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RESEARCH ARTICLE

Do changes in frailty, physical functioning, 
and cognitive functioning predict mortality 
in old age? Results from the Longitudinal Aging 
Study Amsterdam
Sasmita Kusumastuti1,2, Emiel O. Hoogendijk3* , Thomas A. Gerds4, Rikke Lund2,5, Erik L. Mortensen2,6, 
Martijn Huisman3 and Rudi G. J. Westendorp1,2 

Abstract 

Background: The ability to accurately predict survival in older adults is crucial as it guides clinical decision making. 
The added value of using various health indicators as well as changes in these indicators for predicting mortality 
remains unclear. The aim of this study was to investigate whether changes in health indicators such as frailty and 
physical performance improve mortality predictions in old age.

Methods: This is a population based prospective cohort study on 995 community-dwelling people aged 68–92 years 
from the Longitudinal Aging Study Amsterdam. Two measurements at a three-year interval (1995/1996 and 
1998/1999) were available for the frailty index, frailty phenotype, grip strength, walking speed, and Mini-Mental State 
Examination (MMSE). Cox regression was used to analyze mortality risks associated with the current health status and 
changes in health, with mortality data up to 2017. The extent to which these health indicators improved mortality 
predictions compared to models with age and sex only was assessed by the area under the receiver operating charac-
teristic curve (AUC).

Results: The AUC of age and sex for five-year mortality was 72.8% (95% CI 69.0 – 76.5) and was the lowest in the old-
est old (age > 80.5 years). The added AUC of the current status of health indicators ranged from 0.7 to 3.3%. The added 
AUC of the three-year change was lower, ranging from -0.0 to 1.1%, whereas the added AUC of three-year change 
and current status combined was similar to current status alone, ranging from 0.6 to 3.2%. Across age, the added AUC 
of current status was highest in the oldest old, however there was no such pattern using three-year change. Overall, 
the frailty index appeared to improve mortality predictions the most, followed by the frailty phenotype, MMSE, grip 
strength, and walking speed.

Conclusions: Current health status improved mortality predictions better than changes in health. Its contribution 
was highest in the oldest old, but the added value to models with age and sex only was limited.
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Introduction
The ability to accurately predict survival is crucial as 
it guides decision making on the timing, character, and 
intensity of medical interventions. In old age, the need for 
prognostication becomes even more pertinent as older 
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individuals have accumulated bodily damage due to the 
aging process resulting in complex manifestations of sev-
eral chronic diseases and subsiding resilience to potential 
complications [1]. Consequently, over the past decades 
there has been a rise in studies developing, comparing, 
and upgrading stand-alone or composite arrays of health 
indicators in search of tools that provide the highest 
accuracy to predict survival in old age [2, 3]. These prog-
nostic tools encompass various health indicators ranging 
from genetic variation, tests of physiological and cogni-
tive function, presence of diseases, exposure to environ-
mental factors, and self-reported measures of health [4]. 
The general conclusion of the studies performed so far 
affirmed the advantage of using these instruments for 
prognostication and studies recommended their use to 
identify older adults at risk in daily clinical practice [5, 6].

Despite the general consensus on using current prog-
nostic tools, the added value of using various health 
indicators for predicting mortality in every day medi-
cal services remains unclear. Recent findings have 
shown that accuracy of the tools in predicting mortal-
ity decreases with increasing age [7, 8]. In addition to 
this diminishing accuracy, very few studies have distin-
guished between demographic variables (e.g. age, sex, 
etc.) and health indicators when assessing accuracy [9]. 
It is important to make this distinction because age is 
the most significant risk indicator of functional decline, 
disease, disability, and mortality. Here the main question 
is to what extent we gain more accuracy in predicting 
mortality when these prognostic tools are applied, and to 
what costs [10]. Most studies so far have focused on using 
the health status at one point in time to predict outcomes 
in time thereafter. However, several studies have shown 
that changes in health status may have substantial effects 
on functioning and can serve as warning signs in iden-
tifying older adults at risk of decline and death [11–13]. 
For example, some recent studies demonstrated the 
added value of measuring changes in frailty for predicting 
mortality [14, 15].

The aim of the current study was to investigate the 
added value of change in  health indicators  to all-cause 
mortality predictions in old age based on demographic 
variables (age and sex) only. Specifically, the health indi-
cators of interest are in the domains of physical and 
cognitive functioning since age-related decline in these 
indicators constitute some of the most severe problems 
(and threats to independent functioning) associated with 
growing older.

We have based our analyses on a prospective cohort 
study sample from the Longitudinal Aging Study 
Amsterdam (LASA) and evaluated the performance 
of change in the most commonly used functioning 
measures capturing frailty (the frailty phenotype and 

the frailty index), upper and lower body strength (grip 
strength and walking speed), and cognition (Mini-men-
tal State Examination (MMSE)) to accurately predict 
mortality.

Methods
Study population
This study was based on the LASA cohort, a nationally 
representative cohort from the Netherlands of individu-
als aged between 55 to 85 years at baseline [16]. Respond-
ents were initially selected from municipality registers 
of three regions: the western part of the Netherlands (in 
and around Amsterdam), the northeast (in and around 
Zwolle), and the south (in and around Oss). The primary 
aim of LASA was to study the determinants and con-
sequences of aging with a focus on physical, cognitive, 
emotional, and social functioning [17]. Data were col-
lected in measurement ‘waves’ since 1992/1993, in which 
participants were visited approximately every three years 
at their own home by trained interviewers. Data collec-
tion consisted of one visit involving a main interview 
(including basic physical performance tests, such as 
gait speed), one visit involving a medical interview with 
additional performance and cognitive tests among other 
things, and a self-reported questionnaire. More details on 
the sampling and measurements of LASA can be found 
elsewhere [16, 17]. For the current study, data from the 
various interview types were combined. The sample con-
sisted of older individuals who participated at the follow-
up measurements in 1995/1996 and 1998/1999. These 
consecutive waves were selected because we were inter-
ested in change of health indicators that were not avail-
able at all earlier or later waves. Furthermore, we chose 
a 3-year follow-up period to measure change in  health 
indicators since this short time period is a better rep-
resentation of the clinical situation. Additionally, attri-
tion between these waves was mainly due to mortality 
[16]. Herein we included participants aged 65 years and 
older (in 1995/1996) who participated in both main and 
medical interviews with complete information on demo-
graphic variables, health indicators at both measurement 
waves (1995/1996 and 1998/1999), and survival outcome 
resulting in a study sample of 995 participants (see Sup-
plementary Fig. S1). Since there were few older adults 
with missing information on some of the health indica-
tors (N = 119), we decided not to perform multiple impu-
tations. These 119 people with missing data were slightly 
older than the included sample, but the difference was 
not statistically significant. The LASA study received 
approval by the medical ethics committee of the VU Uni-
versity medical center, Amsterdam (file number 92/138). 
All participants signed a written informed consent.
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Health indicators
The health indicators included validated, well-known 
frailty instruments, i.e. the frailty phenotype and the 
frailty index; grip strength and walking speed as meas-
ures of upper and lower extremities functioning; and the 
Mini-Mental State Examination (MMSE) as a measure of 
cognitive functioning. The frailty phenotype was based 
on the presence of Fried’s frailty criteria: weight loss, 
weak grip strength, exhaustion, slow gait speed, and low 
physical activity with scores ranging from 0 (no frailty 
criteria) to 5 (all frailty criteria present) [18]. The frailty 
phenotype used in this study was slightly adapted com-
pared to original instrument, and has been previously 
operationalized and validated in LASA [19–22]. In par-
ticular, the slow gait speed and low physical activity items 
of the frailty phenotype were adapted, following the low-
est quintile approach instead of using the original cut-
points of Fried and colleagues [19–22]. The frailty index 
has also been operationalized and validated in LASA 
[23], resulting in a 32-item index measuring the accu-
mulation of symptoms, diseases, disabilities, or any other 
age-related health deficits. All deficits were given a score 
of 0 (absence of deficit) or 1 (presence of deficit) and the 
frailty index was calculated by dividing the sum of the 
health deficit scores by the total number of health deficits 
resulting in a range from 0 (no deficits present) to 1 (all 
deficits present) [24]. More details on the items included 
in the frailty index are provided in Supplementary Table 
S2. Grip strength was measured using a dynamom-
eter and recorded to the nearest 1 kg, calculated using 
the sum of the highest values of the two hands divided 
by two. Walking speed was measured by recording the 
number of seconds it took participants to walk 3 m, turn 
around, and then walk back 3 m as quickly as they can. 
The MMSE consisted of 20 items examining orientation 
in time and place, words registration and recall, attention 
and calculation, language, and visual construction with 
scores ranging from 0 to 30 [25]. A higher frailty phe-
notype score, a higher frailty index score, slower walk-
ing speed, lower grip strength, and lower MMSE scores 
indicated worsening health. For each health indicator, 
we used health indicator scores in 1998 as the “current 
status” and “three-year change” was defined as the differ-
ence in health indicators scores by subtracting the meas-
urement in 1998 minus the measurement in 1995. See 
Supplementary Fig. S3 for study design scheme.

Statistical methods
We described median, interquartile range (IQR), mini-
mal, and maximal values for continuous variables and 
counts for categorical variables. Time zero of all sur-
vival analyses was set at the date of the second follow-up 

measurement in 1998/1999. Participants were followed 
through direct linkage with registers of the participants’ 
municipalities of residence until death or March  1st 2017, 
whichever came first. The Kaplan–Meier method was 
used to describe overall survival among groups based on 
age and sex. We also plotted mortality risks given a per-
son’s current status and three-year change.

The reference model was obtained with Cox regres-
sion in the training set using additive effects of age and 
sex. The effect of age was modeled using restricted cubic 
splines with three knots [26]. For each health indicator, 
three Cox regression models were fitted by adding to the 
age-sex benchmark model the current status, the three 
year change, and both the current status and the change, 
respectively.  The discrimination ability of five- and ten-
year mortality predictions of the Cox regression models 
was assessed by area under the receiver-operating-char-
acteristic curves (AUC) for right censored data in the 
test [27]. AUC indicated the probability that a participant 
who died within t-years was assigned a higher predictive 
risk of mortality when compared to a participant who 
survived for longer than t-years. The improved predic-
tions of a health indicator was assessed by differences in 
AUC compared to the reference model and tested by a 
Delong-Delong type test [28]. P-values indicate the signif-
icance of the difference between a model containing age 
and sex plus a health indicator and the reference model 
that is age and sex only given the null hypothesis that the 
health indicator has no added discrimination ability. We 
also performed stratified analysis based on tertiles of age, 
sex, and number of chronic diseases (major chronic dis-
eases, including: heart disease, peripheral arterial disease, 
stroke, diabetes, chronic lung disease, arthritis, cancer). 
All statistical analyses were performed using R version 
4.0.2 [29].

Results
Table 1 presents the characteristics of the study sample, 
which consisted of 995 participants aged 68.0 through 
91.6 years at study baseline with an overall average of 
77.4 ± 6.2 (SD) years and the  25th,  50th, and  75th percen-
tile being 72.1, 76.5, and 82.5 years. Of the sample, 523 
(52.6%) were females, around 39.0% of participants had 
low education, and 43.1% participants lived alone. On 
average, each participant had two chronic diseases with 
the  25th,  50th, and  75th percentile being one, two, and 
three chronic diseases. Out of the 0–5 range of the frailty 
phenotype, 35.7% of the participants presented without 
any frailty component and 31.3% of the participants had 
one criterion of frailty present. The median (IQR) for 
current frailty index was 0.2 (0.1 – 0.3) point out of the 
0–1 range, grip strength was 24.0 (18.5 – 32.2) kg, walk-
ing speed was 9.0 (7.0 – 11.0) seconds, and MMSE was 
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28.0 (26.0 – 29.0) points out of the 0–30 range. Regarding 
three-year change, on average the frailty phenotype had 
worsened with the median (IQR) being 0.0 (0.0 – 1.0), 
the frailty index 0.03 (-0.01 – 0.07), grip strength weak-
ened with -2.5 (-6.5 – 0.5), walking speed slowed 1.0 (0.0 
– 3.0), and cognitive function as measured by MMSE 0.0 
(-1.0 – 1.0). Supplementary Fig. S4 shows the distribution 
of current status and three-year change in health indica-
tors stratified by sex: in general there were no significant 
differences between the sexes with the exception of cur-
rent grip strength where males tended to be stronger 
than females.

Figure 1 shows Kaplan Meier survival curves stratified 
by sex and age tertiles. As expected, the oldest males had 
the lowest survival probability. Figure  2 shows five-year 
predicted mortality risks associated with current sta-
tus and three-year changes in all health indicators for 
females aged 75 years old, given the majority of sex and 
average age of the population. This figure demonstrates 
that while three-year changes in health indicator scores 
(vertical axis) further worsened the predicted risks, it was 
not as big of an influence compared to the current status. 
Overall, the worse the current status (horizontal axis), 
the higher the predicted mortality risks. Regardless of a 
person’s three-year change, the mortality risks would be 
high primarily because of their current health status. This 
applies to the frailty phenotype, the frailty index, walking 
speed, and MMSE. As for grip strength, it appears that 
there was a threshold effect where if a person’s current 
grip strength was very low (below 10), then no matter 
how much the person had improved over the past three 
years, their mortality risks would still be high.

Table  2 shows the added value of current status and 
three-year change in  health indicators  to mortality pre-
diction based on age and sex alone. Within five and ten 
years, 220 respectively 466 out of the 995 participants 
had died. Age and sex alone hold a discrimination ability 
of 72.8% AUC (95% CI 69.0 – 76.5) for five-year mortality 
and it was 77.7% AUC (74.8 – 80.5) for ten-year mortal-
ity. When predicting five-year mortality, the added AUC 
of current status of each of the several health indica-
tors ranged from 0.7% for walking speed to 3.3% for the 
frailty index. This was consistently higher compared to 
the added AUC of three-year change in each of health 
indicators, ranging from -0.0% for the frailty phenotype 
to 1.1% for the frailty index. When the current status 
and three-year change were combined, their added AUC 
was similar to current status alone, from 0.6% for walk-
ing speed to 3.2% for frailty index and it also yielded the 
most significant p-values. Similar patterns were found for 
predicting ten-year mortality. The frailty index appears 
to improve mortality prediction the most, followed by 
the frailty phenotype, MMSE, grip strength, and walk-
ing speed. When adding all information on current status 
and three-year change of the various health indicators, 
AUC improved from 72.8 (69.0 – 76.5) to 77.6 (73.6 – 
80.8) and 77.6 (74.8 – 80.5) to 80.5 (77.8 – 83.2) for five-
year and ten-year mortality respectively.

Table  3 divided the study population into age tertiles. 
Here the discrimination ability of residual age and sex 
alone in predicting five-year mortality was 65.2% AUC 
(56.8 – 73.5) in the youngest age tertile, 61.2% AUC (53.1 
– 69.4) in the middle age tertile, and further decreased 
to 59.4% (53.3 – 65.5) in the oldest age tertile. The cur-
rent status of the health indicators holds the highest 

Table 1 Characteristics of the study sample

Data are presented as median (interquartile range), min – max, except as noted
a Current status of health indicators was measured in 1998
b Three-year change was the difference in health indicators  by subtracting the 
measurement in 1998 minus the measurement in 1995

Characteristics

Total number of participants, n [%] 995 [100.0]

Age 76.5 (72.1; 82.5), 68.0 – 91.6

Age brackets

  –  1st Tertile 70.6 (69.4; 72.0), 68.0 – 73.5

  –  2nd Tertile 76.5 (74.8; 78.4), 73.5 – 80.4

  –  3rd Tertile 84.5 (82.5; 87.2), 80.5 – 91.6

Female, n [%] 523 [52.6]

Education, n [%]

  – Low 388 [39.0]

  – Medium 316 [31.8]

  – High 291 [29.2]

Living alone, n [%] 417 [43.1]

Number of chronic diseases 2.0 (1.0; 3.0), 0.0 – 8.0

Health indicators – current  statusa

  Frailty Phenotype, n [%]

     – Score 0 355 [35.7]

     – Score 1 311 [31.3]

     – Score 2 179 [18.0]

     – Score 3 104 [10.5]

     – Score 4 43 [4.3]

     – Score 5 3 [0.3]

  Frailty Index (range 0 – 1) 0.2 (0.1; 0.3), 0.0 – 0.6

  Grip strength, in kg 24.0 (18.5; 32.2), 1.0 – 62.5

  Walking speed, in seconds 9.0 (7.0; 11.0), 3.0 – 102.0

  Mini-Mental State Examination (range 
0 – 30)

28.0 (26.0; 29.0), 9.0 – 30.0

Health indicators – three-year  changeb

  Frailty Phenotype 0.0 (0.0; 1.0), -3.0 – 4.0

  Frailty Index 0.03 (-0.01; 0.07), -0.27 – 0.27

  Grip strength -2.5 (-6.5; 0.5), -28.0 – 11.5

  Walking speed 1.0 (0.0; 3.0), -12.0 – 83.0

  Mini-Mental State Examination 0.0 (-1.0; 1.0), -15.0 – 7.0
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Fig. 1 Kaplan Meier survival curves stratified by sex and age tertiles

Fig. 2 Five-year predicted mortality risks associated with current status and three-year change in all five health indicators for females aged 75 years 
old
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Table 2 Added value of health indicators to mortality prediction based on age and sex

a AUC  Discrimination ability as measured using Area Under the Curve in percentages
b P-values indicate the significance of the difference between a model containing age and sex plus a health indicator and the reference model that is age and sex only 
given the null hypothesis that the health indicator has no added discrimination ability

Model Health Indicator Five-year Mortality
(220 died)

Ten-year Mortality
(466 died)

AUC a (95% CI) P-valueb AUC a (95% CI) P-valueb

Demographic variables Age and sex 72.8 (69.0 – 76.5) 77.7 (74.8 – 80.5)

 + Current status  + Frailty Phenotype  + 1.6 (0.6 – 2.6) 0.001  + 0.8 (0.0 – 1.6) 0.050

 + Frailty Index  + 3.3 (1.6 – 4.9)  < 0.001  + 1.8 (0.5 – 3.1) 0.005

 + Grip strength  + 1.0 (0.3 – 1.7) 0.005  + 0.6 (0.0 – 1.2) 0.040

 + Walking speed  + 0.7 (-0.0 – 1.4) 0.060  + 0.4 (-0.1 – 0.8) 0.100

 + MMSE  + 1.2 (0.2 – 2.3) 0.020  + 1.1 (0.4 – 1.8) 0.002

 + Three-year change  + Frailty Phenotype - 0.0 (-0.2 – 0.1) 0.400 - 0.1 (-0.2 – 0.0) 0.200

 + Frailty Index  + 1.1 (0.1 – 2.1) 0.030  + 0.5 (-0.3 – 1.3) 0.200

 + Grip strength  + 0.3 (-0.0 – 0.7) 0.090  + 0.2 (-0.1 – 0.5) 0.100

 + Walking speed  + 0.4 (-0.1 – 0.9) 0.090  + 0.1 (-0.2 – 0.4) 0.500

 + MMSE  + 0.1 (-0.3 – 0.6) 0.600 - 0.0 (-0.4 – 0.3) 0.900

 + Current status + Three-year 
change

 + Frailty Phenotype  + 1.9 (0.6 – 3.1) 0.003  + 0.9 (0.0 – 1.9) 0.050

 + Frailty Index  + 3.2 (1.6 – 4.8)  < 0.001  + 1.7 (0.5 – 3.0) 0.008

 + Grip strength  + 0.9 (0.1 – 1.6) 0.020  + 0.5 (-0.1 – 1.1) 0.100

 + Walking speed  + 0.6 (-0.2 – 1.3) 0.100  + 0.4 (-0.2 – 0.9) 0.200

 + MMSE  + 1.2 (0.2 – 2.3) 0.020  + 1.2 (0.5 – 1.9) 0.001

Table 3 Added value of health indicators to mortality prediction stratified by age tertiles

a AUC  Discrimination ability as measured using Area Under the Curve in percentages

Strata Health Indicator Current Status Three-year Change

Average Score
(min—max)

Five-year AUC a Average Score
(min—max)

Five-year AUC a

Age tertile 68.0 – 73.5 Age and sex 65.2 (56.8 – 73.5) 65.2 (56.8 – 73.5)

(329 at risk, 36 died)  + Frailty Phenotype 0.7 (0.0 – 4.0)  + 0.2 (-1.8 – 2.2) 0.3 (-3.0 – 4.0) - 0.8 (-2.0 – 0.3)

 + Frailty Index 0.16 (0.00 – 0.61)  + 2.0 (-4.4 – 8.5) 0.02 (-0.23 – 0.27) - 0.3 (-2.9 – 2.4)

 + Grip strength 28.6 (3.0 – 62.5)  + 0.4 (-1.3 – 2.0) -3.3 (-23.5 – 10.0)  + 0.6 (-1.5 – 2.6)

 + Walking speed 8.3 (4.0 – 48.0) - 0.1 (-4.0 – 3.8) 1.3 (-8.0 – 37.0)  + 1.5 (-1.2 – 4.2)

 + Mini-Mental State Examination 27.9 (18.0 – 30.0) - 1.4 (-6.3 – 3.5) -0.0 (-9.0 – 6.0) - 1.6 (-3.5 – 0.2)

Age tertile 73.6 – 80.4 Age and sex 61.2 (53.1 – 69.4) 61.2 (53.1 – 69.4)

(338 at risk, 50 died)  + Frailty Phenotype 1.0 (0.0 – 4.0)  + 0.7 (-3.2 – 4.6) 0.3 (-2.0 – 3.0) - 0.6 (-2.4 – 1.1)

 + Frailty Index 0.20 (0.02 – 0.61)  + 3.8 (-0.7 – 8.2) 0.03 (-0.19 – 0.27)  + 2.8 (-1.4 – 7.1)

 + Grip strength 26.1 (1.0 – 49.5)  + 1.6 (-1.6 – 4.9) -3.1 (-28.0 – 11.5)  + 0.1 (-2.7 – 3.0)

 + Walking speed 9.5 (3.0 – 39.0) - 0.7 (-3.1 – 1.6) 1.8 (-9.0 – 19.0) - 0.3 (-1.3 – 0.6)

 + Mini-Mental State Examination 27.2 (16.0 – 30.0)  + 3.0 (-1.8 – 7.8) -0.3 (-9.0 – 6.0)  + 1.6 (-1.5 – 4.6)

Age tertile 80.5 – 91.6 Age and sex 59.4 (53.3 – 65.5) 59.4 (53.3 – 65.5)

(328 at risk, 134 died)  + Frailty Phenotype 1.8 (0.0 – 5.0)  + 7.9 (4.2 – 11.7) 0.5 (-2.0 – 4.0) - 0.2 (-0.6 – 0.2)

 + Frailty Index 0.26 (0.03 – 0.63)  + 11.5 (6.5 – 16.5) 0.04 (-0.27 – 0.25)  + 4.6 (1.4 – 7.8)

 + Grip strength 20.9 (1.0 – 45.0)  + 3.5 (0.5 – 6.5) -4.4 (-21.0 – 6.5)  + 0.0 (-0.8 – 0.8)

 + Walking speed 13.1 (4.0 – 102.0)  + 2.3 (0.1 – 4.4) 3.4 (-12.0 – 83.0)  + 1.4 (-0.2 – 3.1)

 + Mini-Mental State Examination 25.7 (9.0 – 30.0)  + 3.9 (0.5 – 7.3) -0.8 (-15.0 – 7.0) - 0.4 (-1.7 – 0.9)
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added AUC in the oldest age tertile ranging from 2.3% 
for walking speed to 11.5% for the frailty index whereas 
this pattern was not as apparent in the younger age ter-
tiles. With very few exceptions the added AUC of three-
year changes in the various health indicators was lower 
when compared to the current status. Overall, the AUCs 
of demographic variables and health indicators combined 
did not exceed 71% in any of the different age tertiles. 
Similar patterns were found for ten-year mortality (data 
not shown). The order of health indicators in improv-
ing mortality predictions were the same as for the whole 
study population (Table 2), with the frailty index leading, 
followed by the frailty phenotype, MMSE, grip strength, 
and walking speed.

Supplementary analyses were performed. When the 
study population was stratified by sex, the added AUC of 
most health indicators was highest among males except 
for MMSE which was highest among females. There was 
no clear pattern when stratified by number of chronic 
diseases (see Supplementary Tables S5 and S6).

Discussion
Among a representative population of community-dwell-
ing older adults aged 68 years and older, we observed that 
changes in  health indicators  in previous years further 
increased mortality risks. However, it was not as big of 
an influence compared to the current health status. The 
AUC of age and sex alone for five-year mortality predic-
tions was 72.8% AUC (95% CI 69.0 – 76.5) and the added 
AUC of the current status of health indicators ranged 
from AUC 0.7 (walking speed) to 3.3% (frailty index). 
The added AUC of three-year changes in  health indica-
tors  was lower, ranging from AUC -0.0 (frailty pheno-
type) to 1.1% (frailty index), whereas the added AUC of 
both three-year change and current status combined was 
similar to current status alone, ranging from AUC 0.6 
(walking speed) to 3.2% (frailty index). Across age groups, 
the added AUC of current status was highest in the oldest 
old, however there was no clear pattern with the three-
year changes. When stratified by sex, the added AUC of 
most health indicators was highest among males except 
for MMSE which was highest among females. There was 
no clear pattern when stratified by number of chronic 
diseases. Findings for ten-year mortality were similar. 
Overall the frailty index appeared to improve mortality 
predictions the most, followed by the frailty phenotype, 
MMSE, grip strength, and walking speed.

Predictive capabilities of demographic variables 
and health indicators
We found that the current health status measured at 
one time point performed better in accurately predict-
ing mortality than change in health indicators over time, 

though the added predictive capabilities were limited. In 
the younger age group, age and sex captured most of the 
discrimination ability to predict mortality. In contrast, 
in the oldest old these demographic variables lose their 
predictive values while the health indicators gained pre-
dictive value. Since there is a severe lack of studies com-
paring predictive capabilities of demographic variables 
and health indicators separately [30], more research is 
needed to illuminate this finding. When age is driving 
the absolute mortality risks over the lifespan, it is impor-
tant to carefully disentangle the predictive capabilities 
of health indicators from that of age. Taken together, the 
discrimination ability for the demographic variables and 
health indicators combined did not exceed AUC of 71% 
in any of the age groups. This means that at best, seven 
out of ten times the model correctly distinguishes the 
older individual who will die or survive in the next five 
years, indicating a modest ability to predict mortality 
[31].

Comparison among functional indicators
We found that the frailty index improved mortality pre-
diction the most, followed by the frailty phenotype, 
MMSE, grip strength, and walking speed. Both of these 
well-validated frailty indices were superior and the added 
values were highest in the oldest old. This is likely due to 
the all-encompassing nature of these indices designed to 
capture frailty; a disorder characterised by vulnerability 
to poor resolution of homeostasis after a stressor event as 
a consequence of cumulative age-related decline occur-
ring pervasively in inter-related physiological systems 
[32]. Frailty indices are frequently perceived as inter-
changeable but each have different intended purposes 
and can actually be used to supplement each other [33]. 
The frailty index describes the presence of clinical condi-
tions and characteristically acts as a marker of accumu-
lated deficits and in line with this reasoning we found it 
to be the most discriminative in predicting mortality. The 
frailty phenotype is designed to specifically detect the 
risk of adverse outcomes in non-disabled individuals and 
is considered to be more appropriate for use when decid-
ing the need of adapted care or interventions in clinical 
practice.

Varying degrees of functional decline
In the current study, approximately half of the commu-
nity-dwelling persons had varying degrees of frailty and 
also experienced varying degrees of functional decline 
in the following three-year period. Other studies have 
shed light on the differences in trajectories of func-
tional decline and how it relates to underlying patho-
genesis [34, 35]. For example, individuals with advanced 
frailty characteristically experience a slowly progressive 
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functional decline with only a slight acceleration as death 
approaches. However, current prevention systems are 
typically targeted towards individuals with fast, severely 
declining functions. Therefore it is not suitable for many 
older adults at risk of dying due to progressive frailty 
[36]. More research is needed to observe these patterns 
of functional decline to develop prevention systems that 
takes into account these variations of functional decline 
and underlying pathogenesis.

Implications for clinical practice
In this study, we found that the added discrimination 
of the various health indicators to mortality predictions 
based on age and sex alone tend to be limited. If a patient 
has to agree to go forward with certain medical interven-
tions, the typical question would be “How likely is my 
chance to benefit from this intervention?”. In this case, a 
highly discriminating prediction model would best help 
the patient [37]. Even if health indicators would be able 
to substantially improve mortality predictions based on 
age and sex, there is still a laborious hurdle to overcome 
on whether these instruments actually help in clinical 
decision making. The key question is whether the use 
of models improves the outcomes of our interventions, 
particularly in older adults. Considering that the health 
indicators investigated in this study already fell short of 
expectations on its discrimination abilities, implementa-
tion in clinical practice should be regarded with caution.

Strengths and limitations
We analyzed demographic variables, current function-
ing status, and changes over time separately as well as in 
combination, to explore their predictive abilities. Overall 
functioning indicated by the frailty indices, upper and 
lower body functioning measured by grip strength and 
walking speed, and cognitive functioning measured by 
MMSE were all compared to assess its performance in 
predicting mortality. In addition to that, all health indi-
cators were well-operationalized, directly measured, and 
well-validated. Mortality data was complete, and there-
fore censoring information was available for everyone. 
Mortality differences between LASA participants and 
the general Dutch population never exceeded 1%, mean-
ing the study is representative for the Dutch older popu-
lation [38]. However, we used difference scores which 
have been known to lack reliability and this may have 
influenced results, especially for health indicators with 
very little change (e.g., MMSE). While it may provide 
more reliable information to assess trajectories of change 
in  health indicators using more than two assessments 
during a longer period, we decided to study three-year 
change instead of six-year change or more since observ-
ing a three-year change is likely to be more compatible 

with clinical situations than monitoring change for longer 
period and it would also decrease the sample size to be 
even smaller thereby compromising power. The fact 
that we observed only modest changes in health indica-
tors over a period of 3 years could be due to floor or ceil-
ing effects, however, ceiling effects are not likely as only 
a small proportion of the study sample reported a very 
high number of health problems (e.g., only 0.3% of the 
sample had the highest score of 5 on the frailty pheno-
type). Finally, our study sample consisted of people who 
participated in both the 1995/1996 and the 1998/1999 
interviews. Therefore, the sample does not include people 
who died between these two measurement waves, which 
could have led to underestimation of changes in  health 
indicators.

Conclusion
In conclusion, among community-dwelling persons aged 
68 years and older, current health status improved mor-
tality predictions based on age and sex better than three-
year change and it was most prognostic in the oldest old. 
Although the added value of functional measures was 
highest in the oldest old, this added value was limited.

Abbreviations
AUC : Area under the curve; CI: Confidence interval; IQR: Interquartile range; 
LASA: Longitudinal Aging Study Amsterdam; MMSE: Mini-Mental State Exami-
nation; SD: Standard deviation.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12877- 022- 02876-0.

Additional file 1: Supplementary Figure S1. Selection of Study Sample. 
Supplementary Table S2. Items Included inthe Frailty Index. Sup-
plementary Figure S3. Study Design Scheme. Supplementary Figure 
S4. Distribution of Current Status and Three-year Change in Health 
Indicators Stratified for Sex. Supplementary Table S5. Added Value of 
HealthIndicators to Mortality Prediction Stratified for Sex. Supplementary 
Table S6. Added Value of Health Indicators to Mortality Prediction Based 
on Age and Sex Stratified for Number of Chronic Diseases.

Acknowledgements
Not applicable.

Authors’ contributions
SK drafted the paper and performed the statistical analysis. SK, EOH, TAG, RL, 
ELM, MH and RGJW contributed to the conception of the study, the analysis, 
and interpretation of data. EOH, TAG, RL, ELM, MH and RGJW revised the paper 
critically for important intellectual content. All authors read and approved the 
final version of the manuscript.

Funding
This research was supported by grants from the Novo Nordisk Foundation 
Challenge Programme: Harnessing the Power of Big Data to Address the 
Societal Challenge of Aging [NNF17OC0027812]. The Longitudinal Aging 
Study Amsterdam (LASA) is largely supported by a grant from the Netherlands 
Ministry of Health, Welfare and Sports, Directorate of Long-Term Care. Emiel 

https://doi.org/10.1186/s12877-022-02876-0
https://doi.org/10.1186/s12877-022-02876-0


Page 9 of 10Kusumastuti et al. BMC Geriatrics          (2022) 22:193  

O. Hoogendijk was supported by an NWO/ZonMw Veni fellowship [grant 
number 91618067]. The funding agencies had no role in the design of the 
study and collection, analysis, and interpretation of data and in writing the 
manuscript.

Availability of data and materials
The datasets generated during the current study are not publicly available 
due to confidentiality, but the data underlying the results presented in this 
study are available from the Longitudinal Aging Study Amsterdam (LASA) and 
may be requested for research purposes. More information on data requests 
can be found on the LASA website: www. lasa- vu. nl.

Declarations

Ethics approval and consent to participate
The study received approval by the medical ethics committee of the VU 
University medical center, Amsterdam, the Netherlands (file number 92/138). 
All participants signed a written informed consent. The LASA steering group 
approved the use of data for the purpose of the current study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Section of Epidemiology, Department of Public Health, University of Copen-
hagen, Copenhagen, Denmark. 2 Center for Healthy Aging, University 
of Copenhagen, Copenhagen, Denmark. 3 Department of Epidemiology 
and Data Science, Amsterdam Public Health Research Institute, Amsterdam 
UMC – location VU University Medical Center, P.O. Box 7057, 1007 MB Amster-
dam, Netherlands. 4 Section of Biostatistics, Department of Public Health, 
University of Copenhagen, Copenhagen, Denmark. 5 Section of Social Medi-
cine, Department of Public Health, University of Copenhagen, Copenhagen, 
Denmark. 6 Department of Public Health, Section of Environmental Health, 
University of Copenhagen, Copenhagen, Denmark. 

Received: 20 September 2021   Accepted: 25 February 2022

References
 1. Kirkwood TBL. Understanding the odd science of aging. Cell. 

2005;120:437–47.
 2. Siontis GCM, Tzoulaki I, Ioannidis JPA. Predicting death: an empirical eval-

uation of predictive tools for mortality. Arch Intern Med. 2011;171:1721–6.
 3. Thomazeau J, Huo Yung Kai S, Rolland Y, Sourdet S, Saffon N, 

Nourhashemi F. Repérage du haut risque de mortalité durant la première 
année qui suit une hospitalisation en médecine aiguë chez les patients 
de plus de 65 ans : revue de la littérature [Prognostic indices for older 
adults during the year following hospitalization in an acute medical ward: 
An update]. Presse Med. 2017;46:360–73.

 4. Yourman LC, Lee SJ, Schonberg MA, Widera EW, Smith AK. Prognostic 
Indices for older adults: A systematic review. JAMA. 2012;307:182–92.

 5. Lee SSJS, Lindquist K, Segal MMR, Covinsky KE. Development and valida-
tion of a prognostic index for 4-year mortality in older adults. JAMA. 
2006;295:801–8.

 6. Clegg A, Bates C, Young J, Ryan R, Nichols L. Development and validation 
of an electronic frailty index using routine primary care electronic health 
record data. Age Ageing. 2016;45:353–60.

 7. Ganna A, Ingelsson E. 5 year mortality predictors in 498 103 UK 
Biobank participants: A prospective population-based study. Lancet. 
2015;386:533–40.

 8. Kusumastuti S, Gerds TA, Lund R, Mortensen EL, Westendorp RGJ. 
Discrimination ability of comorbidity, frailty, and subjective health to 
predict mortality in community-dwelling older people: Population based 
prospective cohort study. Eur J Intern Med. 2017;42:29–38.

 9. Collins GS, Moons KGM. Comparing risk prediction models. BMJ. 
2012;344:e3186.

 10. Engelfriet PM, Jansen EHJM, Picavet HSJ, Dollé MET. Biochemical 
markers of aging for longitudinal studies in humans. Epidemiol Rev. 
2013;35:132–51.

 11. Blair SN, Kohl HW, Barlow CE, Paffenbarger RS, Gibbons LW, Macera CA. 
Changes in physical fitness and all-cause mortality: a prospective study of 
healthy and unhealthy men. JAMA. 1995;273:1093–8.

 12. Erikssen G, Liestøl K, Bjørnholt J, Thaulow E, Sandvik L, Erikssen J. Changes 
in physical fitness and changes in mortality. Lancet. 1998;352:759–62.

 13. Lee D, Sui X, Artero EG, Lee I-M, Church TS, McAuley PA, et al. Long-term 
effects of changes in cardiorespiratory fitness and body mass index on 
all-cause and cardiovascular disease mortality in men: the aerobics center 
longitudinal study. Circulation. 2011;124:2483–90.

 14. Stolz E, Hoogendijk EO, Mayerl H, Freidl W. Frailty changes predict 
mortality in 4 longitudinal studies of aging. J Gerontol A Biol Sci Med Sci. 
2021;76:1619–26.

 15. Shi SM, Olivieri-Mui B, McCarthy EP, Kim DH. Changes in a frailty index and 
association with mortality. J Am Geriatr Soc. 2021;69:1057–62.

 16. Huisman M, Poppelaars J, van der Horst M, Beekman AT, Brug J, van 
Tilburg TG, et al. Cohort Profile: The longitudinal aging study amsterdam. 
Int J Epidemiol. 2011;40:868–76.

 17. Hoogendijk EO, Deeg DJH, Poppelaars J, van der Horst M, Broese van 
Groenou MI, Comijs HC, et al. The longitudinal aging study amsterdam: 
cohort update 2016 and major findings. Eur J Epidemiol. 2016;31:927–45.

 18. Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J, et al. 
Frailty in Older Adults: Evidence for a Phenotype. Journals Gerontol Ser A 
Biol Sci Med Sci. 2001;56:M146–57.

 19. Hoogendijk EO, Huisman M, van Ballegooijen AJ. The role of frailty in 
explaining the association between the metabolic syndrome and mortal-
ity in older adults. Exp Gerontol. 2017;91:5–8.

 20. Hoogendijk EO, Suanet B, Dent E, Deeg DJH, Aartsen MJ. Adverse effects 
of frailty on social functioning in older adults: Results from the Longitudi-
nal Aging Study Amsterdam. Maturitas. 2016;83:45–50.

 21. Hoogendijk EO, van Hout HPJ, Heymans MW, van der Horst HE, Frijters 
DHM, Broese van Groenou MI, et al. Explaining the association between 
educational level and frailty in older adults: results from a 13-year longitu-
dinal study in the Netherlands. Ann Epidemiol. 2014;24:538–44.

 22. Hoogendijk EO, van Hout HPJ, van der Horst HE, Frijters DHM, Dent E, 
Deeg DJH, et al. Do psychosocial resources modify the effects of frailty on 
functional decline and mortality? J Psychosom Res. 2014;77:547–51.

 23. Hoogendijk EO, Theou O, Rockwood K, Onwuteaka-Philipsen BD, 
Deeg DJH, Huisman M. Development and validation of a frailty index 
in the Longitudinal Aging Study Amsterdam. Aging Clin Exp Res. 
2017;29:927–33.

 24. Rockwood K, Mitnitski A. Frailty in Relation to the Accumulation of Defi-
cits. Journals Gerontol Ser A Biol Sci Med Sci. 2007;62:722–7.

 25. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical 
method for grading the cognitive state of patients for the clinician. J 
Psychiatr Res. 1975;12:189–98.

 26. Harrell FE. Regression Modeling Strategies: With Applications to Linear 
Models, Logistic Regression, and Survival Analysis. New York: Springer 
Series in Statistics; 2001.

 27. Blanche P, Latouche A, Viallon V. Time-dependent AUC with right-
censored data: a survey study. 2012. Available from: http:// arxiv. org/ abs/ 
1210. 6805

 28. Blanche P, Dartigues J-F, Jacqmin-Gadda H. Estimating and comparing 
time-dependent areas under receiver operating characteristic curves for 
censored event times with competing risks. Stat Med. 2013;32:5381–97.

 29. R Development Core Team. R: A language and environment for statistical 
computing [Internet]. Vienna, Austria: R foundation for statistical comput-
ing; 2008. Available from: http:// www.r- proje ct. org

 30. Kusumastuti S, Rozing MP, Lund R, Mortensen EL, Westendorp R. The 
added value of health indicators to mortality predictions in old age: a 
systematic review. Eur J Intern Med. 2018;57:7–18.

 31. Hosmer D, Lemeshow S, Sturdivant R. Applied logistic regression. New 
York, NY: A wiley-interscience publication; 2000.

 32. Hoogendijk EO, Afilalo J, Ensrud KE, Kowal P, Onder G, Fried LP. 
Frailty: Implications for clinical practice and public health. Lancet. 
2019;394:1365–75.

http://www.lasa-vu.nl
http://arxiv.org/abs/1210.6805
http://arxiv.org/abs/1210.6805
http://www.r-project.org


Page 10 of 10Kusumastuti et al. BMC Geriatrics          (2022) 22:193 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 33. Cesari M, Gambassi G, Abellan van Kan G, Vellas B. The frailty phenotype 
and the frailty index: different instruments for different purposes. Age 
Ageing. 2014;43:10–2.

 34. Chen J-H, Chan D-C, Kiely DK, Morris JN, Mitchell SL. Terminal trajectories 
of functional decline in the long-term care setting. J Gerontol Ser A Biol 
Sci Med Sci. 2007;62:531–6.

 35. Lunney JR, Lynn J, Foley DJ, Lipson S, Guralnik JM. Patterns of functional 
decline at the end of life. JAMA. 2003;289:2387–92.

 36. Covinsky KE, Eng C, Lui L-Y, Sands LP, Yaffe K. The last 2 years of life: func-
tional trajectories of frail older people. J Am Geriatr Soc. 2003;51:492–8.

 37. Kattan MW, Gerds TA. Stages of prediction model comparison. Eur Urol. 
2012;62:597–9.

 38. Hoogendijk EO, Deeg DJH, de Breij S, Klokgieters SS, Kok AAL, Stringa N, 
et al. The Longitudinal aging study amsterdam: cohort update 2019 and 
additional data collections. Eur J Epidemiol. 2020;35:61–74.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Do changes in frailty, physical functioning, and cognitive functioning predict mortality in old age? Results from the Longitudinal Aging Study Amsterdam
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Study population
	Health indicators
	Statistical methods

	Results
	Discussion
	Predictive capabilities of demographic variables and health indicators
	Comparison among functional indicators
	Varying degrees of functional decline
	Implications for clinical practice
	Strengths and limitations

	Conclusion
	Acknowledgements
	References


