
Vol.: (0123456789)
1 3

GeroScience 
https://doi.org/10.1007/s11357-024-01097-0

ORIGINAL ARTICLE

Predictive ability of both the healthy aging index 
and the frailty index for all‑cause mortality

Felipe Diaz‑Toro · Gabriela Nazar · 
Alejandra‑Ximena Araya · 
Fanny Petermann‑Rocha 

Received: 8 November 2023 / Accepted: 8 February 2024 
© The Author(s) 2024

Abstract 
Aim We aimed to develop and assess a modified 
healthy aging index (HAI) among Chileans aged 
60 years and older and compare its predictive ability 
for all-cause mortality risk with the frailty index (FI).
Methods This prospective study analyzed data from 
the Chilean National Health Survey (CNHS) con-
ducted in 2009–2010. We included 847 adults with 
complete data to construct the HAI and FI. The HAI 

comprised five indicators (lung function, systolic 
blood pressure, fasting glucose, cognitive status, 
and glomerular filtration rate), while the FI assessed 
frailty using a 36-item scale. HAI scores were calcu-
lated by summing the indicator scores, ranging from 
0 to 10, with higher scores indicating poorer health. 
Receiver operating curves (ROC) and area under the 
curve (AUC) were used to assess predictive validity. 
Associations with all-cause mortality were assessed 
using Cox proportional hazard models adjusted by 
confounders.
Results The mean HAI score was 4.06, while the FI 
score was 0.24. The AUC for mortality was higher for 
the HAI than the FI (0.640, 95% confidence interval 
(CI) 0.601 to 0.679 vs. 0.586, 95% CI 0.545 to 0.627). 
After adjusting for confounders, the FI showed a 
higher mortality risk compared to the HAI (2.63, 95% 
CI 1.76 to 3.51 vs. 1.16, 95% CI 1.08 to 1.26).
Conclusion The FI and HAI were valid predictors 
for all-cause mortality in the Chilean population. 
Integrating these indices into research and clinical 
practice can significantly enhance our capacity to 
identify at-risk individuals.
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Background

With the global increase in the older population, 
there has been significant attention on preventing or 
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reducing the complications associated with aging 
[1]. Several indices have been created to evaluate the 
overall health of older individuals, which measure 
comorbidities [2], health status and functionality[3], 
and frailty [4]. These measures have proven to be 
valuable tools for predicting a wide range of adverse 
outcomes such as hospitalization, disability, cognitive 
decline, and mortality [5–7]. Some of these indices 
are based on recognizable diseases, signs, and symp-
toms, while others focus on detecting subclinical dis-
eases based on clinical and biological parameters.

Two examples of these different approaches are the 
frailty index [8] (FI) and the healthy aging index [9] 
(HAI). The FI states that frailty is caused by the accu-
mulation of health deficits during the life course and 
that the more deficits a person has, the more likely 
this person is to be frail [8]. The FI includes symp-
toms, signs, diseases, and disabilities from different 
domains (functional, cognitive, and social charac-
teristics) [8] as deficits. On the other hand, the HAI 
employs surrogate tests such as systolic blood pres-
sure, lung function or forced vital capacity, cystatin 
C or creatinine, fasting glucose, and Digit Symbol 
Substitution Test or the Mini-Mental State Exami-
nation (MMSE) to assess overall health and predict 
adverse outcomes in older individuals [9]. Previous 
research has shown that the HAI is a reliable predic-
tor of mortality. For instance, Wu et  al. [10] linked 
a modified HAI (including various health indicators) 
to increased all-cause and cardiovascular mortality 
in older Americans. Another study by Huang et  al. 
[11], using a modified HAI version, found that it was 
associated with a higher risk of major cardiovascular 
events. Although the FI and HAI have been shown to 
be confident predictors of mortality [12, 13], no stud-
ies have yet compared their ability to predict mortal-
ity in the Chilean population.

The purpose of this study is twofold. Firstly, we 
aimed to develop and assess a modified version of 
the HAI in a large, nationally representative sample 
of Chileans aged 60  years and older. Secondly, we 
aimed to compare the predictive ability for all-cause 
mortality of this modified HAI with that of the FI, 
another commonly used predictor of mortality previ-
ously validated in this population. The novelty of our 
study lies in the utilization of a modified version of 
the HAI, specifically tailored for the Chilean popu-
lation, providing a unique perspective on predictive 
tools for mortality in this demographic.

Methods

Study design

This prospective study used data from the Chilean 
National Health Survey (CNHS) conducted between 
2009 and 2010 [14]. The CNHS 2009–2010 is one of 
Chile’s largest, nationally representative population-
based surveys of health conditions, lifestyle, health 
risk factors, and morbidity in a stratified multistage 
probability sample of 5416 participants. For the pur-
poses of this research, from 1042 participants aged 
60 and older, 847 (81.3%) with complete data to con-
struct the HAI, the FI, and covariates were included in 
the analyses. No statistical differences were observed 
between excluded and included participants regard-
ing age (70.1 vs. 70.4, p = 0.357) and sex (females 
60.1% vs. 63.2%, p = 0.178). Prior to participation, 
all participants provided written consent. The CNHS 
2009–2010 was funded by the Chilean Ministry of 
Health and approved by the Ethics Research Commit-
tee of the School of Medicine at the Pontificia Uni-
versidad Católica de Chile [14].

Assessment of the modified healthy aging index

This modified version of the HAI is based on a study 
by Sanders et  al. [13]. The revised HAI consists of 
five parameters that are classified as 0 (healthy), 1 
(intermediate), or 2 (less healthy). The HAI is deter-
mined by adding up the scores of all five indicators, 
resulting in a final index ranging from 0 to 10, where 
a score of 10 indicates the least healthy state. The cut-
off values for these indicators are presented in Sup-
plementary information 1. Our modified version of 
the HAI is built upon the five parameters proposed 
by Sanders  et al., adapting them to the data avail-
able in our dataset. The five indicators included are 
lung function (measured by self-reported symptoms 
of expectoration, cough, sibilance, and difficulty in 
breathing), systolic blood pressure, fasting glucose, 
cognitive status (assessed through the abbreviated 
version of the MMSE [15]), and glomerular filtration 
rate (this was calculated using the plasma value of 
creatinine through the Cockcroft formula proposed in 
the CNHS). Tertiles were also created from the con-
tinuous HAI, based on the final score: (i) 0 to 3 points 
(healthier), (ii) 4 to 6 points (intermediate), and (iii) 
7 to 10 (less healthy) points. The latter enabled us to 
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meticulously explore the relationship of the index, 
specifically within the Chilean population. Moreover, 
this adjustment aligns us for a more meaningful com-
parison with the frailty index, (which itself is catego-
rized into three distinct groups.) 

Assessment of the FI

A 36-item FI published and validated elsewhere 
[7] was used to assess frailty. This FI is based on 
self-reported data following standard procedures 
described by Searle et  al. [4]. Briefly, to be consid-
ered a deficit, a variable must satisfy the following 
criteria: (i) their prevalence should increase with 
age; (ii) be associated with health status; and (iii) 
not saturate too early or have a very low prevalence 
[4]. All deficits were scored between 0 and 1, where 
0 indicates the absence of the deficit and 1 the pres-
ence of the deficit. A final frailty score was calculated 
for each participant by dividing the sum of the health 
deficit (36-item) scores by the total number of health 
deficits assessed. Additionally, three categories of the 
FI were created: (i) < 0.12 points, robust; (ii) > 0.12 to 
0.24 points, pre-frail; and (iii) > 0.24 frail.

All-cause mortality

Data on all-cause mortality, including death dates, 
were obtained for long-term follow-up by linking the 
CNHS to the Chilean Civil Registry and Identifica-
tion. The available mortality data covered a period up 
to December 31, 2020. Therefore, mortality was either 
censored on that date or on the actual date of death.

Covariates

Self-reported data for sociodemographic characteris-
tics, including age, sex, years of education, place of 
residency, smoking status, and alcohol consumption, 
were collected from all participants using question-
naires previously validated for the CNHS 2009–10. 
The following categories were derived for the soci-
odemographic variables: age (≥ 60), sex (men and 
women), years of education (≤ 8  years, 9–12  years, 
and > 12 years), place of residence (urban and rural), 
and smoking status (never, previous, and current). 
Alcohol consumption was derived using the Alcohol 
Use Disorders Identification Test (AUDIT) [16] and 
categorized as low, moderate, and high risk.

Statistical analyses

We presented the comparison between the HAI and FI 
among the participants as mean and standard deviation 
(SD) for continuous variables and percentages with 
their 95% confidence intervals (CI) for categorical var-
iables. To assess the predictive validity of the instru-
ments for all-cause mortality, we created receiver oper-
ating characteristics (ROC) curves and calculated the 
area under the curve (AUC) for each of them. Then, we 
calculated the index’s prevalence, sensitivity, and spec-
ificity using the cut-offs previously described.

Cox proportional regression models were used to 
explore the relationship between HAI and FI and all-
cause mortality. Additionally, to compare the predic-
tive ability of mortality, a Harrell’s C concordance 
index, which estimates the probability of concordance 
between observed and predicted responses, was cal-
culated for the fully adjusted model [17]. Results are 
reported as hazard ratio (HR) with their respective 
95% CI. The reference groups for the analyses were 
the healthiest category for HAI and the robust category 
for FI. The models were employed separately, without 
adjustments for HAI and FI, respectively, as they were 
utilized in distinct models. Two models with an incre-
mental number of covariates were conducted: Model 1 
was adjusted for sex, age, years of education, and place 
of residence, and model 2 was additionally adjusted 
for smoking status and AUDIT score. Additionally, 
we conducted a sensitivity analysis using a 1-year 
landmark, excluding all participants who experienced 
events within the first year of follow-up. This approach 
minimized the effect of reverse causality. Finally, a 
non-linear association of the continuous HAI and the 
FI with all-cause mortality was also investigated using 
penalized cubic splines fitted in Cox proportional haz-
ard models. The penalized spline is a variation of the 
basis spline, which is less sensitive to known numbers 
and placements than restricted cubic splines [18]. For 
these analyses, variables were z-standardized to allow 
comparison among the scores. All statistical analyses 
were conducted using STATA V18 software (Stata-
Corp; College Station, TX) and R 4.3.1.

Results

The baseline characteristics of the participants strat-
ified by HAI and FI are shown in Table  1. Overall, 
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the HAI mean score was 4.06 (1.8) and 0.24 (0.13) 
for the FI. Less healthy participants (higher percent-
ages) for both the HAI and the FI were more likely 
to be older, women, with less years of formal edu-
cation, living in rural zones of the country, current 
smokers, and with a low risk of alcohol consumption 
(Table 1).

The ROC curves to assess the predictive ability 
for mortality for each instrument are shown in Fig. 1. 
While for both indexes the AUCs were low, the AUC 
for mortality of the HAI was higher than for the FI 
(0.640, [95%CI 0.601 to 0.679] vs. [0.586, 95%CI 
0.545 to 0.627], respectively). Once the cut-offs were 
applied (Table 2), a higher prevalence of less healthy 
participants was observed for the FI than for the HAI 
(FI > 0.24 was 31.60% vs. 11.13% for those with HAI 
between 7 and 10 points). Moreover, higher sensitiv-
ity to detect pre-frail and frail individuals (89.61% 
and 57.14%) was found for the FI than the HAI to 
detect people categorized as intermediate and less 
healthy (78.74 and 20.87%). Conversely, superior 
sensitivity showed the HAI than the FI for the same 
aforementioned categories (Table 2).

Over a median follow-up of 10.9  years (inter-
quartile range 10.1 to 11  years), 264 (31.1%) par-
ticipants died. The proportions of alive and dead 
people based on FI and HAI are shown in Supple-
mentary information 2. Non-linear associations 
between both the HAI and the FI and all-cause 
mortality are presented in Fig. 2. Overall, a higher 
HAI and FI score was associated with a higher mor-
tality risk (overall p < 0.05). No evidence of non-
linearity was observed in the spline (p = 0.746 for 
the HAI and p = 0.221 for the FI). After adjustment 
for confounders (sex, age, years of education, place 
of residence, smoking status, and consumption of 
alcohol), the HR for HAI was 1.16 (95% CI 1.08 to 
1.26) compared to 2.63 (95% CI 1.76 to 3.51) for 
the FI (Table  3). When the cut-offs were applied 
and after full adjustment (model 2), people in the 
less healthy and frail categories showed higher mor-
tality risk for any cause than those in the healthier 
categories (Table 3). The risk for frail people com-
pared to robust was 2.39 (95% CI 1.60 to 3.56) and 
for people with 7 to 10 points in the HAI was 2.22 
(95% CI 1.55 to 3.20) compared to those with 0 to 
3 points. (Table  3). Moreover, a better predictive 
value of mortality was observed for the FI com-
pared to the HAI (C-index of 0.831 vs. 0.742).

Discussion

Using a sample of older Chileans, we developed and 
assessed a modified version of the HAI to compare 
its predictive ability with the Chilean version of the 
FI. Our study identified that both the FI and HAI 
were valid and reliable predictors for all-cause mor-
tality in the Chilean population. The HAI exhibited 
a higher predicted ability for mortality (AUC) than 
the FI, while the FI demonstrated better sensitivity. 
However, when the C-index was calculated, the FI 
showed better prediction. Additionally, the FI showed 
higher HRs for mortality compared to the HAI in the 
adjusted Cox regression models. Furthermore, we 
observed higher scores on both the FI and the HAI 
among older individuals, women, and individuals 
with lower levels of education (8 years or less of for-
mal education).

Our findings are consistent with previous stud-
ies. Wu et  al. [10] reported that a modified version 
of the HAI (including systolic blood pressure, Digit 
Symbol Substitution Test, cystatin C, glucose, and 
respiratory problems) was linked to all-cause and 
cardiovascular mortality in older Americans, with a 
HR of 1.19 (95% CI 1.11 to 1.27) and 1.23 (95% CI 
1.11 to 1.35), respectively. This study also revealed 
a higher prevalence of elevated HAI scores among 
individuals with higher education levels and older 
age. Additionally, Huang et  al. [11], using a similar 
version of the HAI, reported its association with an 
increased risk of major cardiovascular events. Each 
point increase in the HAI was associated with a 44% 
higher risk of major cardiac events (HR 1.44 (95% 
CI 1.40 to 1.49)), 44% higher risk of major coro-
nary events (HR, 1.44 (95% CI 1.40 to 1.48)), and 
36% higher risk of ischemic heart disease (HR 1.36 
(95% CI 1.33 to 1.39)). Although we lacked data on 
specific cardiovascular events such as myocardial 
infarction or stroke, it is well established that these 
conditions are connected to higher mortality rates, 
particularly among older individuals like those in our 
study [19–21]. Notably, we could not find information 
regarding the development and validation of the HAI 
in other Latin American countries.

Two previous studies examined the changes in the 
HAI over time. Connell et al. [22] showed that HAI 
tends to increase with advancing age after a 9-year 
follow-up period, and this increase was linked to 
higher mortality rates. Similarly, Dieteren et al. [23] 
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reported that the trajectories of HAI vary between 
women and men and are influenced by factors such 
as age, educational level, physical activity, and body 
mass index. These reports also underscore the sig-
nificant role of sociodemographic and lifestyle factors 
in the aging process, some of which are associated 
with higher mortality risk, particularly among older 
populations.

To the best of our knowledge, this is the first study 
to compare the predictive ability of mortality, speci-
ficity, and sensitivity of the two health indices in 
Latin America. We have shown that both the FI and 
the HAI were reliable predictors of mortality in older 
individuals. It is important to acknowledge that the 
FI and the HAI capture distinct aspects of aging and 
health. The FI focuses on identifying frail individuals 
and assessing associated risks, while the HAI takes a 
more comprehensive approach by considering posi-
tive dimensions of health. Both indices offer valu-
able tools for evaluating and monitoring the health 
of older populations, although their application may 
vary depending on the specific research or clinical 

objectives. Previous research has indicated that HAI 
can predict the decline of various age-related func-
tions, including slow gait speed, multimorbidity, and 
disability, which are essential components of frailty 
[13, 24, 25].

This research possesses several notable strengths. 
It is the first study to develop and validate a modified 
version of the HAI in Chile and Latin America and 
to compare its properties with the Chilean version of 
the FI. Additionally, we characterized the distribution 
of this HAI version using a nationally representative 
sample of older individuals, ensuring adequate repre-
sentation of different regions of the country and soci-
odemographic characteristics.

However, there are some limitations to this study. 
Firstly, we relied on self-reported respiratory prob-
lems as a surrogate for forced vital capacity due to 
the lack of objective pulmonary function measure-
ments in the CHNS. Secondly, all five components of 
the HAI were measured only once, which may lead 
to potential misclassification as these measures can 
vary over time. Thirdly, the observational nature of 

Fig. 1  ROC curves for both 
the HAI and the FI

Table 2  Prevalence, 
sensitivity, and specificity 
for different cut-offs of HAI 
and frailty index for all-
cause mortality

Cut-offs Prevalence Sensitivity Specificity

Frailty index  > 0.12 to 0.24 39.42% 89.61% 31.4%
 > 0.24 31.60% 57.14% 71.73%

Healthy aging index 4 to 6 48.56% 78.74% 46.45%
7 to 10 11.13% 20.87% 92.01%
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the data restricts our ability to infer causality from the 
results. Finally, despite adjusting for important con-
founders, there remains the possibility of unmeasured 
confounders, such as muscle measurements, influenc-
ing the outcomes.

In conclusion, both the FI and the HAI were valu-
able tools for understanding frailty and healthy aging, 
respectively. These indices enable a comprehensive 
assessment of deficits and diverse aspects of health, 
thereby providing valuable insights into older adults’ 

well-being and health status. Integrating these indices 
into research and clinical practice can significantly 
enhance our capacity to identify at-risk individuals, 
promote healthy aging, and guide interventions to 
improve health outcomes in aging populations.
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