs, parti-
cularly at older ages where exposure is often limited.

Multivariable models

Cox regression

Historically, the most common statistical method for eval-
uating the effects of multiple risk factors on long-term
survival has been Cox proportional hazards regression
analysis [25]. This approach, used in many studies of long-
term survival following SCI, allows the simultaneous con-
sideration of main and interactive effects of other known
mortality risk factors such as gender, race, cause of injury,
education, income, smoking, etc., in addition to age and
neurologic status, and can accommodate changes in risk
factors over time through the use of time-dependent cov-
ariates [11, 16, 19–21]. However, there are two significant
limitations to the use of Cox models. First, the population is
analyzed as a cohort. As such, the independent effects of
current age, time post-injury, and calendar time are com-
pletely confounded in that they all increase uniformly with
the passage of time. Thus, their independent effects on
mortality risk cannot be assessed [26]. Moreover, the cal-
culation of life expectancy based on a Cox model is
mathematically cumbersome and requires several assump-
tions [27]. As a result, to our knowledge, no attempts have
been made to estimate life expectancy following SCI
directly from Cox models.

Person–year logistic regression

In 2000, Strauss et al. proposed the use of a pooled repeated
observations method to calculate life expectancy following
SCI [26]. Using this approach, the unit of analysis is the
person-year rather than the person. The person-year data set
is constructed as described previously. Risk factors are
assessed separately each year, so each year has a unique
combination of current age, year post-injury, and calendar
year thereby allowing an assessment of their independent
effects on mortality. Multiple logistic regression analysis is
then used to determine the mortality odds ratio for each risk
factor and the probability of dying each year given its
unique set of risk factors. A life table can then be directly
calculated from these age-specific probabilities of death in a
more straightforward way than would be obtained from a
Cox model. Many recent studies of life expectancy after
SCI have adopted this logistic regression method of analysis
[17, 18, 28–34].

Methods

To demonstrate the significant differences between SMRs
grouped by age at injury vs. current age, we used the data
set from the recently published 70 year follow-up study of
traumatic SCI in Great Britain [18]. Details of the study
sample, eligibility, data collection procedures, follow-up
and death ascertainment can be found in that publication.
The sample consisted of patients with traumatic SCI
admitted to Stoke Mandeville and Southport spinal centres
who were injured between 1943 and 2010, survived the first
year post-injury, had residual neurological deficit on dis-
charge and were British residents. Demographic and injury
information was collected retrospectively from medical
records. Survival status up to and including 31 December
2014, and death certificates for the deceased, were supplied
by the Medical Research Information Service, Health and
Social Care Information Centre (HSCIC), on behalf of the
United Kingdom (UK) Office for National Statistics (ONS).
The UK ONS also produced national life tables for the
general population of England and Wales by age and
gender.

Data analysis began by creating a person-year data set as
described above. The expected fraction of a death for each
person-year was then obtained from the age-specific mor-
tality rate for the general population of England and Wales
for the mid-year of follow-up of the study population.
SMRs were then calculated as the ratio of observed to
expected deaths for each neurologic category grouped either
by age at injury or current (attained) age. These SMRs
subsequently were used to adjust the most recent England
and Wales general population period life table to reflect the
presence of SCI. Additionally, actuarial methods of gra-
duation and smoothing of the derived SMR values based on
current age were used as in previous studies of life expec-
tancy following SCI conducted in Australia [22, 23]. Next,
a logistic regression model was developed using the same
person-year data set. This was used to calculate current age-
specific mortality rates for each neurologic category from
which standard life tables were then constructed to deter-
mine life expectancies. The complete logistic regression
model that was used for calculating the estimated life
expectancy appears in the previously mentioned paper [18].
The results of these four methods for calculating life
expectancy were then compared. Finally, in order to
demonstrate the difference in life expectancy estimates
when adjustments are made based on projected future
general population improvements in age-specific mortality
rates, the current age SMR method was also applied to the
2014 cohort (projected) general population life table for
England and Wales.
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Statement of ethics

The British mortality study was approved by Berkshire
Research Ethics Committee (REC), REC reference number
11/H0505/1.

We certify that all applicable institutional and govern-
mental regulations concerning the ethical use of patient
identifiable data were followed during the course of this
research.

Results

Sample

The sample included 5483 persons with traumatic SCI
injured between 1943 and 2010 and treated at one of the
two participating British spinal centres (Stoke Mandeville
and Southport). Their survival status was followed up to
2015. The mean age at injury for the entire sample was
35.12 years (range 0.5–90.99, median 30.68), 79.7% were
male, 1.4% had a ventilator dependent tetraplegia, 6.3%
C1-C4 tetraplegia AIS/Frankel grade ABC, 23.4% C5-C8
tetraplegia ABC, 41.2% paraplegia ABC, and 27.7%
incomplete lesion (all Ds). On 31 December 2014, there
were 2958 persons (54% of the sample) still alive, 2322
(42.3%) had died and 203 (3.7%) were lost to follow-up
(could not be traced by the UK Office for National
Statistics).

Standardized mortality ratios (SMRs)

The differences between SMRs grouped by age at injury vs.
current age are presented in Table 1. The overall SMR for
each neurologic category is the same (bottom row), but the
age-specific SMR values are significantly higher, particu-
larly for younger ages with greater injury severity, when the
data are grouped by current age rather than age at injury.

Logistic regression

The multivariate logistic regression analysis identified
gender, current age, time since injury, injury level and AIS/
Frankel grade, ventilator dependency and study period as
strong predictors of mortality, and they were used for cal-
culating the estimated life expectancy, as reported in the
previous life expectancy paper [18].

Life expectancy

Life expectancy estimates for males with SCI from the
British study by neurologic category based on SMR values
calculated by age at injury applied to the 2012–2014 general

population period life table for England and Wales appear
in Table 2a. The corresponding life expectancy estimates
based on SMR values calculated by current (attained) age
appear in Table 2b. The calculated life expectancies are
significantly higher when the SMR used is based on age at
injury, but the difference decreases as age increases.

Life expectancy estimates based on actuarial graduation
and smoothing of current age SMR values appear in
Table 2c. As expected, these results are very similar to those
found in Table 2b, but differ slightly at older ages where
there is less precision regardless of chosen method of cal-
culation due to much smaller sample sizes.

Life expectancy estimates for males with SCI from the
same British study by neurologic category based on a
logistic regression analysis of person-year data appear in
Table 2d. This analysis uses the same underlying data and
the same risk factors grouped in the same way as were used
to produce the estimates in Tables 2a, b, and c. With the
exception of the ventilator-dependent group, where small
sample sizes result in greater variability and less precision
of estimation for all methods, the life expectancy estimates
derived from logistic regression (Table 2d) are slightly
lower than those derived from the use of SMRs based on
current age (Tables 2b and c).

Table 3 shows much longer life expectancy estimates
when cohort (projected) general population life tables were
used with SMRs based on current age. The percentage of
normal life expectancy also differs slightly from the per-
centage derived from period general population life tables.

Discussion

The results demonstrated the differences in estimated life
expectancy calculations depending on the statistical analysis
method used.

In the SMR method, the divergence of results at old ages
results from having a single SMR for age 61 and older
(Table 2b) vs. the graduated and smoothed estimates of
SMR by individual ages (Table 2c). Given the declining
SMR with advancing age, when a single SMR value is
calculated for age 61 and older, the estimated SMR at ages
closer to 61 will be underestimated while the SMR at sig-
nificantly older ages will be overestimated, with the degree
of underestimation or overestimation depending on the
distribution of exposure within the over 60 age group. This
will result in an overestimation of life expectancy for per-
sons in their 60s but an underestimation of life expectancy
for persons in their 80s when a single SMR is used for all
ages over 60, whereas either the graduated and smoothed
SMR values or the logistic regression can distinguish
mortality risks at older ages. In fact, the logistic regression
estimates for all ages are more precise because the effect of
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age can be modeled more specifically than by calculation of
SMRs in a few broad age categories. Since the age factor in
the person–year data set reflects the current age in that
person-year, it is not surprising that life expectancy esti-
mates in Table 2d more closely approximate those in
Tables 2b and c than Table 2a. The differences between
Table 2d and Table 2a once again reflect the biases due to
grouping data by age at injury rather than current age and
the assumption of a constant SMR over time. Several stu-
dies have shown that all other things being equal, there are
no significant differences in annual mortality rates by time
post-injury once the first few years have passed [17, 28–31].
Since standard general population life tables are based on
current age-specific mortality rates in a particular calendar
year, the appropriate SMR to use to adjust those general
population rates must also be based on current age rather
than age at some other time in the past such as the date of
injury. This bias toward overestimating life expectancy
when the SMR is based on age at injury is in addition to the
overestimation bias inherent in Tables 2a, b, and c caused
by the assumption of a constant SMR over time discussed
previously.

Excess death rates

When estimating life expectancy for any individual with an
SCI, factors beyond those contained in the data sets typi-
cally used in SCI life expectancy research may need to be
considered. Several publications from an American study
reported on the effect of numerous psychosocial factors and
self-reported health status on life expectancy after SCI, but
did not include information on comorbid conditions, such as

heart disease, cancer, diabetes, etc. [30, 34, 35]. In the
absence of SCI-specific data on the effects of these factors,
general population data are often used. The usual approach
is to obtain a measure of the general population age-specific
excess death rate (EDR) for the additional factors, add those
EDRs to the effect of the SCI, and recalculate the life table
accordingly [2]. This should include both positive and
negative factors affecting life expectancy whenever possi-
ble. However, when including additional factors, one must
recognize that this requires an assumption that the effects of
each additional risk factor are completely independent of all
other factors and that the effect in the general population is
the same as it is for persons with SCI. In many cases, these
assumptions will not be entirely valid, so careful con-
sideration is warranted when there are important additional
risk factors to be included in an individual projection of life
expectancy.

Use of life expectancy estimates in individual cases

Life expectancy is by definition the average length of
remaining life. Some persons will live longer while others
will not live as long as their projected life expectancy.
When used to resolve matters of litigation, a settlement
based on a single estimate of life expectancy will almost
always result in considerable deviation from the actual
expenses to be incurred in the future by the person with
SCI. To avoid situations where persons with SCI have
insufficient funds to cover their remaining lifetime expen-
ses, structured settlements and annuities should be encour-
aged whenever possible.

Table 1 Standardized mortality ratios (SMRs) for the British SCI samplea, by neurologic grouping and either age at injury (Table 1a) or current
age (Table 1b)

AIS D Para ABC C5-8 ABC C1-4 ABC Ventilated

SMR 95% CI SMR 95% CI SMR 95% CI SMR 95% CI SMR 95% CI

(a) Age at injury (years)

1–30 1.92 1.61–2.27 2.83 2.55–3.13 4.86 4.25–5.53 8.99 6.15–12.69 28.13 12.83–53.39

31–45 1.84 1.54–2.19 2.71 2.41–3.04 4.99 4.21–5.88 6.26 4.23–8.94 32.14 14.67–61.02

46–60 1.42 1.21–1.67 2.76 2.36–3.21 5.54 4.66–6.54 7.28 5.64–9.24 9.86 5.39–16.54

61+ 1.08 0.90–1.28 1.79 1.40–2.25 3.33 2.75–4.00 4.40 3.32–5.73 6.58 3.76–10.69

All ages 1.49 1.37–1.62 2.66 2.49–2.83 4.63 4.27–5.01 6.12 5.27–7.07 10.79 7.95–14.30

(b) Current age (years)

1–30 1.71 0.69–3.53 5.00 3.57–6.81 8.76 6.29–11.88 11.69 5.34–22.19 53.85 21.65–110.94

31–45 4.09 3.10–5.28 5.84 4.98–6.80 6.91 5.61–8.42 9.13 5.58–14.10 36.00 16.46–68.34

46–60 1.91 1.57–2.31 3.04 2.69–3.42 5.37 4.67–6.14 9.32 7.17–11.90 12.82 6.15–23.58

61+ 1.27 1.15–1.41 2.00 1.82–2.20 3.57 3.16–4.02 4.50 3.62–5.53 6.67 4.18–10.09

All ages 1.49 1.37–1.62 2.66 2.49–2.83 4.63 4.27–5.01 6.12 5.27–7.07 10.79 7.95–14.30

AIS American Spinal Injury Association (ASIA) Impairment Scale, CI confidence interval, SCI spinal cord injury, SMR standardized mortality ratio
a All persons in the sample injured between 1943 and 2010, survived at least 1 year post-injury, with follow-up terminated on 31 December 2014
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Applying a single measure of life expectancy to a life
care plan assumes with 100% certainty that an individual
will live exactly as long as their life expectancy and no
longer. This assumption is never correct and only rarely
close to what actually happens. To avoid the necessity of
this assumption, a better alternative is to use the distribution
of estimated survival probabilities from the calculated SCI-
specific life table, as has been done in all previous studies of
lifetime costs of care following SCI [36–40]. This approach

also better accommodates changes in the life care plan as
individuals age as well as the effects of future inflation and
the choice of discount rate for use in present value
calculations.

Future improvements in life expectancy

One issue of concern is the adjustment of current SCI life
expectancy results to reflect possible future improvements

Table 2 Current life expectancy for males with SCI from the British samplea using four different calculation methods

No
SCIb

AIS D Para ABC C5-8 ABC C1-4 ABC Ventilated

Age
(years)

Mean Mean % general
population

Mean % general
population

Mean % general
population

Mean % general
population

Mean % general
population

(a) Current life expectancy for males with SCI from the British samplea, using SMRs grouped by neurologic category and age at injury, expressed
as mean years of remaining life and as percentage of the general population meanb

20 59.9 57.6 96.2 51.7 86.3 44.3 74.0 40.5 67.6 27.3 45.6

40 40.6 38.9 95.8 33.4 82.3 26.8 66.0 23.9 58.9 16.6 40.9

60 22.6 21.7 96.0 17.8 78.8 13.4 59.3 11.5 50.9 9.1 40.3

(b) Current life expectancy for males with SCI from the British samplea, using SMRs grouped by neurologic category and current age, expressed as
mean years of remaining life and as percentage of the general population meanb

20 59.9 54.4 90.8 48.4 80.8 42.3 70.6 37.6 62.8 22.9 38.2

40 40.6 36.3 90.1 31.5 77.6 26.1 64.3 21.9 53.9 14.9 36.7

60 22.6 20.5 90.7 17.0 75.2 12.9 57.1 11.2 49.6 8.8 38.9

(c) Current life expectancy for males with SCI from the British samplea, using SMRs smoothed by standard actuarial methods grouped by
neurologic category and current age, expressed as mean years of remaining life and as percentage of the general population meanb

20 59.9 53.8 89.8 48.3 80.6 42.1 70.3 37.3 62.3 23.1 38.6

40 40.6 36.2 89.2 31.6 77.8 25.9 63.8 21.6 53.2 15.3 37.7

60 22.6 20.7 91.6 17.7 78.3 13.0 57.5 10.3 45.6 7.9 35.0

(d) Current life expectancy for males with SCI from the British samplea, based on logistic regression analysis method, expressed as mean years of
remaining life and as percentage of the general population meanb

20 59.9 52.4 87.5 47.0 78.5 40.1 66.9 35.5 59.3 27.7 46.2

40 40.6 34.2 84.2 29.4 72.4 23.6 58.1 19.9 49.0 14.1 34.7

60 22.6 18.3 81.0 14.8 65.5 10.7 47.3 8.4 37.2 5.2 23.0

AIS American Spinal Injury Association (ASIA) Impairment Scale, SCI spinal cord injury, SMR standardized mortality ratio
a All persons in the sample injured between 1943 and 2010, survived at least 1 year post-injury, with follow-up terminated on 31 December 2014
b General population period (current) life tables for England and Wales 2012–2014, from the United Kingdom Office for National Statistics

Table 3 Projected life expectancy for males with SCI from the British samplea, calculated using SMRs grouped by neurologic category and
current age, expressed as mean years of remaining life and as percentage of the general population meanb

Current
age (years)

General
populationb

AIS D Para ABC C5-8 ABC C1-4 ABC Ventilated

Mean
(years)

Mean
(years)

% general
population

Mean
(years)

% general
population

Mean
(years)

% general
population

Mean
(years)

% general
population

Mean
(years)

% general
population

20 68.8 61.8 89.8 55.6 80.8 49.0 71.2 44.1 64.1 27.7 40.3

40 46.8 42.0 89.7 36.5 78.0 30.3 64.7 25.8 55.1 17.4 37.2

60 26.2 23.8 90.8 19.6 74.8 14.7 56.1 12.7 48.5 9.9 37.8

AIS American Spinal Injury Association (ASIA) Impairment Scale, SCI spinal cord injury, SMR standardized mortality ratio
a All persons in the sample injured between 1943 and 2010, survived at least 1 year post-injury, with follow-up terminated on 31 December 2014
b General population cohort (projected) life tables for England and Wales 2014, from the United Kingdom Office for National Statistics
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as have occurred in the general population. In the United
States, no such improvement in SCI life expectancy has
occurred in the past 35 years, but this does not preclude
future improvement [17]. In Great Britain, there have been
small improvements in SCI life expectancy over the past
three decades, but these have not kept pace with improve-
ments in the general population [18]. For litigation in both
Great Britain and Australia, courts have typically used
cohort (projected) life expectancy tables that have built in
assumptions regarding future improvements in life expec-
tancy. In the United States, period (current) life tables are
typically used without adjustment for future increases. As
seen by comparing the results of Table 2b and Table 3, there
are substantial increases in life expectancy when applying
the same SMRs to reduced future general population mor-
tality rates that incorporate anticipated long-term improve-
ments in life expectancy. This is particularly true at younger
ages when the anticipated improvements have more time to
occur. If SMRs had been applied to projected improved
future general population mortality rates 30 years ago (the
approach used to produce estimates in Table 3), life
expectancies for individuals with SCI would have been
substantially overestimated. Moreover, as seen from the
differences in Tables 2b and 3, while it may be tempting to
apply the percentage of normal life expectancy derived from
a period life table to a cohort life table to obtain a life
expectancy estimate accounting for potential future
improvement, such an approach is not exact, even under the
assumption of a constant SMR over time. To facilitate
comparison of studies of life expectancy after SCI, inves-
tigators should describe in detail any adjustments that have
been made to accommodate potential future increases in life
expectancy into current estimates and report both unad-
justed and adjusted findings.

Conclusions

To facilitate comparison across studies and minimize bias
in calculated life expectancy estimates, future studies of
long-term survival after SCI that use the SMR method of
analysis should be based on current age rather than age at
injury. Cox models and logistic regression of person-year
data are more powerful methods of analysis, requiring
smaller sample sizes, and are preferable to methods based
on SMRs. These multivariable models also have the
advantages of being able to include more predictive factors
as well as being capable of producing current estimates of
life expectancy without the necessity of assuming a constant
SMR over time since calendar time can be included as a risk
factor in either type of model. Additional important
advantages of the logistic regression method are its ability
to distinguish the effects of current age, time post-injury,

and calendar time and the more straightforward estimation
of life expectancy when compared to Cox models.

Acknowledgements The study was financially supported by Buck-
inghamshire Healthcare NHS Trust Charitable Spinal Fund and Ann
Masson Legacy for Spinal Research Fund, UK. The original part of the
study [21] was supported in part by the National Institute on Disability
and Rehabilitation Research Grant #H133.G90010, USA. The authors
wish to thank Medical Records staff at Stoke Mandeville and South-
port Spinal Centres, and especially Mrs Pauline Cato, for their help
with medical notes retrieval.

Compliance with ethical standards

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

References

1. Lee ET. Statistical methods for survival data analysis. Belmont,
California: Lifetime Learning Publications; 1980.

2. Anderson TW. Life expectancy in court. Vancouver, Canada:
Teviot Press; 2002.

3. Cutler SJ, Ederer F. Maximum utilization of the life table method
in analyzing survival. J Chronic Dis. 1958;8:699–712.

4. Kaplan EL, Meier P. Nonparametric estimation from incomplete
observations. J Am Stat Assoc. 1958;53:457–81.

5. DeVivo MJ, Kartus PL, Stover SL, Rutt RD, Fine PR. Seven-year
survival following spinal cord injury. Arch Neurol.
1987;44:872–5.

6. DeVivo MJ, Stover SL, Black KJ. Prognostic factors for 12-year
survival after spinal cord injury. Arch Phys Med Rehabil.
1992;73:156–62.

7. DeVivo MJ, Ivie CS. Life expectancy of ventilator-dependent
persons with spinal cord injuries. Chest. 1995;108:226–32.

8. Hagen EM, Lie SA, Rekand T, Gilhus NE, Gronning M. Mortality
after traumatic spinal cord injury: 50 years of follow-up. J Neurol
Neurosurg Psychiatry. 2010;81:368–73.

9. Smart CN, Sanders CR. The costs of motor vehicle related spinal
cord injuries. Washington DC, USA: Insurance Institute for
Highway Safety; 1976.

10. DeVivo MJ, Fine PR, Maetz HM, Stover SL. Prevalence of spinal
cord injury: a reestimation employing on life table techniques.
Arch Neurol. 1980;37:707–8.

11. DeVivo MJ, Krause JS, Lammertse DP. Recent trends in mortality
and causes of death among persons with spinal cord injury. Arch
Phys Med Rehabil. 1999;80:1411–9.

12. Geisler WO, Jousse AT, Wynne-Jones M. Survival in traumatic
transverse myelitis. Paraplegia. 1977;14:262–75.

13. Geisler WO, Jousse AT, Wynne-Jones M, Breithaupt D. Survival
in traumatic spinal cord injury. Paraplegia. 1983;21:364–73.

14. Kirshblum SC. International standards for neurological classifi-
cation of spinal cord injury. Atlanta, GA, USA: American Spinal
Injury Association; 2015.

15. DeVivo MJ, Biering-Sorensen F, New P, Chen Y. Standardization
of data analysis and reporting of results from the
international spinal cord injury core data set. Spinal Cord.
2011;49:596–9.

16. Lidal IB, Snekkevik H, Aamodt G, Hjeltnes N, Stanghelle JK,
Biering-Sorensen F. Mortality after spinal cord injury in Norway.
J Rehabil Med. 2007;39:145–51.

672 M. J. DeVivo et al.



17. Shavelle RM, DeVivo MJ, Brooks JC, Strauss DJ, Paculdo DR.
Improvements in long-term survival after spinal cord injury? Arch
Phys Med Rehabil. 2015;96:645–51.

18. Savic G, DeVivo MJ, Frankel HL, Jamous MA, Soni BM,
Charlifue S. Long-term survival after traumatic spinal cord injury
—a 70-year British study. Spinal Cord. 2017;55:651–8.

19. Noe BB, Stapelfeldt CM, Parner ET, Mikkelsen EM. Survival after
traumatic spinal cord injury in Denmark: a hospital-based study
among patients injured in 1990–2012. Spinal Cord. 2017;55:373–7.

20. DeVivo MJ, Stover SL. Long-term survival and causes of death.
In: Stover SL, DeLisa JA, Whiteneck GG, (eds). Spinal cord
injury: clinical outcomes from the model systems. Gaithersburg,
MD, USA: Aspen; 1995. p. 289–316.

21. Frankel HL, Coll JR, Charlifue SW, Whiteneck GG, Gardner BP,
Jamous MA, et al. Long-term survival in spinal cord injury: a
50-year investigation. Spinal Cord. 1998;36:266–74.

22. Middleton JW, Dayton A, Walsh J, Rutkowski SB, Leong G,
Duong S. Life expectancy after spinal cord injury: a 50-year
study. Spinal Cord. 2012;50:803–11.

23. Yeo JD, Walsh J, Rutkowski S, Soden R, Craven M, Middleton J.
Mortality following spinal cord injury. Spinal Cord. 1998;36:329–36.

24. Benjamin B, Haycocks HW. The analysis of mortality and other
actuarial statistics. Cambridge, United Kingdom: Cambridge
University Press; 1970.

25. Cox DR. Regression models and life tables. J R Stat Soc.
1972;34:187–220.

26. Strauss DJ, Shavelle RM, DeVivo MJ, Day S. An analytic method for
longitudinal mortality studies. J Insur Med. 2000;32:217–25.

27. Strauss D, Shavelle RM, DeVivo MJ, Harrison-Felix C, White-
neck GG. Life expectancy after traumatic brain injury [letter].
NeuroRehabil. 2004;19:257–8.

28. Strauss DJ, DeVivo MJ, Paculdo DR, Shavelle RM. Trends in life
expectancy after spinal cord injury. Arch Phys Med Rehabil.
2006;87:1079–85.

29. Shavelle RM, DeVivo MJ, Paculdo DR, Vogel LC, Strauss DJ.
Long-term survival after childhood spinal cord injury. J Spinal
Cord Med. 2007;30:S48–S54.

30. Krause JS, DeVivo MJ, Jackson AB. Health status, community
integration, and economic risk factors for mortality after spinal
cord injury. Arch Phys Med Rehabil. 2004;85:1764–73.

31. Strauss D, DeVivo MJ, Shavelle R. Long-term mortality risk after
spinal cord injury. J Insur Med. 2000;32:11–6.

32. Shavelle RM, Paculdo DR, Tran LM, Strauss DJ, Brooks JC,
DeVivo MJ. Mobility, continence, and life expectancy in persons
with ASIA impairment scale grade D spinal cord injuries. Am J
Phys Med Rehabil. 2015;94:180–91.

33. Shavelle RM, DeVivo MJ, Strauss DJ, Paculdo DR, Lammertse
DP, Day SM. Long-term survival of persons ventilator
dependent after spinal cord injury. J Spinal Cord Med.
2006;29:511–9.

34. Krause JS, Saunders LL, DeVivo MJ. Income and risk of mor-
tality after spinal cord injury. Arch Phys Med Rehabil.
2011;92:339–45.

35. Krause JS, Carter R, Zhai Y, Reed K. Psychologic factors and risk
of mortality after spinal cord injury. Arch Phys Med Rehabil.
2009;90:628–33.

36. Berkowitz M, Harvey C, Greene CG, Wilson SE. The economic
consequences of traumatic spinal cord injury. New York, NY,
USA: Demos; 1992.

37. Berkowitz M, O’Leary PK, Kruse DL, Harvey C. Spinal cord
injury: an analysis of medical and social costs. New York, NY,
USA: Demos; 1998.

38. DeVivo MJ, Whiteneck GG, Charles ED. The economic
impact of spinal cord injury. In: Stover SL, DeLisa JA,
Whiteneck GG, (eds). Spinal cord injury: clinical outcomes from
the model systems. Gaithersburg, MD, USA: Aspen; 1995. p.
234–71.

39. DeVivo MJ. Causes and costs of spinal cord injury in the United
States. Spinal Cord. 1997;35:809–13.

40. Cao Y, Chen Y, DeVivo MJ. Lifetime direct costs after spinal
cord injury. Top Spinal Cord Inj Rehabil. 2011;16:10–6.

Life expectancy calculation methods 673


	Comparison of statistical methods for calculating life expectancy after spinal cord injury
	Abstract
	Introduction
	Standard life tables
	Standardized mortality ratios (SMR)
	Multivariable models
	Cox regression
	Person–nobreakyear logistic regression

	Methods
	Statement of ethics

	Results
	Sample
	Standardized mortality ratios (SMRs)
	Logistic regression
	Life expectancy

	Discussion
	Excess death rates
	Use of life expectancy estimates in individual cases
	Future improvements in life expectancy

	Conclusions
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




