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ORIGINAL ARTICLE

Prediction of disability‑free survival in healthy older people

Johannes Tobias Neumann   · Le T. P. Thao · Anne M. Murray · Emily Callander · Prudence R. Carr · 
Mark R. Nelson · Rory Wolfe · Robyn L. Woods · Christopher M. Reid · Raj C. Shah · Anne B. Newman · 
Jeff D. Williamson · Andrew M. Tonkin · John J. McNeil · on behalf of the ASPREE investigators

predictors from amongst 25 biomedical, psychosocial 
and lifestyle variables including recognized geriatric 
risk factors, utilizing a machine-learning approach. 
Separate models were developed for men and women. 
The selected predictors were evaluated in a multivari-
able Cox proportional hazards model and validated 
internally by bootstrapping. We included 19,114 Aus-
tralian and US participants aged ≥65 years (median 
74 years, IQR 71.6–77.7). Common predictors of 
a worse prognosis in both sexes included higher 
age, lower Modified Mini-Mental State Examina-
tion score, lower gait speed, lower grip strength and 
abnormal (low or elevated) body mass index. Addi-
tional risk factors for men included current smoking, 
and abnormal eGFR. In women, diabetes and depres-
sion were additional predictors. The biased-corrected 
areas under the receiver operating characteristic 

Abstract  Prolonging survival in good health is 
a fundamental societal goal. However, the leading 
determinants of disability-free survival in healthy 
older people have not been well established. Data 
from ASPREE, a bi-national placebo-controlled 
trial of aspirin with 4.7 years median follow-up, was 
analysed. At enrolment, participants were healthy 
and without prior cardiovascular events, dementia 
or persistent physical disability. Disability-free sur-
vival outcome was defined as absence of dementia, 
persistent disability or death. Selection of potential 
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curves for the final prognostic models at 5 years 
were 0.72 for men and 0.75 for women. Final mod-
els showed good calibration between the observed 
and predicted risks. We developed a prediction model 
in which age, cognitive function and gait speed were 
the strongest predictors of disability-free survival in 
healthy older people.
Trial registration
Clini​caltr​ials.​gov (NCT01038583)

Keywords  Risk prediction · Disability · Survival · 
Elderly · Healthy · Public Health

Introduction

Currently, approximately 900 million individuals 
worldwide are aged 60 years or older and this number 
is expected to nearly double by 2050 [1]. Amongst 
those reaching this age in good health, future years of 
life will commonly be marked by functional decline 
involving physical disability or cognitive impairment, 
leading to a loss of independence and significant costs 
to society [2].

The ability to prolong the time spent in good 
health, living without dependence on others, has 
become a fundamental societal goal [3–5]. For this 
reason, disability-free survival has emerged as an 
important geriatric research outcome in contrast to 
disease-specific outcomes such as cardiovascular dis-
ease or dementia [4]. Particularly in older people, the 
maintenance of good health requires the avoidance 
of multiple interacting co-morbidities and chronic 
conditions, many with shared risk factors and man-
agement strategies [6–8]. Understanding the major 

preventable determinants, not only of individual dis-
eases but also of ongoing good health [9], can be 
facilitated by development of prediction models for 
disability-free survival.

Previous studies have identified risk factors for a 
range of specific geriatric outcomes including frailty, 
physical disability, dementia and death. In addition to 
age, these have included abnormal body mass index 
(BMI), smoking, diabetes, abnormal blood lipids, 
chronic kidney disease, low level of physical activ-
ity, low gait speed, presence of depression, subclini-
cal cardiovascular disease, specific diets and lack of 
social support [10–19]. These studies have typically 
been limited to the evaluation of pre-specified rela-
tionships between predictors and specific outcomes, 
rather than a composite measure of functional inde-
pendence. Similarly, no previous study has employed 
a machine-learning approach to enable objective vari-
able selection [20].

The ASPirin in Reducing Events in the Elderly 
(ASPREE) placebo-controlled trial of low-dose aspi-
rin was the first large-scale clinical trial that utilized 
disability-free survival as the prespecified primary 
endpoint. Measures of physical disability and cogni-
tion were assessed systematically throughout follow-
up in all subjects in detail, which is rarely available 
in a non-trial setting. In this analysis, we used the 
ASPREE data to develop and validate a prediction 
model for disability-free survival in a population of 
relatively healthy individuals aged 65 or more when 
recruited. Machine-learning techniques allowed the 
relative importance of key predictors to be deter-
mined in an unbiased and objective fashion. Specifi-
cally, we sought to identify modifiable risk factors 
that could identify individuals at risk and prioritize 
preventive policies.

Methods

Study population and trial design

ASPREE was a large, randomized, double-blind, 
placebo-controlled trial investigating the efficacy 
of 100mg aspirin on extending disability-free sur-
vival in a healthy elderly population. The trial design 
and primary results have been published previously 
[21–24]. Briefly, 19,114 community-dwelling indi-
viduals without prior cardiovascular events, dementia 
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or physical disability were randomized to low-dose 
enteric-coated aspirin or placebo and followed for an 
average of 4.6 years. All individuals were at least 70 
years old (≥ 65 years for US minorities). Exclusion 
criteria included a previous diagnosis of cardiovascu-
lar events (including myocardial infarction, heart fail-
ure, angina pectoris, stroke, transient ischemic attack, 
50% carotid artery stenosis or previous carotid endar-
terectomy or stenting, coronary artery angioplasty or 
stenting, coronary artery bypass grafting or abdomi-
nal aortic aneurysm), atrial fibrillation, evidence 
of dementia or major cognitive impairment, inabil-
ity to perform independently any basic Katz activ-
ity of daily living (ADL), or a serious illness with a 
life expectancy of less than 5 years. All participants 
provided written informed consent. The trial was 
approved by the local ethics committees and is regis-
tered on clini​caltr​ials.​gov (NCT01038583). Requests 
for data access will be via the ASPREE Principal 
Investigators with details for applications provided 
through the web site, www.​ASPREE.​org.

Baseline collection, definition and selection of 
potential predictors

A total of 25 candidate predictors were selected on the 
basis of previous outcome studies related to dementia, 
disability and death [11, 17–19, 25] and their likely 
availability in typical clinical practice. The preselec-
tion of candidate predictors was also performed to 
minimize the possibility of including noise variables 
in the final model. The variables were collected as part 
of the initial standardized screening process prior to 
participant enrolment in ASPREE and included:

–	 demographics (age, living status, years of educa-
tion, ethnicity/race),

–	 prevalent conditions or risk factors (diabetes, 
smoking history, alcohol consumption, family his-
tory of myocardial infarction),

–	 laboratory results (high-density lipoprotein cho-
lesterol [HDL-c], non-HDL-c, estimated glomeru-
lar filtration rate [eGFR], haemoglobin),

–	 physical measurements (systolic and diastolic 
blood pressure, BMI, abdominal circumference, 
grip strength, gait speed),

–	 medication use (antihypertensive agents, lipid-
lowering agents and in-trial randomization to aspi-
rin treatment),

–	 measures of cognitive function (Modified Mini-
Mental State Examination [3MS] score) and 
depression (Centre for Epidemiological Studies-
Depression-10 questions [CES-D] score, as a 
binary variable ≥ 8).

Details related to all predictors are provided in the 
Supplementary Material.

Outcome ascertainment

The primary end point of disability-free survival was 
defined as survival free from dementia or persistent 
physical disability and was used as a surrogate for 
functional independence [21]. Physical disability and 
dementia were combined in the primary end point, as 
they represent the important reasons why individu-
als lose the ability to live independently. Participants 
without the documented outcome were censored at 5 
years or at the last date they were known to be event-
free, whichever came first. To assess this composite 
endpoint, all participants had serial in-person visits, 
which included standardized assessments of cogni-
tive function with a cognitive battery, and dementia 
assessment if triggered, and physical disability, defined 
as an inability to perform, having severe difficulty in 
performing, or requiring assistance to complete at least 
one of the six basic ADL by self-report [26]. This was 
considered to be persistent if the same ADL loss was 
confirmed six months later.

Dementia was adjudicated based on the Diagnostic 
and Statistical Manual of Mental Disorders-IV (DSM-
IV) criteria [27]. The ascertainment of death has been 
described before and was based on information col-
lected from at least two sources including close con-
tacts, physicians, public death notices and by linkage to 
the Australian National Death Index and US National 
Death Index [23]. Dementia and cause of death were 
adjudicated and confirmed by the respective endpoint 
committees blinded to treatment allocation.

Statistical analyses

Prognostic model development

Separate models were developed for men and women 
due to their known differing risk factor profiles. The 
statistical model employed was the Cox propor-
tional hazards regression model. Prior to selection 
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of variables, we tested for non-linearity of continu-
ous variables. Specifically, a complete case analysis 
was initially fitted with all candidate predictors, in 
which each continuous variable was modelled with a 
restricted cubic spline function with 2 degrees of free-
dom. Statistically significant non-linear relations were 
found for BMI, HDL-c, waist circumference and gait 
speed in the model for women; and non-HDL-c, eGFR, 
BMI and waist circumference in the model for men.

Data was missing for 11 variables with the pro-
portion ranging from very low, <0.1% (for years of 
education, haemoglobin and CES-D) to as high as 
8% (for family history of myocardial infarction). The 
total proportion of missing values was 1% but using 
a complete case analysis would have discarded about 
15% of the sample size (see Table S1). Hence, mul-
tiple imputation was performed using chain equa-
tions, assuming data were missing at random [28]. 
The imputation model included all candidate predic-
tors and other potentially relevant variables. Non-
linear BMI, waist circumference, gait speed, eGFR 
and non-HDL-c were imputed passively [29]. The 
survival outcomes were included as a combination 
of Nelson-Aalen estimator of the cumulative hazard 
function and the outcome status [30]. Five data sets 
were imputed for men and women separately, based 
on the amount of missing data [31].

Variable selection was performed using the 
machine-learning technique “group least absolute 
shrinkage and selection operator” (group-lasso) in 
combination with bootstrapping [32]. The group-
lasso model ensures that categorical variables, or 
linear and non-linear terms of continuous variables, 
are included or excluded in the model altogether. 
The penalty parameter, which regulates the amount 
of shrinkage, was selected by optimizing the 10-fold 
cross-validation prediction error. We chose a subopti-
mal penalty based on the “one-standard-error” rule to 
obtain a more parsimonious model [33].

The combination with bootstrap can be described 
as follows: for each imputed data set, we randomly 
drew 100 bootstrap samples with replacement, and 
performed group-lasso selection on each bootstrap 
sample. The variable inclusion frequency (VIF) over 
100 × 5 = 500 models was calculated for each predic-
tor. A variable with VIF ≥ 60% was then included in 
the final model. The final model was derived by refit-
ting the selected predictors to each of the 5 imputed 
datasets, and combining parameter estimates using 

Rubin’s rule [34]. Variable selection based on VIF 
has previously demonstrated good performance in the 
presence of imputed data [35].

Model performance

The area under the cumulative/dynamic ROC curve 
(AUC) at 5 years was used to assess discrimination 
[36]. AUC ranges from 0.5 to 1 with a higher value 
indicating better ability to discriminate those who 
developed events and those who did not. Harrell’s cali-
bration plot at 5 years was used to assess the agreement 
between predicted and observed risks [37]. The appar-
ent performances were obtained by evaluating the final 
model on the development samples, which were used to 
build the models (averaged across 5 imputed data sets).

Model validation

To quantify the degree of optimism due to overfitting in 
performance measures, we implemented internal vali-
dation using the enhanced bootstrap resampling proce-
dure [37, 38]. The optimism was calculated as follows. 
From the original data, 100 random bootstrap samples 
were drawn. For each sample, we repeated the model 
development procedure (including imputation and lasso 
selection) as outlined above to obtain a bootstrap final 
model. We then calculated the difference between boot-
strap apparent performance (averaged across bootstrap 
imputed data) and bootstrap test performance (averaged 
across original imputed data). Finally, these differences 
were averaged across 100 bootstrap samples to obtain the 
single estimate for the optimism. The procedure is illus-
trated in Figure S1. The estimated optimism was then 
subtracted from the apparent performance to obtain the 
bias-corrected predictive performance.

All analyses were conducted using R version 4.0.2 
with the companion R packages: mice, grpreg, rms, 
survival, timeROC, pec.

Results

Population characteristics

A total of 19,114 community-dwelling Australian 
and US ASPREE participants were included in this 
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study. The median age of the trial population was 
74 years (interquartile range [IQR] 71.6–77.7) and 
10,782 (56.4%) were women. Baseline characteris-
tics for the overall population of men and women 
are reported in Table 1.

During the 5-year follow-up (median (IQR) 4.6 
(3.5–5.6) years), 795 (7.3%) female participants and 
799 (9.6%) male participants developed dementia or 
persistent physical disability or died. Death accounted 
for 54% of the total events in men and 43% in women 
(Table S2).

Model development for risk of the primary composite 
outcome

Results of the variable inclusion frequency are shown 
in Table S3. The multivariable Cox regression mod-
els which included variables with VIF ≥ 60% are pre-
sented in Table 2. Specifically, increasing age, lower 
3MS score, lower gait speed, lower grip strength and 
abnormal (low or elevated) BMI were identified as 
risk factors in both sexes. In men, current smoking 
and eGFR were additionally selected as predictors. In 
women, the presence of diabetes and a CES-D score 
≥ 8 were also selected as predictors.

The final models (Table 2) show that a 5-year increase 
in age corresponded to 49% and 50% increased risk of 
not maintaining disability-free survival in men and 
women respectively, while a 5-unit increase in 3MS cor-
responded to about 30% decreased risk in both sexes. A 
decrease in gait speed from 1.0 to 0.5 m/s corresponded 
to 64% increased risk in men, and nearly 3-fold higher 
risk in women. Figure S3 illustrates the non-linear rela-
tion between gait speed and the primary outcome for 
women. Importantly, gait speed less than 1 m/s was asso-
ciated with a substantially greater negative impact on risk 
of disability-free survival relative to the lesser beneficial 
impact of faster gait speed. The relationship between 
BMI and the outcome was non-linear in both models 
(Figure S2, S3). The risk was minimal with a BMI of 
around 27 kg/m2, whereas both elevated and lower BMI 
values were associated with an unfavourable outcome.

In women, having diabetes and depression (CES-D 
≥ 8) were associated with 30% and 47% increased 
risk of the primary composite outcome, respectively. 
In men, current smokers had almost 2-fold higher risk 
of earlier onset of death, dementia or disability com-
pared to former/never smokers. The non-linear rela-
tion of eGFR (Figure S2) indicated that compared 

to a reference value of 74, a higher or lower value of 
eGFR was associated with a higher risk.

Model performance and calibration

The discriminative performance of each predictor and 
their combinations for the prediction of disability-
free survival are presented in Figure 1 and Table S4. 
The AUCs of age alone were 0.66 and 0.65 in women 
and men, respectively. Adding 3MS increased the 
discriminative performance by about 23% in both 
sexes. Compared to the simplified model which con-
sisted of age and 3MS, the final models improved 
the predictive performance by 24% (AUC 0.76 vs. 
0.71) in women and 21% (AUC 0.73 vs. 0.69) in men 
(Table  S4). After correcting for optimism, the final 
models showed good discrimination, with an AUC of 
0.72 for males and 0.75 for women (Table S4).

The final models also showed good agreement between 
the observed and the predicted risk of the overall outcome, 
although the risk for men was slightly overestimated in the 
higher risk categories (Figure 2). The predicted probability 
of the endpoint at 5 years can be calculated using the for-
mula provided in Table 3. The illustrations for two specific 
participants are displayed in the supplementary material 
(Table S5).

The risk distribution within each 5-year increment age 
group was further investigated in Figure S4. As expected, 
the figure demonstrates the strong association between 
advanced age and event risk in both sexes. Compared to 
older age groups (75–85+), younger age groups (65–74) 
appear to have a lower proportion of people in the lower 
risk categories.

Discussion

We utilized a machine-learning variable selection 
approach to identify the determinants of survival 
free of persistent physical disability and dementia in 
the ASPREE study population [21]. Disability-free 
survival is a surrogate measure of functional inde-
pendence and was assessed by regular in-person 
surveillance of a group of 19,114 apparently healthy 
individuals participating in a large-scale trial of 
low-dose aspirin. All participants were free of prior 
cardiovascular events, disability and dementia at the 
commencement of the study.

GeroScience (2022) 44:1641–1655 1645
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Table 1   Baseline characteristics of the trial population

All participants Male Female

Characteristic N N = 19,114 N N = 8,332 N N = 10,782

Age (years) 19,114 74.0 (71.6, 77.7) 8,332 73.8 (71.6, 77.3) 10,782 74.1 (71.7, 77.9)
Ethnicity/race 19,114 8,332 10,782
  White 17,450 (91.3%) 7,681 (92.2%) 9,769 (90.6%)
  Black 901 (4.7%) 307 (3.7%) 594 (5.5%)
  Hispanic 488 (2.6%) 202 (2.4%) 286 (2.7%)
  Others 275 (1.4%) 142 (1.7%) 133 (1.2%)
Country 19,114 8,332 10,782
  Australia 16,703 (87.4%) 7,524 (90.3%) 9,179 (85.1%)
  US 2,411 (12.6%) 808 (9.7%) 1,603 (14.9%)
Living status 19,114 8,332 10,782
  At home alone 6,251 (32.7%) 1,729 (20.8%) 4,522 (41.9%)
  At home with family, friends or spouse 12,863 (67.3%) 6,603 (79.2%) 6,260 (58.1%)
Years of education 19,113 8,332 10,781
  < 9 3,002 (15.7%) 1,347 (16.2%) 1,655 (15.4%)
  9–11 5,634 (29.5%) 2,306 (27.7%) 3,328 (30.9%)
  12 2,319 (12.1%) 947 (11.4%) 1,372 (12.7%)
  13–15 3,255 (17.0%) 1,344 (16.1%) 1,911 (17.7%)
  16 1,766 (9.2%) 734 (8.8%) 1,032 (9.6%)
  17–21 3,137 (16.4%) 1,654 (19.9%) 1,483 (13.8%)
Type 2 diabetes 19,114 2,045 (10.7%) 8,332 1,046 (12.6%) 10,782 999 (9.3%)
Smoking history 19,114 8,332 10,782
  Current 735 (3.8%) 383 (4.6%) 352 (3.3%)
  Former/never 18,379 (96.2%) 7,949 (95.4%) 10,430 (96.7%)
Alcohol consumption 19,114 8,332 10,782
  Current 14,642 (76.6%) 6,932 (83.2%) 7,710 (71.5%)
  Former/never 4,472 (23.4%) 1,400 (16.8%) 3,072 (28.5%)
Family history of myocardial infarction 17,605 497 (2.8%) 7,674 180 (2.3%) 9,931 317 (3.2%)
History of cancer 19,035 3,660 (19.2%) 8,294 1,790 (21.6%) 10,741 1,870 (17.4%)
Non-HDL-c (mmol/L) 18,666 3.60 (3.00, 4.30) 8,125 3.60 (3.00, 4.20) 10,541 3.60 (3.00, 4.30)
HDL-c (mmol/L) 18,668 1.50 (1.30, 1.80) 8,126 1.30 (1.10, 1.60) 10,542 1.70 (1.40, 2.00)
eGFR (mL/min per 1.73 m2) 18,650 74 (63, 84) 8,114 74 (64, 84) 10,536 74 (63, 85)
Haemoglobin (g/dL) 19,112 14.10 (13.30, 15.00) 8,330 14.90 (14.10, 15.60) 10,782 13.60 (13.00, 14.30)
Systolic blood pressure (mmHg) 19,114 139 (127, 151) 8,332 141 (130, 152) 10,782 137 (125, 149)
Diastolic blood pressure (mmHg) 19,114 77 (70, 84) 8,332 78 (72, 85) 10,782 76 (69, 84)
Body mass index (kg/m2) 19,025 27.5 (24.9, 30.7) 8,300 27.6 (25.3, 30.1) 10,725 27.5 (24.5, 31.2)
Waist circumference (cm) 18,905 97 (89, 105) 8,269 101 (95, 108) 10,636 93 (84, 102)
Grip strength (kg) 18,828 25 (20, 34) 8,231 35 (30, 40) 10,597 20.7 (17.0, 24.3)
Gait speed (m/s) 19,018 1.01 (0.87, 1.15) 8,295 1.04 (0.91, 1.19) 10,723 0.99 (0.84, 1.13)
Lipid-lowering agents 19,114 5,987 (31.3%) 8,332 2,337 (28.0%) 10,782 3,650 (33.9%)
Antihypertensive agents 19,114 10,062 (52.6%) 8,332 4,089 (49.1%) 10,782 5,973 (55.4%)
Treatment randomization 19,114 8,332 10,782
  Placebo 9,589 (50.2%) 4,180 (50.2%) 5,409 (50.2%)
  Aspirin 9,525 (49.8%) 4,152 (49.8%) 5,373 (49.8%)
3MS 19,114 94 (91, 97) 8,332 94 (90, 96) 10,782 95 (92, 97)
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During a median follow-up of 4.7 years, the aver-
age age increased from 74.0 to 78.8 years and 1,594 
individuals became disabled or died. By choosing a 
population relatively healthy at baseline and regularly 
monitoring each individual for the onset of demen-
tia or physical disability, this study provided a unique 
opportunity to identify and prioritize the characteristics 
of those most likely and those least likely to continue 
living independently with increasing age. A particular 
strength of these analyses was the objective approach 
used for variable selection, which was based on a 
machine-learning technique applied to a range of clini-
cal variables measured at study entry, together with 

previously recognized risk factors for physical and cog-
nitive decline.

Out of 25 potential biomedical and social predic-
tors tested, 7 contributed substantially to the predic-
tion of disability-free survival in women and 7 were 
predictors in men. As expected, advanced age was 
the most important predictor, which alone resulted in 
an AUC of 0.65. Cognitive function was the second 
most important contributor followed by gait speed. 
Importantly, these three predictors alone resulted in 
the highest AUC increase, which empathizes their 
importance. Additional predictors in men included 
grip strength, smoking, BMI and renal function. In 

The numbers are presented as median with interquartile range or as absolute and relative numbers. Abbreviations: N number of par-
ticipants with available data, HDL-c high-density lipoprotein cholesterol, 3MS Modified Mini-Mental State, CES-D Centre for Epi-
demiologic Studies-Depression 10 question assessment

Table 1   (continued)

All participants Male Female

Characteristic N N = 19,114 N N = 8,332 N N = 10,782

CES-D (≥8) 19,110 1,879 (9.8%) 8,331 631 (7.6%) 10,779 1,248 (11.6%)

Table 2   Multivariable Cox regression analyses based on the selected predictors of disability-free survival. Estimates were pooled 
across multiple imputed data sets using Rubin’s rule

In the model for male participants, the effect of BMI and eGFR on not maintaining disability-free survival outcome were signifi-
cantly nonlinear. In the model for female participants, the effects of BMI and gait speed on the outcome were significantly nonlinear. 
All non-linear relations were modelled with a restricted cubic spline function with 2 degrees of freedom. To simplify interpretation 
of the corresponding regression coefficients, only HRs for 2 derived contrasts for each predictor are given. p values for those predic-
tors are based on overall Wald tests of the restricted cubic spline function. Abbreviations: HR hazard ratio, CI confidence interval

Male Female

Characteristic HR 95% CI p-value HR 95% CI p-value

Age (+5 years) 1.49 1.38, 1.60 <0.001 1.50 1.40, 1.61 <0.001
3MS (+5 units) 0.74 0.69, 0.79 <0.001 0.68 0.63, 0.72 <0.001
Gait speed (+0.2 m/s)* 0.82 0.77, 0.88 <0.001 <0.001
  0.5 vs. 1.0 m/s 1.64 1.38, 1.95 2.71 2.20, 3.33
  1.5 vs. 1.0 m/s 0.61 0.51, 0.73 0.80 0.56, 1.15
Grip strength 0.92 0.88, 0.96 <0.001 0.91 0.85, 0.97 0.003
Current smoking 1.95 1.51, 2.52 <0.001 … … …
BMI (kg/m2)* <0.001 <0.001
  25 vs. 30 kg/m2 1.15 1.05, 1.26 1.11 1.03, 1.19
  35 vs. 30 kg/m2 1.17 1.02, 1.35 1.29 1.17, 1.41
eGFR (mL/min per 1.73 m2)* <0.001 … … …
  40 vs. 75 mL/min per 1.73 m2 1.61 1.26, 2.07
  90 vs. 75 mL/min per 1.73 m2 1.24 1.04, 1.49
CES-D ≥8 … … … 1.47 1.23, 1.77 <0.001
Diabetes … … … 1.30 1.06, 1.60 0.012

GeroScience (2022) 44:1641–1655 1647



1 3
Vol:. (1234567890)

women, diabetes, and depression scores also contrib-
uted to the model. In the case of eGFR and BMI, the 
association was non-linear and U-shaped, similar to 
that noted in prior studies of mortality and other geri-
atric outcomes.

Previous studies have identified similar risk fac-
tor profiles as predictors of cognitive decline, frailty, 
functional decline and a range of other chronic dis-
eases of ageing [10–19]. For example, a high BMI, 

slow gait speed and/or the presence of diabetes or 
hypertension has been identified as predictors of cog-
nitive decline. Similarly slowing gait speed, weaker 
handgrip, increased BMI and diabetes have been 
identified as predictors of physical decline and frailty. 
The interdependence of several of these predictors 
creates a web of causation in which physical disabil-
ity, dementia or death can be the end result of several 
pathways.

Women Men

Figure  1   Discrimination of each selected predictor, of their 
combination when added sequentially in order of their AUC, 
and of the final models. Orange dots show the AUC at 5 years 
of models made with each predictor of not maintaining disa-
bility-free survival individually. Green dots show the AUC of 

models made by incrementally adding each predictor along the 
x-axis. The percentages show the added value of the current 
model against the previous model. Predictors are arranged by 
their inclusion frequency. Abbreviation: AUC, area under the 
curve

Figure 2   Calibration graph comparing the observed risk (based on Kaplan-Meier estimates) and the predicted risk with the final 
models, by tenths of the predicted probability. The red asterisk represents the bias-corrected predicted risks
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The dominant impact of cognitive decline and 
reduced physical function suggests the possibil-
ity that interventions designed to improve cogni-
tion or physical function might alter the trajectory 
of decline in otherwise healthy older subjects. 
Recently published trials suggested that modest 
improvement may be possible. Amongst these, 
first, the LIFE study showed that the initiation of a 
moderate-intensity physical program in sedentary 
individuals aged 70–89 years modestly reduced 
progression to major mobility disorder, (assessed 
as the ability to walk 400metres). The program 
involving aerobic, resistance and flexibility train-
ing is provided in centre twice weekly and twice 
weekly at home [39]. The intervention over 2.6 
years did not affect cognitive decline or reduce the 
incidence of cardiovascular disease [40]. Second, 
the SPRINT-MIND trial showed a reduction in the 
combined outcome of mild cognitive impairment 
plus probable dementia amongst older individuals 
on intensified blood pressure management [41]. 
The study involved 9,361 hypertensive older adults 
with increased cardiovascular risk whose mean 
systolic BP was 121.4 mmHg in the intensive-
treatment group and 136.2 mmHg in the standard 
group. Third, the Finnish Geriatric Intervention 
Study to Prevent Cognitive Impairment and Dis-
ability (FINGER) trial investigated the efficacy 
of a multidomain lifestyle intervention including 
dietary guidance, physical activity, cognitive train-
ing, and monitoring and management of cardiovas-
cular risk factors. The control group received gen-
eral health advice. After 2 years, the intervention 

group improved more in executive function, pro-
cessing speed and complex memory tasks regard-
less of genetic risk or baseline risk factor levels.

From a clinical perspective, the identification of 
cognitive decline and physical limitations indicate 
that an individual is tracking towards an earlier loss 
of independence. The results of the trials described 
above suggest that the loss of independence in older 
individuals may be slowed by a multifactor interven-
tion. However, the likelihood of these interventions 
producing a significant slowing of the trajectory 
towards loss of independence is as yet unclear.

From a population perspective, the results also 
emphasize the relevance of addressing the deter-
minants of physical and cognitive decline at an ear-
lier stage in the life course. Although diet and lipids 
were not included as predictive factors in the final 
model, their role as shared determinants in the devel-
opment of cognition and physical capacity at earlier 
stages has been well established, and they should 
be included in any strategy to promote healthy age-
ing. Furthermore, BMI and diabetes were part of the 
final models. A 2015 forecast of future trends in dis-
ability and life expectancy in the UK predicted an 
increase of 25% (over 10 years) in the number with 
care needs, with one quarter of the remaining life 
expectancy of those aged 65 years or above expected 
to involve a significant disability [42]. Although the 
increase in prevalence is largely a reflection of popu-
lation ageing, it emphasizes the importance of strat-
egies to extend disability-free survival. However, as 
our study results were based on an older population, 

Table 3   Sex-specific formulas for calculation of the risk prediction model for disability-free survival within 5 years

Model for women:
5-year risk (%) = (1−(4.787198 x 10−8 )exp (LP) ) × 100%, with:
LP = 0.0812863 × Age−0.0785434 × 3MS−2.1058784 × Gait speed + 13.6499575 × (Gait speed−0.8391608)^3 (If Gait speed > 

0.8391608)−27.8419999 × (Gait speed−0.9852217)^3 (If Gait speed > 0.9852217) +  14.1920424 × (Gait speed−1.1257036)^3 
(If Gait Speed > 1.1257036)−0.0824954*BMI + 0.0022333 × (BMI−24.48889, 0)^3 (If BMI >−24.48889)−0.0040281 × 
(BMI−27.46667)^3 (If BMI > 27.46667) +  0.0017948 × (BMI−31.17188, 0)^3 (If BMI > 31.17188) + 0.3885922*(CES-D > 
8)−0.0188137 × Grip strength + 0.2644989 × Diabetes

Model for men:
5-year risk (%) = (1−(5.304956 × 10−8)exp (LP)) × 100%, with:
LP = 0.0791378 × Age−0.0614952 × 3MS−0.9872901 × Gait speed−0.0175855 × Grip strength−0.6700744 × (Smoking = 

Former/Never)−0.0809386 × BMI + 0.0034296 × (BMI−25.29407)^3 (If BMI > 25.29407)−0.0064518 × (BMI−27.55675)^3 
(If BMI > 27.55675) + 0.0030222 × (BMI−30.12438)^3 (If BMI > 30.12438)−0.0157298 × eGFR + 0.0000532 × 
(eGFR−63.96903)^3 (If eGFR > 63.96903)−0.0001092 × (eGFR−74.24563)^3 (If eGFR > 74.24563) +  0.0000560 × 
(eGFR−84.00224)^3 (If eGFR > 84.00224)
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future longitudinal studies are warranted to evaluate 
the impact of these determinants.

Strengths of this study include the extensive data 
collected from a large population with relatively small 
amounts of missing data. The measurement of disa-
bility-free survival required data concerning the time 
of onset of physical disability, dementia and death, 
with diagnoses of dementia confirmed by a specialist 
adjudication panel; systematic collection of informa-
tion of this type is rarely available outside the context 
of a clinical trial. The outcome data was accompanied 
by measurement of a wide range of clinically relevant 
and recognized geriatric potential prediction variables 
(biomedical and social) collected near the time of 
study initiation.

The limitations include that the majority of the 
study population were white Caucasians, most of 
whom lived in Australia, a high-income country with 
universal healthcare services. As a whole, the cohort 
had extensive use of preventive medications including 
statins (in 30%) and antihypertensive agents (in 35%), 
indicating a high level of preventive care. The gener-
alizability of the study is also restricted to individu-
als reaching the 70-plus age group in relatively good 
health free of prior cardiovascular disease, dementia 
or significant physical limitations. It is also possible 
that there is residual confounding, and future research 
may identify new, relevant predictors. Finally, we 
were not able to perform an external validation, as 
comparable datasets are missing.

In conclusion, in a population of healthy older peo-
ple, both modifiable and non-modifiable characteris-
tics successfully identified individuals at higher risk 
of dying or developing dementia or physical disability 
within 5 years. After age, a low 3MS score was the 
strongest predictor followed by slow gait speed with a 
lesser contribution by other risk factors. Recent trials 
suggest that interventions aimed at slowing cognitive 
and physical decline are effective but additional trials 
will be required to demonstrate a meaningful impact 
in prolonging the time individuals remain function-
ally independent.
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