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ABSTRACT
Background: Ageing is associated with a gradual loss of muscle strength, which in the end may have consequences for survival. 
Whether muscle strength and mortality risk associate in a gradual or threshold-specific manner remains unclear. This study 
investigates the prospective association of muscle strength with all-cause mortality in the oldest old.
Methods: We included 1890 adults aged ≥ 90 years (61.6% women, mean age 91.0 ± 1.5 years) from 27 European countries and 
Israel participating in the Survey of Health, Ageing and Retirement in Europe (SHARE) study. Muscle strength was assessed 
using handgrip dynamometry (unit: kilogram). Using time-varying Cox regression with restricted cubic splines, we determined 
the prospective association of muscle strength with mortality, controlling for age, sex, smoking, BMI, marital status, education, 
geographical region and self-perceived health.
Results: Over a mean follow-up of 4.2 ± 2.4 years, more than half of the participants died (n = 971, 51.4%). The mean hand-
grip strength was 20.4 ± 8.0 kg for all participants, with men (26.7 ± 7.5 kg) showing significantly higher strength than women 
(16.4 ± 5.4 kg) (p < 0.001). Using the median level of muscle strength as reference (18 kg), lower and higher levels were associated 
in a gradual and curvilinear fashion with higher and lower mortality risk, respectively. The 10th percentile of muscle strength 
(10 kg) showed a hazard ratio (HR) of 1.27 (95% CI 1.13–1.43, p < 0.001). The 90th percentile (31 kg) showed an HR of 0.69 (95% 
CI 0.58–0.82, p < 0.001). Stratified for sex, the median levels of muscle strength were 26 kg for men and 16 kg for women. The 
10th percentile of muscle strength showed HRs of 1.33 (95% CI 1.10–1.61, p < 0.001) at 15 kg for men and 1.19 (95% CI 1.05–1.35, 
p < 0.01) at 10 kg for women. The 90th percentile of muscle strength showed HRs of 0.75 (95% CI 0.59–0.95, p < 0.01) at 35 kg for 
men and 0.75 (95% CI 0.62–0.90, p < 0.001) at 23 kg for women. Sensitivity analyses, which excluded individuals who died within 
the first 2 years of follow-up, confirmed the main findings.
Conclusion: Rather than a specific threshold, muscle strength is gradually and inversely associated with mortality risk in the 
oldest old. As muscle strength at all ages is highly adaptive to resistance training, these findings highlight the importance of 
improving muscle strength in both men and women among the oldest old.
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1   |   Introduction

Skeletal muscle comprises about 40% of the body weight and 
is essential for activities of daily living and overall health [1]. 
Ageing is associated with a range of physiological changes, in-
cluding alterations in body composition, musculoskeletal health, 
cardiovascular function, endocrine systems and inflammatory 
markers [2, 3]. Musculoskeletal changes include a decline in 
muscle mass and strength and an increase in intramuscular 
fat [4]. Muscle strength typically peaks between the ages of 30 
and 39 years followed by a gradual decline of about 1%–3% per 
year [5]. In older people, this decline can have important conse-
quences for activities of daily living such as gait and sit-to-stand 
ability [6, 7]. Skeletal muscle also acts as an endocrine organ im-
portant for overall health. Physical activity stimulates skeletal 
muscles to release myokines, which are involved in body weight 
regulation, insulin sensitivity and reduced levels of low-grade 
inflammation [8]. Thus, skeletal muscles are crucial for overall 
health.

Handgrip strength provides an easily accessible measure of 
overall muscle strength that is related to skeletal muscle mass 
[9, 10]. Previous studies have documented an association of 
handgrip strength in older adults with a range of diseases and 
disorders such as hypertension, Parkinson's disease, stroke, 
work limitations and mortality due to various causes [11–16]. 
However, few studies have assessed the importance of handgrip 
strength on survival in the ‘oldest old’, a fast-growing popula-
tion that challenges healthcare systems because of their high 
prevalence of multimorbidity and polypharmacy [17, 18]. The 
American Geriatric Society and the World Health Organization 
define the oldest old as individuals aged 80 years and above, 
whereas the British Geriatrics Society considers those aged 85 
and above as fitting this category. As life expectancy continues 
to increase, recent studies even consider those aged 90 years or 
older as the oldest old [19, 20]. A study from the Netherlands 
found that 85-year-olds in the lowest tertile of handgrip strength 
were at increased risk of dying during follow-up [21]. A study 
from Belgium found that high handgrip strength was associated 
with lower risk of mortality in people aged 80 years or older [22]. 
Likewise, a study with 81 participants aged 90 years or older 
from Brazil found that a higher proportion of individuals with 
low handgrip strength died during 1-year follow-up [23].

Further research on the oldest old is crucial for several reasons. 
This rapidly growing demographic presents unique challenges 
to healthcare systems and may have distinct physiological char-
acteristics compared with younger elderly. The accelerated rate 
of strength decline in this age group [5], coupled with high prev-
alence of multimorbidity and frailty [2, 3], makes understanding 
modifiable risk factors like muscle strength critical for main-
taining quality of life and independence. Moreover, previous 
studies primarily used categorical analyses (e.g., tertiles of mus-
cle strength) or linear models, which may not fully capture the 
nature of the association between muscle strength and mortality 
risk in this age group. Understanding whether there are specific 
thresholds or a more gradual association is crucial for provid-
ing practical recommendations about target levels of muscle 
strength in the oldest old. Furthermore, previous studies in the 
oldest old were small and not representative of a broader pop-
ulation. Given the differences in life expectancy between men 

and women across different countries [24], large-scale studies 
with representative samples from multiple nations are needed to 
investigate these associations in both sexes and provide general 
public health recommendations.

The aim of the present study is to determine the prospective as-
sociation of handgrip muscle strength with all-cause mortality 
in the oldest old (90+ years). To address the knowledge gaps of 
previous studies, we use a population covering 28 countries and 
perform restricted cubic splines analyses of the level of handgrip 
muscle strength with the risk of all-cause mortality. This ap-
proach allows us to examine the potentially nonlinear relation-
ship between handgrip muscle strength and the risk of all-cause 
mortality, providing a more nuanced understanding of this asso-
ciation in a diverse, multinational sample of the oldest old.

2   |   Methods

2.1   |   Study Design and Participants

This study uses data from eight waves (1, 2, 4, 5, 6, 7, 8 and 
9) of the Survey of Health, Ageing and Retirement in Europe 
(SHARE) study, which includes 28 countries (27 European 
countries and Israel) [25, 26]. Data were collected from February 
2004 to December 2022. Wave 3 did not include data on hand-
grip muscle strength and was therefore discarded for the present 
analyses.

SHARE uses a multistage stratified sampling design in which 
involved countries are divided into different strata in relation 
to geographical area, and municipalities or zip codes within 
these strata served as primary sampling units [25]. Data in each 
SHARE wave are collected every other year through home 
computer-assisted personal interviews. SHARE uses ex ante 
harmonized interviews, and new respondents were added in 
each wave to compensate for losses. The SHARE target popu-
lation consists of all persons aged 50 years and over at the time 
of sampling who have their regular domicile in the respective 
SHARE country. In SHARE, persons are excluded from base-
line or refreshment samples if they are incarcerated, hospital-
ized or out of the country during the entire survey period; are 
unable to speak the country's language(s); or have moved to an 
unknown address. In all waves, current partners living in the 
same household are interviewed regardless of their age.

The combined eight waves (1, 2, 4, 5, 6, 7, 8 and 9) contained 
691 096 observations from 238 950 individuals, of which there 
were 7385 observations from 4820 individuals who were 90 years 
or older. In the present analyses, we included only individuals 
with observations in at least two waves of SHARE, being at least 
90 years old during the first of these respective waves and not 
having missing values for the predictor, outcome and control 
variables. These criteria led to a final sample size of 1890 partici-
pants. Figure 1 shows the flow of participants through the study.

2.2   |   Predictor: Muscle Strength

Muscle strength was assessed using handgrip dynamometry 
(unit: kilogram). Using a handheld dynamometer (Smedley, S 
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Dynamometer, TTM, Tokio, 0–100 kg), each hand was mea-
sured two times under the instruction of trained interview-
ers. Participants held their elbow at 90° flexion in a standing 
or sitting position, with the wrist in neutral position and 
upper arm vertically against the trunk. Trained interviewers 
provided standardized instructions to squeeze the dynamom-
eter with maximum effort for 2 s. For the present analyses, 
handgrip strength was defined as the maximum value of 
either hand.

2.3   |   Outcome: All-Cause Mortality

Mortality was determined from end-of-life interviews with proxy 
respondents, that is, a relative, a household member, a neigh-
bour or any other person close to the deceased participant, who 
provided information on the date and cause of death. Because 
of the relatively small sample size of persons aged 90 years or 
older, we only performed the analyses with all-cause mortality 
as outcome and not cause-specific mortality. In case of a missing 
value for the date of decease, we set the value to the mean of the 
date of the last participant interview and the date of the end-of-
life proxy interview.

2.4   |   Covariates

We controlled the analyses for sex, age, smoking status, body 
mass index (BMI), marital status, education, geographical 
region and self-perceived health. The interviewer noted the 
sex of the respondent based on observation and asked the re-
spondent in case of uncertainty. Age was calculated as date 
of interview minus self-reported date of birth. Smoking sta-
tus was based on two questions about whether the respondent 

had ever smoked and was currently smoking and was recoded 
into one variable (current smoker, ex-smoker, never smoked). 
BMI was calculated from self-reported weight and height of 
the respondent (kg·m−2). Respondents also replied to a ques-
tion with six categories about marital status that was recoded 
into four categories: (1) married and living together with 
spouse or in a registered partnership; (2) divorced or married, 
but living separated from spouse; (3) never married; and (4) 
widowed. Education was based on the question ‘What is the 
highest school leaving certificate or school degree that you 
have obtained?’ with response categories recoded into three 
ISCED-1997 categories (lower, medium and higher education) 
[27]. Country (28 categories) was recoded into a new variable, 
geographical region, with five categories (Eastern, Western, 
Southern and Northern Europe and Israel) according to the 
United Nations definition  [28]. Self-perceived health was 
based on the question ‘Would you say your health is…’ with 
five response categories: (1) excellent, (2) very good, (3) good, 
(4) fair, and (5) poor.

The selection of these covariates was based on their asso-
ciations with both muscle strength and mortality in older 
adults [11]. Age and sex are fundamental demographic factors 
known to influence both muscle strength and mortality risk. 
Smoking status and BMI are important lifestyle and health in-
dicators that can affect both muscle function and overall sur-
vival. Marital status and education serve as proxies for social 
support and socioeconomic status, respectively, which have 
been linked to health outcomes in older adults. Geographical 
region was included to account for potential variations in 
healthcare systems and environmental factors across differ-
ent countries. Self-perceived health was included as a general 
indicator of overall health status, which could influence both 
muscle strength and mortality risk.

FIGURE 1    |    Flow of participants through the study.
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2.5   |   Statistical Analyses

All analyses were performed in SAS version 9.4. Using the 
phreg procedure, we performed Cox regression to determine 
the prospective association of handgrip strength with mortal-
ity. Time-on-study in months was the timescale. We used the 
Breslow method for handling tied event times. To allow for 
potential nonlinearity and gradual associations, we used re-
stricted cubic splines with handgrip strength as continuous 
measure. Based on the recommendations by Harrell [29], pre-
specified that knots were placed at the 10th, 50th and 90th per-
centiles of the exposure distribution for (1) all participants, (2) 
men and (3) women, respectively. To test the robustness of the 
results, we also performed sensitivity analyses with alternative 
knot placements (4 knots at 5th, 35th, 65th and 95th percentiles; 
5 knots at 5th, 27.5th, 50th, 72.5th and 95th percentiles) and 
exclusion of those with less than 2 years follow-up. All analy-
ses were controlled for age, sex, smoking, BMI, marital status, 
education, geographical region and self-perceived health. We 
used time-varying Cox regression to account for changes in 
both muscle strength and covariates over time before reaching 
the last observation (censoring or mortality). To test for possible 
sex differences in the association between handgrip strength 
and mortality, we included a sex-by-handgrip strength interac-
tion term in our Cox regression model. Likewise, we included 
a geographical region by handgrip strength interaction term, 
but this was not significant (p = 0.85) and was therefore left out 
of the final model. Analyses were performed as complete case 
analyses. Results are reported as hazard ratios (HRs) with 95% 
confidence intervals.

3   |   Results

Table  1 shows the baseline characteristics of the study popu-
lation of participants aged 90 years or older. There were more 
women (61.6%) than men (38.4%) in the sample. Men had a 
higher handgrip strength than women (mean: 26.7 vs. 16.4 kg). 
There were only few current smokers (2.9%). The majority had a 
lower education (65.7%). More women (76.7%) than men (37.9%) 
were widowed. The majority rated their health to be fair (40.3%) 
or good (32.5%).

Over a mean follow-up of 4.2 years (SD 2.4), more than half of 
the participants died (n = 971, 51.4%). Among men and women, 
respectively, 401 (55.3%) and 570 (48.9%) died.

Figure 2 shows the gradual association of handgrip strength 
with mortality risk during follow-up in the total sample of 
men and women older than 90 years. Using the median level 
of muscle strength as reference (18 kg), lower and higher lev-
els were associated in a curvilinear fashion with higher and 
lower mortality risk, respectively. The 10th percentile of mus-
cle strength (10 kg) showed a HR of 1.27 (95% CI 1.13–1.43). 
The 90th percentile (31 kg) showed an HR of 0.69 (95% CI 
0.58–0.82). Sensitivity analyses using alternative knot place-
ments yielded consistent results, although with wider 95% 
confidence intervals and less smooth curves, as expected with 
more knots (Figures S1 and S2). Sensitivity analyses exclud-
ing the first 2 years of follow-up also yielded consistent results 
(Figure S3).

Sex and handgrip strength did not interact significantly 
(p = 0.40), and we there excluded the interaction term from 
the final model. However, as muscle strength levels differ sub-
stantially between sexes, we report the sex-stratified analyses 
here. Figures  3 and 4 show the gradual association of hand-
grip strength with mortality risk during follow-up in men and 
women, respectively, older than 90 years. Stratified for sex, the 
median levels of muscle strength were 26 kg for men and 16 kg 
for women. The 10th percentile of muscle strength showed 
HRs of 1.33 (95% CI 1.10–1.61) at 15 kg for men and 1.19 (95% 
CI 1.05–1.35) at 10 kg for women. The 90th percentile of muscle 
strength showed HRs of 0.75 (95% CI 0.59–0.95) at 35 kg for men 
and 0.75 (95% CI 0.62–0.90) at 23 kg for women.

4   |   Discussion

Using time-varying Cox regression with restricted cubic 
splines, the present study demonstrates that muscle strength 
is gradually and inversely associated with mortality risk in the 
oldest old.

Previous studies performed in single countries have previously 
shown an association between handgrip strength and mortal-
ity in the oldest old, although lower age limits in these studies 
have varied from 80 to 90 years. For instance, research in the 
Netherlands [21] showed that individuals aged 85 years or older 
in the lowest tertile of handgrip strength had increased risk of 
dying during follow-up, whereas a Belgian study [22] observed 
that higher handgrip strength was associated with a reduced 
mortality risk in those aged 80 years or older. Similarly, in Brazil, 
a small study involving 81 participants aged 90 or older found a 
higher percentage of those with a very low handgrip strength, 
based on the threshold for a sarcopenia diagnosis, died within 
a year [23]. These studies suggest the existence of a certain 
threshold for increased or decreased risk of mortality. However, 
because of the limited nature of these studies, the graded asso-
ciation of muscle strength with mortality risk could not be es-
tablished. Importantly, the present study shows a gradual and 
inverse association of handgrip strength with mortality risk 
in the oldest old. Thus, rather than a specific threshold, every 
added kilogram of muscle strength appears to count.

Although handgrip strength is widely used as a proxy for overall 
muscle strength because of its practicality and strong correla-
tion with other strength measures, it is important to acknowl-
edge its limitations, particularly in the oldest old population. In 
individuals aged 90 years or older, handgrip strength may not 
fully capture the complexities of overall muscle function and its 
rapid changes. The ageing process can lead to differential rates 
of decline in various muscle groups, and handgrip strength 
alone may not reflect the complexity of these changes. For in-
stance, lower limb strength, which is crucial for mobility and 
balance, may decline at a different rate than upper limb strength 
in this age group [30]. Additionally, handgrip strength does not 
provide information on muscle power or endurance, which are 
also important aspects of muscle function in older adults [31]. 
Future studies could benefit from incorporating multiple mea-
sures of muscle function, such as lower limb strength tests, gait 
speed assessments or measures of muscle power, to provide a 
more comprehensive picture of muscle health in the oldest 
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TABLE 1    |    Descriptive baseline characteristics of the study population.

All participants Men Women

n Mean SD Freq(%) n Mean SD Freq(%) n Mean SD Freq(%)

Handgrip 
strength (kg)

1890 20.4 8.0 725 26.7 7.5 1165 16.4 5.4

Age 1890 91.0 1.5 725 90.9 1.3 1165 91.1 1.6

Body mass 
index (BMI)

1890 25.0 3.9 725 25.3 3.4 1165 24.8 4.2

Sex

Men 725 38.4 725 100.0

Women 1165 61.6 1165 100.0

Smoking status

Current 
smoker

55 2.9 28 3.9 27 2.3

Ex-smoker 517 27.4 361 49.8 156 13.4

Never smoked 1318 69.7 336 46.3 982 84.3

Education 
(ISCED-1997)

Lower 1241 65.7 401 55.3 840 72.1

Medium 418 22.1 179 24.7 239 20.5

Higher 231 12.2 145 20.0 86 7.4

Marital status

Married and 
living together 
with spouse or 
in a registered 
partnership

557 29.5 411 56.7 146 12.5

Divorced 
or married, 
but living 
separated from 
spouse

74 3.9 19 2.6 55 4.7

Never married 90 4.8 20 2.8 70 6.0

Widowed 1169 61.9 275 37.9 894 76.7

Geographic region (United Nations definition)

Eastern 
Europe

171 9.1 75 10.3 96 8.2

Northern 
Europe

454 24.0 160 22.1 294 25.2

Southern 
Europe

509 26.9 206 28.4 303 26.0

Western 
Europe

700 37.0 254 35.0 446 38.3

Israel 56 3.0 30 4.1 26 2.2

(Continues)
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old. Furthermore, given the risk for rapid declines in muscle 
strength at advanced ages, more frequent measurements over 
time would allow for a more accurate capture of the dynamic 
relationship between muscle strength trajectories and mortality 
risk. This approach could provide valuable insights into the rate 
of change in muscle strength and its association with mortality, 
rather than relying solely on absolute strength values.

The present analyses controlled for a number of potential con-
founders that indicate that muscle strength has an independent 
impact on mortality. For example, controlling for self-perceived 
health excludes the possibility that the associations were simply 
caused by poor health in those with lower strength values. Also, 
the HRs continued to gradually decrease at strength levels above 
the median value, which again suggests that muscle strength 
may have an independent effect on survival probability.

We also performed sex-stratified analyses, which is a relevant 
aspect of our study, because of the differences in life expectancy 
among men and women in European countries [24]. Although 
men have higher levels of muscle strength than women, a higher 
percentage of the men died during follow-up in the present 

study. This shows the importance of supplementing the main 
analyses controlling for sex with sex-stratified analyses. Using 
the median handgrip values as reference for each respective sex, 
a similar gradual pattern was observed for men and women. 
This shows that muscle strength in both men and women is im-
portant for survival among the oldest old.

Because of the sample size of the present population, we only used 
all-cause mortality as outcome and did not investigate the specific 
mechanisms. However, the underlying mechanisms of our find-
ings may be multifactorial. In the context of cardiovascular disease 
prevention, handgrip strength is inversely linked with markers of 
vascular function, including arterial stiffness [32], and increased 
muscular fitness has been associated with the release of cytokines 
and myokines into circulation, enhancing antiatherogenic prop-
erties  [33]. Additionally, handgrip strength has been suggested 
as an indicator related to brain volumes and inflammatory states 
associated with dementia [34]. Studies have also highlighted the 
association between handgrip strength and executive functioning, 
indicating its potential role in cognitive impairment in older adults 
[35]. Furthermore, handgrip strength has been linked to learning, 
verbal fluency and a reduced risk of cognitive impairments such 

All participants Men Women

n Mean SD Freq(%) n Mean SD Freq(%) n Mean SD Freq(%)

Self-perceived health

Excellent 60 3.2 23 3.2 37 3.2

Very good 162 8.6 72 9.9 90 7.7

Good 615 32.5 253 34.9 362 31.1

Fair 762 40.3 284 39.2 478 41.0

Poor 291 15.4 93 12.8 198 17.0

TABLE 1    |    (Continued)

FIGURE 2    |    Association of handgrip strength with mortality risk 
during follow-up in adults older than 90 years (n = 1890). The full line 
shows the hazard ratios and the dotted lines show the 95% CI.

FIGURE 3    |    Association of handgrip strength with mortality risk 
during follow-up in men older than 90 years (n = 725). The full line 
shows the hazard ratios and the dotted lines show the 95% CI.
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as dementia, strengthening its potential as a predictor of neurode-
generative status [36]. Thus, several underlying mechanisms may 
explain the present findings.

4.1   |   Practical and Clinical Implications

As muscle strength at all ages is highly adaptive to resistance 
training, the present findings highlight the importance of im-
proving muscle strength in both men and women among the 
oldest old. This suggests that even in advanced age, interven-
tions aimed at increasing muscle strength may potentially ex-
tend life expectancy. For example, Sahin and coworkers found 
in a randomized controlled trial a significant improvement in 
handgrip strength in institutionalized frail elderly with both 
low- and high-intensity resistance training for 3 days a week 
for 8 weeks [37]. Similarly, Cadore and coworkers found in an-
other randomized controlled trial a significant improvement in 
functional performance and strength outcomes after a 12-week 
multicomponent exercise program consisting of resistance and 
power training combined with balance and gait retraining in 
frail nonagenarians [38]. Such type of intervention can even 
lead to reduced costs of care in this age group [39]. Thus, ex-
ercise intervention including resistance training has the poten-
tial to improve muscle strength and reduce cost of care in the 
oldest old. However, implementing strength training interven-
tion in this vulnerable group requires careful consideration of 
individual health status, functional capacity and potential risks. 
Common concerns include cardiovascular complications, falls 
and musculoskeletal injuries. To minimize these risks, inter-
ventions should be personalized, progressive and supervised 
by trained professionals. Starting with low-intensity exercises 
and gradually increasing the load as tolerated may help build 
strength while minimizing risks. Additionally, incorporating 
balance training and functional exercises can enhance overall 
physical performance and reduce fall risk [38]. Although chal-
lenges exist, the potential benefits of improved muscle strength 
on functional independence and quality of life in the oldest old 
likely outweigh the risks when interventions are appropriately 
designed and implemented.

4.2   |   Strengths and Limitations

The present study has some strengths. The use of a large, diverse 
population across multiple nations enhances the robustness of 
the present findings, suggesting that irrespective of regional 
and cultural differences, muscle strength serves as a key bio-
marker for longevity in the oldest old. The use of time-varying 
Cox regression and restricted cubic splines allows for analyses 
of how even small changes in muscle strength may influence 
survival rates. The fact that the used statistical models account 
for changes in the status of both the exposure and the covariates 
strengthens the possibility of causal associations. Sensitivity 
analyses with different knot placements confirmed the robust-
ness of our findings. To minimize the risk of reverse causality, 
we performed a sensitivity analysis excluding those with less 
than 2 years of follow-up.

The present study also has some limitations. The relatively 
small sample size for each country and potential selection 
biases limits our ability to make country-specific compari-
sons. Survival bias may affect our sample, as those who reach 
90+ years may represent a resilient subset of the population. 
Several potential residual confounding factors may exist, 
including physical activity levels, dietary factors, access to 
healthcare and genetic factors. Using complete case analyses 
is a limitation, as participants with complete data might differ 
systematically from those with missing data. In addition, using 
proxy respondents to determine mortality status may provide 
some inaccuracy in death date data. On the other hand, a small 
study found that proxy reports showed higher agreement with 
adjudicated causes of death compared with death certificates, 
supporting the validity of this method [40]. Finally, the use of 
handgrip strength as a sole measure of muscle function may not 
fully capture the complexity of muscle health in the oldest old, 
and more frequent measurements could have provided insights 
into the rate of change in muscle strength and its association 
with mortality risk.

4.3   |   Conclusion

This study provides valuable evidence of a graded association 
between muscle strength and survival among the oldest old, 
highlighting the potential benefits of maintaining or enhancing 
muscle strength through targeted interventions, such as resis-
tance training.
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