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Purpose: When examining whether poor physical function is a risk factor for imminent death in older
adults, one challenge is the lack of a meaningful time origin, a time point on which the estimate of time-
to-death is anchored. In this study, we overcame this challenge by discarding the traditional—and fla-
wed—approach of survival analysis with “time since beginning of follow up” as the time variable, and
instead used a novel analytic approach that uses time-to-death as a covariate to examine its association

Keywords: with physical function.
g‘:il; ?:reee:gth Methods: Physical function and other covariates were measured annually in the Cardiovascular Health
Mortality Study on 4150 individuals followed up to their time of death. Using multilevel models, we estimated gait
speed and grip strength in relation to two time axes: age and proximity to death.
Results: As individuals approached death, both gait speed and grip strength decreased significantly.
However, after adjustment for health and lifestyle covariates, there was significant variation in the level
of physical function between individuals.
Conclusion: Although physical function was significantly associated with time-to-death, there was sig-
nificant variation in level of physical function between individuals at comparable proximity to death. A
better understanding of these variations is needed before measures of physical function are recom-
mended as a clinical tool for identifying individuals at high risk of death.
© 2019 Elsevier Inc. All rights reserved.
Introduction When studying the association between physical function and

Over the past few decades, researchers have reported a strong
association between measures of physical function and survival in
older persons. These findings have led to the recommendation that
physical function serve as a clinical tool for identifying individuals
at higher risk of death and targeting care accordingly [1-9].
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survival in older adults, however, one important challenge is the
lack of a meaningful time origin—a time point on which the mea-
surement of survival is anchored. Researchers have commonly used
time of entry into a longitudinal study as the time origin [1—4].
When the exposure of interest is a disease or intervention, time of
entry into a study is a meaningful time point because it usually
coincides with disease onset, diagnosis, or the initiation of the
intervention. Survival from these time points is therefore of inter-
est. In the case of physical function, however, decline typically
starts in middle age, and rate of decline varies throughout late
adulthood [10—12]. Thus, using study entry as the time origin yields
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estimates of survival that are adjusted for time on study and
therefore have no useful interpretation and can lead to misleading
conclusions [13—16].

One way of overcoming the lack of a meaningful time origin is to
use an analytic approach developed in research on cognitive
function and mortality, referred to as terminal decline [17—19]. This
approach, aimed at examining accelerated decline in cognitive
function at the end of life, limits the analytic sample to the de-
cedents of a cohort, anchors the analysis at the time of death, and
uses a time-to-death scale as a covariate in a regression model for a
specific health outcome. Time-of-death offers a well-defined time
point and a novel approach to addressing the question of poor
physical function as an independent risk factor for death in older
adults. The multilevel analysis also indicates whether there is sig-
nificant variation between individuals once age and proximity to
death are accounted for.

In the present study, we use methods developed in terminal
decline research to assess whether physical function is an inde-
pendent risk factor of death. We identified three previous studies
where researchers examined terminal decline in physical function
[20—22]. All three of the studies reported an accelerated decline in
physical function at the end of life. Because these studies aimed to
assess whether physical function was part of the dying process, two
of them did not control for any other health characteristics
considered to be part of the same process [20]. The only study that
did control for health characteristics treated them as time-invariant
over a follow-up of 13 years [22]. If physical function is to be used as
a clinical tool in identifying older adults at higher risk of death, it is
important to know whether it is a risk factor for imminent death
after potential time-varying characteristics normally considered by
clinicians are controlled for.

The specific objectives of this study are 1) to examine whether
the time-to-death is associated with physical function in older
women and men, after accounting for age and time-varying effects
of health and lifestyle characteristics, and 2) to assess whether
there are significant variations between individuals in level and
rate of change of physical function, once age, proximity to death
and other covariates are accounted for.

Methods
Sample

This study used data from the Cardiovascular Health Study (CHS),
a cohort study of American adults aged 65 years and over at
recruitment, initiated in 1989. Participants in the CHS were
randomly sampled from the Medicare eligibility list of the Health
Care Financing Administration in four geographic regions of the
United States: Forsyth County, North Carolina; Sacramento County,
California; Washington County, Maryland; and Pittsburgh, Pennsyl-
vania. Details of the sampling strategy have been described else-
where [23]. The sample for the present study comprised the original
cohort of CHS participants recruited in 1989—1990, for whom a date
of death was recorded by December 31, 2010, the administrative
censoring date for this analysis. Seventy-five percent of women and
86% of men of the original CHS sample had died by then, yielding a
sample of 4150 decedents for this study. Follow-up for vital status
was 100%, so those excluded from the present study are the CHS
“survivors.” The CHS obtained participant informed consent and the
McGill University IRB approved the current analysis.

Physical function

For this study, physical function was the outcome variable,
operationalized as gait speed and grip strength. Both of these were

measured annually for 10 years. Gait speed was measured as the
time taken to walk a 15-foot course and converted into meters per
second. Grip strength was measured on the dominant hand using a
hand-held Jamar dynamometer.

Time-to-death and age

Time-to-death was the primary predictor of interest in this
analysis. It was defined as the number of days between the mea-
surement of physical function (gait speed or grip strength) and the
participant's date of death, divided by 365, to convert the units into
years.

Age, a second key predictor of interest, was centered at the
mean age of the sample at study entry to provide an interpretable
model intercept in the multilevel models.

Covariates

Additional covariates of interest were demographic, lifestyle,
and health characteristics. Demographic characteristics (race, ed-
ucation, lifetime occupation, income, and marital status) were
measured only at entry into the CHS and treated as time-invariant
in the current analysis. Lifestyle covariates were smoking status,
number of alcoholic beverages consumed per week, and current
physical activity level compared to the previous year. Health char-
acteristics consisted of body mass index (BMI), self-rated health,
self-reported vision problems, hearing problems, depressive
symptoms, cognitive function, and disease status for the following
conditions: cardiovascular disease, diabetes, cancer, kidney disease,
liver disease, musculoskeletal disease, and Parkinson's disease.
Lifestyle and health characteristics were measured at annual CHS
visits and treated as time-varying for the present study.

Analysis

Analyses were conducted separately for gait speed and grip
strength. To better understand sex-specific associations, the ana-
lyses were also stratified by sex.

We first compared decedents included in this study to the sur-
vivors. Next, we graphed the study sample characteristics of the
decedents at their final observation, stratified by categories of their
time-to-death at the final observation.

We used multilevel models to examine within-person change in
physical function (outcome variable) as a function of time (pre-
dictor). We used two different time axes: time-to-death and age.
Models were fit using maximum likelihood estimation. The AIC was
used to determine whether progressively more complex models
provided a better fit for the data.

Seven models were fit (Supplementary Table 4): 1) the uncon-
ditional mean model, where physical function was assumed to be
stable over time, so variance in physical function was partitioned
and quantified across people, without respect to time; 2) the time-
to-death model, where physical function was modeled as a linear
function of time-to-death; 3) the nonlinear time-to-death model,
where a quadratic term for time-to-death was included to assess
nonlinear changes in physical function with respect to time-to-
death; 4) an age model, where age was used as the time axis and
change in physical function was modeled with respect to increasing
age; 5) a nonlinear age model, where a quadratic term for age was
included; 6) a model that included both age and time-to-death,
along with their quadratic forms, to directly compare the effects
of aging to those of dying, and to determine whether the inclusion
of one time metric may render the other nonsignificant; and finally
7) a model with both time-to-death and age, adjusted for de-
mographic, lifestyle, and health characteristics.
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For models 1—6, where the independent variables were limited
to age and time-to-death, all observed values of physical function
were included in the models because there were no missing values
for age or time-to-death. Model 7 was limited to observations of
physical function for which all covariates were also nonmissing. We
also ran model 6 on a restricted subset of observations (model 6R),
corresponding to those included in model 7, so that model fit of the
adjusted and unadjusted models could be compared directly.

At the second level of the models, we introduced variation in the
intercept and slope between individuals and examined the statis-
tical significance of their variance components.

Results

Compared to the CHS survivors excluded from the present study,
the decedents were older and in poorer health at CHS entry
(Supplementary Tables 1 and 2).

Sample characteristics of decedents at their final observation are
presented in Supplementary Appendix 2. Overall, not surprisingly,
participants observed very close to their time-of-death were in
poorer health compared to those further away from death at their
last observation. Differences were most pronounced for self-rated
health, BMI, and chronic diseases with poor prognosis. Cognitive
function, gait speed, and grip strength were all worse among the
women and men who were closer to death at their final
observation.

Tables 1—4 present the results of the multilevel modeling of gait
speed and grip strength in women and men. In models 1 through 6,
the AICs were consistently lower, indicating better model fit, for
models of age, compared to models of time-to-death. Models that
included both age and time-to-death, however, provided better fit
than models with only one of the two time axes. The model
adjusted for demographic, health, and lifestyle covariates (model 7)
consistently had the best model fit. Overall, in the fully adjusted
models, there were statistically significant effects of time-to-death
on gait speed and grip strength, even after adjusting for age and all
other covariates.

Among women, based on the fully adjusted models, as time-to-
death decreased, both measures of physical function decreased. The
magnitude of the association between time-to-death and physical
function was smaller than that of age and physical function. Among
men, similar results were obtained for grip strength. For gait speed
however, in the fully adjusted model, the association with time-to-
death was stronger than with age.

In comparing the unadjusted and adjusted models (models 6R
and 7), it is also worth noting that the strength of the association
between time-to-death and physical function was attenuated by
the adjustment for covariates. In contrast, adjustment for covariates
had little impact on the association between age and physical
function.

Finally, Tables 1—4 also present the random effects for all
models. The statistically significant random effects in the intercept
for both sexes and both measures of physical function indicate
important variation in physical function between individuals pre-
ceding death. For grip strength in women and men, there was also a
significant random effect for time, indicating variation in the rates
of decline in grip strength between individuals, after accounting for
all the covariates.

Discussion

In this study, we sought to examine whether proximity to death
was associated with level of physical function, once age and other
health and lifestyle covariates were accounted for. In contrast to
previous studies of physical function and survival that have used

Table 1

Multilevel models of gait speed as a function of time-to-death and/or age, in female decedents

5. Nonlinear Age 6. Age and time-to-death 6R. Age and time-to-death* 7. Adjusted age and time-to-death"

1. Unconditional means 2. Time-to-death 3. Nonlinear Time-to-death 4. Age

Model

Estimate (SE)

Estimate (SE)

74.74

Estimate (SE) Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Fixed effects

)
)
)
)

42.38" (7.81

0.87)

0.65' (0.26
~0.02 (0.01
~0.81°(0.10
—0.04" (0.008)

Estimate (SE)

1.54" (0.28)
—0.04' (0.01)
~0.99" (0.10)
—0.05" (0.01)

Estimate (SE)

0.07)

0.005)

70.44"

82.77" (0.44)

80.34" (0.41)

59.84" (0.73)

80.31" (0.44) 66.67" (0.58)

Intercept

3.41°(0.13)
—0.09" (0.006)

1.53" (0.05)

Time-to-death

(Time-to-death)? —

Age

—-0.99°
-0.06

—1.47" (0.04)
—0.07" (0.005)

Estimate (SE)
292.88" (10.93) 294.08" (11.07)

—~1.54" (0.04)
261.72" (3.23)

Age?

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Random effects

171.26" (10.86)
240.27" (6.12)

276.91" (15.08)
245.42" (6.22)

280.80" (10.49)
253.40° (3.13)

317.56" (11.85)

314.94" (11.66)

340.69" (12.68)

Intercept
Residual

256.54 (3.17)

256.51" (3.17)

261.62" (3.23)

281.01" (3.47)

Goodness-of-fit

AIC

41,4741

42,025.9

133,100.7 132,835.4

133,340.6

133,252.0

133,479.0

134,594.5

* P<.001.
' P<.05.

# Model 6 applied to a restricted subset of observations with no missing data for covariates.

% Adjusted for race, lifetime occupation, income, education, smoking status, physical activity level, alcohol consumption, BMI, self-rated health, CVD, diabetes, kidney disease, liver disease, cancer, musculoskeletal disease,

Parkinson's disease, cognitive function, depressive symptoms, vision problems, hearing problems, and grip strength.
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Table 2

Multilevel models of gait speed as a function of time-to-death and/or age, in male decedents

Model

1. Unconditional means

2. Time-to-death

3. Nonlinear
Time-to-death

4. Age

5. Nonlinear

Age

6. Age and time-to-death

6R. Age and time-to-death’

7. Adjusted age and time-to-death

Fixed effects

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Intercept
Time-to-death
(Time-to-death)?
Age

Age?

88.25" (0.44)

78.16 (0.56)
1.34" (0.05)

73.00° (0.68)
3.03 (0.14)
~0.09" (0.007)

88.74° (0.42)

~1.16" (0.05)
—0.06" (0.005)

~1.27" (0.05)

90.97" (0.45)

80.30° (0.80)
2.19° (0.15)
~0.08" (0.007)
~0.66" (0.07)
~0.05" (0.005)

83.07 (1.24)

1.86" (0.27)
~0.06" (0.02)
~0.74" (0.11)
~0.04" (0.01)

27.35" (8.08)
0.90° (0.27)
~0.03' (0.02)
~0.49" (0.11)
~0.03" (0.01)

Random effects

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Intercept 296.74 (12.25) 264.84 (10.94) 267.57 (11.13) 261.82°(10.81) 261.62" (10.82) 243.76" (10.13) 247.7° (14.57) 166.71" (11.10)
Residual 289.77" (3.9) 277.04" (3.73) 272.08" (3.66) 277.107 (3.73) 273.10" (3.68) 269.93" (3.63) 271.01" (7.15) 268.75" (7.09)
Goodness-of-fit

AIC 114,229.1 113,523.2 113,351.9 113,500.3 113,339.3 113,093.5 38,157.2 37,821.0

" P<.001.
f P<.05.

+ Model 6 applied to a restricted subset of observations with no missing data for covariates.

% Adjusted for race, lifetime occupation, income, education, smoking status, physical activity level, alcohol consumption, BMI, self-rated health, CVD, diabetes, kidney disease, liver disease, cancer, musculoskeletal disease,

Parkinson's disease, cognitive function, depressive symptoms, vision problems, hearing problems, and grip strength.

Table 3

Multilevel models of grip strength as a function of time-to-death and/or age, in female decedents

Model

1. Unconditional means 2. Time-to-death 3. Nonlinear Time-to-death 4. Age

5. Nonlinear Age 6. Age and time-to-death 6R. Age and time-to-death’

7. Adjusted age and time-to-death

Fixed effects

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Intercept
Time-to-death
(Time-to-death)?
Age

Age?

19.417 (0.12)

17.32 (0.15)
0.317 (0.01)

16.19" (0.19)
0.63" (0.03)
—0.02" (0.002)

20.04" (0.11)

~0.33"(0.01)

20.26° (0.11)

~0.33°(0.01)
~0.01" (0.001)

18.32° (0.23)
0.41" (0.04)
—0.02" (0.002)
~0.28" (0.02)
—0.01" (0.001)

19.24° (0.32)
0.29° (0.06)
—0.01 (0.003)
~0.28" (0.03)
~0.01" (0.002)

16.00" (1.71)
0.16' (0.06)
~0.005 (0.003)
~0.19" (0.03)

(

—0.005' (0.002)

Random effects

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE)

Estimate (SE

Estimate (SE)

Estimate (SE)

)
Intercept 20.14" (0.87) 22.33" (0.80) 21.06" (0.84) 19.45" (0.75) 19.40" (0.75) 19.23" (0.74) 20.21° (0.92) 16.62" (0.71)
Time 0.07" (0.007) — 0.03" (0.006) 0.10°(0.01) 0.11° (0.01) 0.10" (0.01) 0.04' (0.02) 0.03' (0.02)
Residual 14.85" (0.22) 14.92" (0.20) 14.44" (0.20) 13.94° (0.20) 13.84° (0.20) 13.81" (0.20) 11.72" (0.34) 11.60" (0.34)
Goodness-of-fit
AIC 78,845.7 78,307.8 78,173.6 78,120 77,945.7 77,841.1 28,627.3 27,859.7
" P<.001.
"' P<.05.

+ Model 6 applied to a restricted subset of observations with no missing data for covariates.

% Adjusted for race, lifetime occupation, income, education, smoking status, physical activity level, alcohol consumption, BMI, self-rated health, CVD, diabetes, kidney disease, liver disease, cancer, musculoskeletal disease,

Parkinson's disease, cognitive function, depressive symptoms, vision problems, hearing problems, and gait speed.
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7. Adjusted age and time-to-death'

Estimate (SE)

6R. Age and time-to-death’

Estimate (SE)

32.50

6. Age and time-to-death

Estimate (SE)

Estimate (SE)

5. Nonlinear
34.68 (0.18)

Age

Estimate (SE)
34.41° (0.18)

4. Age

Time-to-death
Estimate (SE)
28.48" (0.26)

3. Nonlinear

2. Time-to-death

Estimate (SE)
29.78" (0.22)

1. Unconditional means

Estimate (SE)

Multilevel models of grip strength as a function of time-to-death and/or age, in male decedents

Fixed effects

Model

Table 4
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time since study entry as the time axis, our approach of anchoring
the analysis on time of death provides a clinically more meaningful
analysis of physical function as an independent risk factor of
imminent death in older adults.

We found evidence of a positive association between grip
strength and time-to-death in both men and women. The associ-
ation between gait speed and time-to-death was also significant
among women and men. These results provide support to the hy-
pothesis that physical function is associated with survival. They
suggest that when comparing individuals of the same age and
health status, those closer to death are more likely to have a poorer
physical function. Other than for gait speed in men however, the
strength of the association between physical function and time-to-
death was weaker than that of age and physical function.

Models of physical function including age consistently had
better model fit than those of physical function including time-to-
death. This suggests that age alone is a better indicator of physical
function than time-to-death alone. When both age and time-to-
death were included in the models, both increasing age and
decreasing time-to-death were significantly associated with
decreasing physical function, indicating that time-to-death pro-
vides information about physical function, even after age is
accounted for. In these models, the effect estimates for time-to-
death were consistently larger than those for age. However,
adjustment for confounders attenuated the effects of time-to-death
substantially, so that for gait speed in women and for grip strength
in both sexes, the effects of time-to-death became notably weaker
than those for age. This indicates that the demographic, health, and
lifestyle characteristics considered in this study were important
confounders in the association between time-to-death and physical
function, and that these confounders were more important when
looking at time-to-death and physical function, than when looking
at age and physical function. These results also indicate to clinicians
that once other patient characteristics are considered, there may be
limited added clinical value in measuring physical function to
assess the risk of mortality in older adults. According to the
compression of morbidity theory [24], ideally a person's health and
function would not deteriorate substantially with age but instead
drop rapidly near their time of death, at any given age. In our
sample, even after chronic disease and other health and lifestyle
characteristics were accounted for, there was a significant decline
in physical function related to increasing age, providing little sup-
port for the occurrence of compression of morbidity in this sample.

Finally, we found significant variation between individuals in
the level of physical function preceding death, for both women and
men. In addition, for grip strength but not gait speed, there was
significant heterogeneity in the rate of change between individuals.
Such variation suggests that even though there is an association
between physical function and time-to-death, variability across
individuals is such that a measure of physical function may not
provide accurate information on how close any given individual is
to their death.

The unconventional methodological approach of regressing
physical function on time-to-death proposed in the literature on
terminal decline in cognitive function [19] was designed to assess
whether the process of dying, as measured by time-to-death, may
have an effect on function. We identified three studies where re-
searchers used these methods to investigate whether physical
function undergoes similar processes of terminal decline as
observed for cognitive function [20—22]. All three studies reported
a significant acceleration in the rate of decline for physical function
at the end of life. One of them, conducted by Diehr et al., examined
terminal decline in 10 health variables among CHS participants,
with follow-up for mortality up to the year 2000 [20]. Several
important distinctions in the research questions and

)

*(2.91)
0.09

27.02
027"
—0.01' (0.005)

—041
~0.002
38.93° (2.01)
0.16" (0.04)
17.52" (0.53)
27,688.1

0.50" (0.08)
—0.02" (0.004)
~0.51" (0.03)
~0.004 (0.003)

0.17" (0.04)
17.69" (0.53)

43.88" (2.21)
28,144.9

31.60° (0.31)
0.68" (0.06)
—0.03" (0.003)
~0.50" (0.03)
~0.007" (0.002)
44.10" (1.84)
0.24" (0.02)
22.2" (0.35)

71,097.2

—0.66 (0.02)
—0.01 (0.002)
Estimate (SE)

44.86" (1.9)
026" (0.03)

22.39" (0.36)

—0.66" (0.02)
Estimate (SE)

0.25" (0.02)
22.56" (0.36)

44.99" (1.9)
71,287.0

1.07" (0.05)
—0.02" (0.002)
Estimate (SE)
53.67 (2.21)

0.10" (0.02)
23.297(0.37)
71,524.7

0.65" (0.02)
Estimate (SE)
53,08" (2.18)

0.11" (0.02)
23.49" (0.38)

71,614.1

34.34° (0.19)
Estimate (SE)
54.68" (2.13)
28.16" (0.42)
72,924.6

Parkinson's disease, cognitive function, depressive symptoms, vision problems, hearing problems, and gait speed.

71,248.6
# Model 6 applied to a restricted subset of observations with no missing data for covariates.
% Adjusted for race, lifetime occupation, income, education, smoking status, physical activity level, alcohol consumption, BMI, self-rated health, CVD, diabetes, kidney disease, liver disease, cancer, musculoskeletal disease,

Intercept
Time-to-death
(Time-to-death)?
Age

Ag 2

Random effects
Intercept
Goodness-of-fit
" P<.001.

' P<.05.

Time
Residual

AIC
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methodological approaches of these previous studies and ours are
worth noting. Researchers investigating terminal decline theorize
that decline in function in relation to time-to-death is part of a
dying process, which includes changes in other health character-
istics as well. Because these health characteristics are considered to
be components of the dying process, some researchers warn
against adjusting for them as confounders [20]. However, our use of
the terminal decline methodology addressed a different research
question, one related to the potential use of physical function as an
independent risk factor of proximal death in older persons. As such,
adjustments for time-varying health characteristics were war-
ranted. These adjustments resulted in weak associations between
physical function and time-to-death. Only one previous study
including 439 decedents examined whether the effects of socio-
demographic characteristics and time-invariant measures of
chronic disease were related to rate of decline in function preceding
death and reported findings consistent with ours [22]. By
conducting our study on a sample of 4135 decedents using
time-varying measures of disease, our analysis provides convincing
evidence of the limited value of physical function as an indepen-
dent risk factor of time-to-death.

We proposed regressing physical function on time-to-death to
overcome the lack of a meaningful time origin in the study of the
association between physical function and survival. When time-on-
study is not a meaningful time axis, another alternative is to use age
as the time axis [13—15]. Although survival analysis using age
represents a valid approach for assessing the age-specific incidence
of death for a given level of physical function, the terminal decline
approach provides a different perspective that is of value to clini-
cians. In the terminal decline approach, by anchoring the analysis
on time of death, we assess the variability of physical function
among individuals at the same proximity to death, to assess
whether physical function may serve as a useful indicator of
imminent death. Our findings of significant variation in physical
function across individuals at the same proximity to death suggest
that physical function may not be a useful clinical indicator of
imminent death.

The use of both terminal decline and survival models using age
should be explored further to better inform our understanding of
the relationship between physical function and survival. Because
we are interested in assessing the potential usefulness of physical
function as an independent risk factor for death, when using either
of these approaches, it is important to control for the time-varying
confounding effects of other health characteristics.

Methodological limitations of our work must be acknowledged.
First, limiting the analysis to individuals who died could result in
selection bias, if survivors excluded from our study experience end-
of-life changes in physical function that are different from the de-
cedents. Compared to the decedents, survivors were younger and
healthier at CHS entry. We therefore expect that survivors would
eventually experience the same changes as observed in the de-
cedents, but we cannot rule out the possibility of cohort effects that
may alter these relationships in later born participants. Another
potential limitation is the missing data in models adjusted for
covariates. Missing data can result in bias if participants with
missing data are different from those without missing data with
respect to the value of their outcome. To examine this, we ran the
model of age and time-to-death on the entire set of observations
and then on the restricted sample of observations with nonmissing
values for covariates. We observed very little change in the esti-
mates for time-to-death and age and thus are confident that bias
created by the missing data in these models was minimal. Finally,
we cannot eliminate the possibility of residual confounding. For
example, marital status and income were only measured once in
the CHS, and therefore their potential time-varying effects on the

association between physical function and time-to-death could not
be fully adjusted for.

Conclusion

Although a few recent studies have examined terminal decline
in physical function to understand the dying process [20—22], ours
is, to our knowledge, the first study to use the terminal decline
methodology to examine the association between physical function
and survival. By using this methodology, we have provided results
that are of clinical interest, demonstrating that information pro-
vided by physical function with respect to survival may be more
modest than what has previously been shown, once demographic,
health, and lifestyle characteristics are considered, and that there is
important variation across individuals in their level of physical
function preceding death. If physical function is to be used as a
clinical tool, a better understanding of these variations is needed.
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Appendix 1. Comparison of the cardiovascular health study

decedents and survivors

Supplementary Table 1

Demographic characteristics at entry into the Cardiovascular Health Study: female and male decedents, compared with survivors

Characteristic

CHS female decedents, n (%)

CHS female survivors, n (%)

CHS male decedents, n (%)

CHS male survivors, n (%)

Total n = 2217 Total n = 745 Total n = 1933 Total n = 306
Age
<65 47 (2.12) 51 (6.85) 25(1.29) 12 (3.92)
65—69 605 (27.29) 416 (55.84) 468 (24.21) 173 (56.54)
70-74 682 (30.76) 227 (30.47) 629 (32.54) 101 (33.01)
75—-79 553 (24.94) 46 (6.17) 449 (23.23) 8 (5.88)
80—84 240 (10.83) 4(0.54) 258 (13.35) 2 (0.65)
>85 90 (4.06) 1(0.13) 104 (5.38) 12 (3.92)
Race
White 2063 (93.05) 697 (93.56) 1824 (94.36) 292 (95.42)
Black 119 (5.37) 35(4.7) 81 (4.19) 9(2.94)
Other 35 (1.58) 13 (1.74) 28 (1.45) 5(1.63)
Marital status
Married/widowed 1990 (89.88) 682 (91.54) 1823 (94.46) 292 (95.42)
Divorced/separated 224 (10.12) 63 (8.46) 107 (5.54) 14 (4.58)
Never married
Missing 3 3
Education
0—11 years (incomplete high school) 656 (29.59) 154 (20.67) 594 (30.73) 48 (15.69)
12—16 years (high school + vocational school) 894 (40.32) 330 (44.3) 608 (31.45) 97 (31.7)
>17 years (college/graduate/professional) 667 (30.09) 261 (35.03) 731 (37.82) 161 (52.61)
Lifetime occupation
Professional/technical/managerial/admin 518 (23.45) 209 (28.05) 925 (47.85) 197 (64.38)
Sales/clerical services 413 (18.7) 140 (18.79) 208 (10.76) 31(10.13)
Craftsman/machine operator/laborer 173 (7.83) 51 (6.85) 521 (26.95) 56 (18.3)
Housewife 243 (11) 48 (6.44)
Other 862 (39.02) 297 (39.87) 279 (14.43) 2(7.19)
Missing 8
Income
Under $15,999 1037 (50.71) 225 (33.09) 586 (31.81) 47 (16.26)
$16,000—$49,999 823 (40.24) 332 (48.82) 963 (52.28) 161 (55.71)
Over $49,999 185 (9.05) 123 (18.09) 293 (15.91) 81 (28.03)
Missing 172 65 91 17
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Supplementary Table 2
Health and lifestyle characteristics at entry into the Cardiovascular Health Study: female and male decedents, compared with survivors

Characteristic CHS female decedents, n (%) CHS female survivors, n (%) CHS male decedents, n (%) CHS male survivors, n (%)
Total n = 2217 Total n = 745 Total n = 1933 Total n = 306
Self-rated health
Excellent 250 (11.29) 151 (20.3) 262 (13.59) 77 (25.25)
Very good 522 (23.58) 226 (30.38) 449 (23.29) 101 (33.11)
Good 811 (36.63) 282 (37.9) 741 (38.43) 107 (35.08)
Fair 532 (24.03) 80 (10.75) 403 (20.9) 20 (6.56)
Poor 99 (4.47) 5(0.67) 73 (3.79)
Missing 3 1 5 1
BMI
Mean (SD) 26.39 (5.19) 26.60 (4.59) 26.35 (3.76) 26.54 (3.32)
Missing 5 5 2
Vision problems 188 (9.19) 26 (3.62) 98 (5.18) 8(2.61)
Missing 171 26 40
Hearing problems 166 (7.81) 28(3.89) 195 (10.63) 19 (6.33)
Missing 92 26 98 6
Chronic diseases
Cardiovascular disease 1137 (51.29) 248 (33.29) 1079 (55.82) 109 (35.62)
Missing
Diabetes 193 (8.74) 25 (3.37) 222 (11.54) 11 (3.61)
Missing 9 4 10 1
Cancer 361 (16.31) 82 11.02 295 (15.29) 44 (14.38)
Missing 4 1 4
Kidney 87 (3.95) 81.08 33(1.72) 7(2.3)
Missing 14 2 18 1
Arthritis 1286 (58.67) 378 51.5 871 (45.65) 109 (35.74)
Missing 25 11 25 1
Parkinson's disease 15 (0.68) 10.13 26 (1.35) 304 (100)
Missing 5 1 2 2
Smoking
Never smoker 1220 (55.05) 460 (61.74) 596 (30.86) 121 (39.54)
Past smoker 682 (30.78) 224 (30.07) 1120 (58) 174 (56.86)
Current smoker 314 (14.17) 61 (8.19) 215 (11.13) 11 (3.59)
Missing 1 2
Weekly alcoholic beverages
Mean (SD) 1.87 (14.10) 2.01 (5.18) 3.61 (8.02) 4.54 (7.60)
0 1233 (55.92) 341 (45.83) 817 (42.49) 89 (29.18)
1-7 780 (35.37) 322 (43.28) 779 (40.51) 146 (47.87)
8—14 96 (4.35) 45 (6.05) 145 (7.54) 31(10.16)
15-21 69 (3.13) 22 (2.96) 86 (4.47) 22(7.21)
>21 27 (1.22) 14 (1.88) 96 (4.99) 17 (5.57)
Missing 12 1 10 1
Activity level before 65 years compared
with others <65 years
A lot less active 585 (26.45) 94 (12.65) 444 (23.02) 35 (11.44)
A little less active 911 (41.18) 288 (38.76) 827 (42.87) 129 (42.16)
About as active 565 (25.54) 302 (40.65) 499 (25.87) 106 (34.64)
A little more active 115 (5.2) 37 (4.98) 110 (5.7) 26 (8.5)
A lot more active 36 (1.63) 22 (2.96) 49 (2.54) 10 (3.27)
Missing 5 2 4
Depression”
Depressed (CESD >10) 298 (13.71) 52 (7.01) 146 (7.64) 8 (2.66)
Missing 43 3 21 5
Cognitive function'
Cognitively impaired (3MS < 79) 69 (3.1) 4(0.54) 97 (5.17) 0
Missing 52 5 56 6
Grip strength (kg), mean (SD) 20.77 (6.55) 22.87 (6.05) 36.11 (9.50) 39.27 (8.40)
Missing 81 33 84 15
Gait speed (m/s), mean (SD) 0.81 (0.21) 0.92 (0.20) 0.87 (0.21) 0.98 (0.20)
Missing 36 8 23 6
" Measured by the Centre for Epidemiologic Studies Depression Scale.
 Measured by the Modified Mini-Mental State Examination.
Supplementary Table 3
Appendix 2. Sample characteristics of CHS decedents Number of female and male decedents by strata of years-to-death at final
observation
To describe the sample characteristics of decedents at their final Strata of years-to-death Female Male
observation, we created six strata, based on time-to-death. The
. . . <0.5 325 375
widths of the time intervals for these strata were selected to have a 205 to <1 357 1
relatively balanced number of participants in each one, resulting in >1to <2 223 247
shorter time intervals closer to death. This stratification was ex- >2to <5 457 321
pected to create groups that were more homogeneous with respect >Z to <8 i;g ;gé
>

to health status. Supplementary Table 3 presents the intervals of
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Supplementary Fig. 1. Self-rated health of female (left) and male (right) decedents at final observation, stratified by years-to-death.

time-to-death for each stratum and number of participants in each
category.

Supplementary Figures 1—4 present the health characteristics
of the study sample at the final observation before death, stratified
by years-to-death. In general, these indicate, as expected, that
those closer to death had worse health than those further away
from death. As shown in Supplementary Figure 1, the proportion
of individuals with self-reported poor health is close to zero
among those more than eight years from death, whereas it is at
approximately 30% for those within six months of death. The
proportion of individuals with a medium BMI (defined as a BMI
between 24 and 33) was greatest among those furthest away from
death, whereas low BMI (less than 23.9) was most prevalent
among those close to death (Supplementary Fig. 2).
Supplementary Figure 3, A and B show that while in general,
prevalence of disease was highest among those close to death, the
differences between strata were most noticeable for diseases with
expected poorer short-term prognoses, such as respiratory and
kidney disease. Conversely, arthritis and osteoporosis were in fact
more common among those further away from time of death. The
graphs in Supplementary Figure 4 display a decrease in the
average gait speed, grip strength, and cognitive function and an
increase in depressive symptom score with time to death. For
cognitive function, there is a 14- and 13-point difference in mean
scores of women and men, respectively, between the strata
furthest away from death and those closest to it. The magnitude of
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these differences is considerable. Whereas the mean cognitive
function for those over eight years from time-of-death is high, the
mean for those within a year of death is very close to the cut point
for cognitive impairment. Difference in mean depressive symptom
scores between those furthest from death and those closest to
death is two points, for women and men. Although those close to
death have a higher average score for depressive symptoms, mean
scores are still below the cut point (Centre for Epidemiologic
Studies Depression Scale) for depression. For grip strength, the
difference in mean strength between those furthest from death
and those closest to death is approximately 3 kg for women and
6 kg for men. Thus, those closest to death have a grip strength that
is on average 0.5 SDs below those furthest from time-of-death.
Finally, for gait speed, women and men closest to death have a
mean gait speed that is 0.18 m/s, or 0.86 SDs, below the mean gait
speed of those who are more than eight years away from their
time-of-death. Overall, these cross-sectional descriptions of health
characteristics stratified by years-to-death suggest that partici-
pants observed very close to their time-of-death were in poorer
health compared with those who are further away from death at
their last observation. These differences were most pronounced
with respect to self-rated health, BMI, and chronic diseases with
poor prognosis. There are also notable differences in cognitive
function, gait speed, and in grip strength, for both women and
men, whereas the differences across strata in depressive symp-
toms are minor.
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Supplementary Fig. 2. Body mass index of female (left) and male (right) decedents at final observation, stratified by years-to-death. 24 < BMI <33; BMI >33; BMI <24.
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Supplementary Fig. 3. (A): Proportion of female decedents with chronic diseases at final observation, stratified by years-to-death. (B): Proportion of male decedents with chronic

diseases at final observation, stratified by years-to-death.
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Supplementary Fig. 4. Mean gait speed, grip strength, 3MS score, and CESD score in female and male decedents at last observation, stratified by years-to-death.

Appendix 3. Statistical models used to assess the association of
physical function with time-to-death and/or age

Supplementary Table 4
Descriptions of statistical models used to assess the association of physical function with time-to-death and/or age
Model Description
1 Unconditional means Stipulates no change in physical function over time
2 Time-to-death Assesses linear changes in physical function with respect to time-to-death
3 Nonlinear time-to-death Assesses nonlinear changes in physical function with respect to time-to-death
4 Age Assesses linear changes in physical function with respect to age
5 Nonlinear age Assesses nonlinear changes in physical function with respect to age
6 Age and time-to-death Assesses the effects of both age and time-to-death when considered together and whether
the effects one time metric render the other nonsignificant
6R Age and time-to-death Assesses the effects of both age and time-to-death (as in model 6) in a restricted subsample
of observations with no missing data for covariates (subsample included in model 7)
7 Adjusted age and time-to-death Assesses the effects of both age and time-to-death, while controlling for demographic, lifestyle,

and health characteristics
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