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Abstract

Background: Muscular strength is a powerful marker of current health status and robust predictor of age-related disease and disability. Handgrip
strength (HGS) using isometric dynamometry is a convenient, feasible, and widely used method of assessing muscular strength among people of
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all ages. While adult HGS norms have been published for many countries, no study has yet synthesized available data to produce international
norms. The objective of this study was to generate international sex- and age-specific norms for absolute and body size-normalized HGS across
the adult lifespan.

Methods: Systematic searches were conducted in 6 databases/web search engines (MEDLINE, SPORTDiscus, Embase, Web of Science,
CINAHL, and Google Scholar) up to December 1, 2023. We included full-text peer-reviewed observational studies that reported normative HGS
data for adults aged >20 years by sex and age. Pseudo data were generated using Monte Carlo simulation following harmonization for methodo-
logical variation. Population-weighted Generalized Additive Models for Location, Scale, and Shape were used to develop sex- and age-specific
norms for absolute HGS (kg) and HGS normalized by height (Ht, m) squared (i.e., HGS/Ht* in kg/m?). Norms were tabulated as percentile
values (5th to 95th) and visualized as smoothed percentile curves.

Results: We included data from 100 unique observational studies representing 2,405,863 adults (51.9% female) aged 20 to 100+ years from 69
countries and regions tested from the year 2000 onward. On average, absolute and normalized HGS values negligibly improved throughout early
adulthood, peaked from age 30—39 years (at 49.7 kg (males) and 29.7 kg (females) for absolute HGS or 16.3 kg/m* (males) and 11.3 kg/m?
(females) for HGS/Ht?), and declined afterwards. The age-related decline in HGS accelerated from middle to late adulthood and was slightly
larger for males than for females during middle adulthood.

Conclusion: This study provides the world’s largest and most geographically comprehensive international norms for adult HGS by sex and age.

These norms have utility for global peer-comparisons, health screening, and surveillance.

Keywords: Adult; Reference values; Hand strength; Mass screening; Population health

1. Introduction

Physical fitness refers to the ability of the bodily systems to
work well together to support physical activity and basic self-
care. Several components of physical fitness are considered to
be health-related because they are strongly and consistently
associated with overall health.'” One such fitness component
is muscular strength, which reflects the ability of a muscle or
group of muscles to generate maximal force in a single
contraction.” Muscular strength is a powerful marker of
current and future health. A recent overview of 8 systematic
reviews representing 34 studies and nearly 2 million adults
revealed that low muscular strength was significantly linked
with early death from all causes and cardiovascular disease as
well as a higher incidence of physical disability. Among
adults, low muscular strength better predicts all-cause and
cardiovascular mortality than do traditional risk factors like
systolic blood pressure.” Low muscular strength is also associ-
ated with considerable economic burden on government health
care expenditure, with a 10% reduction in the prevalence of
adults with low strength at the population level leading to
considerable (~18%) healthcare cost savings.” In their popula-
tion-based public health guidelines on physical activity and
sedentary behavior, the World Health Organization (WHO)
recommends muscle-strengthening activities (in addition to
aerobic activities) using major muscle groups at a moderate or
greater intensity on at least 2 (adults) or 3 (older adults) days a
week.” Collectively, this evidence highlights the importance
of good muscular strength for mitigating health risks across
the lifespan.

Although muscular strength cannot be defined by a single
measure, it is widely assessed by handgrip strength (HGS)
using handgrip dynamometry, which is easily applicable and
recommended for use in clinical, research, and community
settings.” '’ HGS is a convenient, safe, non-invasive, reliable,
and feasible method of assessing muscular strength among
people of all ages, which can be administered by staff with
minimal experience and easily scored and interpreted.'’'?

This strength capacity assessment has moderate-to-high
construct validity and lower exclusion and dropout rates in
epidemiological studies when compared to more complicated
assessments of whole-body and major muscle group
strength.'” "> Handgrip dynamometers are also becoming
more affordable, with evidence indicating comparable HGS
values between lower cost and standard dynamometers.'®
Measures of HGS have excellent clinical utility™'”'® as low
HGS is used in decision algorithms and assessment criteria for
determining sarcopenia,'” ' dynapenia,”” and frailty.”> HGS
can also be used as a surveillance tool to monitor temporal
trends in population health and to evaluate the effectiveness
and monitor the progress of healthy public policies.”**

A recognized approach to interpret HGS test results is with
normative values (herein called norms). Norms allow for
comparison to a reference population to determine how well
one compares to their peers of the same sex and age. Norms
can be used to identify individuals with low muscular strength
who may be at risk of poor health and in need of intervention,
or individuals with high muscular strength who are likely to
perform well in sports or occupational tasks. They can also be
used to monitor healthy aging by examining changes in
strength capacity over time. Adult HGS norms have been
widely published for decades. Such norms generally have been
developed using local city or district samples,”® " rather than
national samples,”’ *° and reported for a limited age range
(often older adults)*® ** rather than across the adult lifespan
(i.e., early, middle, and late adulthood).”” *'***° Several
studies have alternatively pooled HGS data across surveys
within*'~* or among™*° countries to present norms at the
national level*'~** or across diverse geographical regions."’
Norms have been reported almost exclusively for absolute
HGS, with few studies adjusting for the known influence of
body size on strength capacity.”” *'**4"% To our knowl-
edge, no study has systematically pooled published data and
reported international norms for both absolute HGS and body
size-normalized HGS (herein called normalized HGS) across
the adult lifespan.
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The primary aim of this study was to develop international
sex- and age-specific norms for absolute and normalized HGS
across the adult lifespan. We expect these norms to help with
the interpretation of HGS test results and to extend the utility
of HGS for global peer-comparisons, health screening, and
surveillance.

2. Methods
2.1. Registration and protocol

This systematic review and meta-analysis protocol was
prospectively registered with PROSPERO on April 18, 2022
(ID: CRD42022306992). We followed the Preferred Reporting
Items for Systematic reviews and Meta-Analyses (PRISMA)
2020 statement (Supplementary Table 1).>°

2.2. Eligibility criteria

Studies were included if they met the following criteria:

a) Population: Adults aged >20 years at baseline, following
the WHO’s definition of adult.’’ We excluded studies on
special interest groups (e.g., specific disease, illness, occu-
pation, or athletic groups).

b) Measure: Objectively measured HGS in kilograms (kg) (or
values from which kg could be calculated) using handgrip
dynamometry and a published test protocol. Studies must
have tabulated HGS norms in terms of sample size, mean,
and SD (or values from which SD could be calculated)
stratified by sex, age, and country (for multi-country
studies). We included studies that reported closed age
groups to a maximum range of 10 years (e.g., 20—29
years). Studies with incomplete information on sampling,
test, or normative data reporting protocols were excluded.

c) Study design: Unique observational (cross-sectional or
cohort) studies reporting HGS data. For cohort studies,
data from both baseline (initial) and refreshment (new)
samples were included if available, but follow-up data
were excluded. We excluded studies that reported dupli-
cate or sub-group data from another included study as well
as data from small samples (mean sample size <20 across
all sex and 5-year age group strata) because mean and SD
were less reliable than those from larger studies. Systematic
reviews were also excluded.

d) Publication status: Full-text peer-reviewed published
journal articles. Conference abstracts/papers, commen-
taries, editorials, and dissertations were excluded.

e) Timeframe: To minimize the potential bias of temporal
trends and to maintain data recency, only studies reporting
HGS data measured from the year 2000 onward (i.e., the
midpoint testing year was from the year 2000 onward)
were included.

2.3. Information sources

We identified studies by searching online databases and
other sources, including the reference lists of included studies
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and topical systematic reviews as recommended by the
PRISMA statement.”’ We followed the recommendations of
Bramer and colleagues’” regarding the optimal combination of
online databases. Searches of databases and web search
engines were performed in: MEDLINE (via OVID), SPORT-
Discus (via EBSCOhost), Embase (via OVID), Web of
Science (Core Collection), CINAHL (via EBSCOhost), and
Google Scholar (first 200 results sorted by relevance). All
searches were run from database inception to December 1,
2023.

2.4. Search strategy

We designed the online search strategy in consultation with
an academic librarian experienced in systematic reviews. No
language restrictions were applied. The online search strategy
is shown in Supplementary Table 2A—2F.

2.5. Selection process

Records were imported into EndNote (Clarivate Analytics,
Philadelphia, PA, USA), where they were de-duplicated, and
then into Covidence (Veritas Health Innovation, Melbourne,
VIC, Australia) for further de-duplication and record screening.
Titles and abstracts were independently screened against inclu-
sion criteria by 2 authors (GRT and LR) well-experienced in
conducting and publishing systematic reviews. Full-text articles
were then independently screened against inclusion criteria by
the same authors. A third author (BG) resolved conflicts.

2.6. Data collection process and data items

Data were independently extracted by one of the following
authors (GRT, BG, or HTB) using a pre-designed Excel
spreadsheet (Microsoft, Redmond, WA, USA) and were
checked for accuracy by another author (LR). The following
data were extracted from each study: name of lead author,
country or region of participants’ residence, study design
(cross-sectional or cohort), sampling strategy (probability
(i.e., random selection) or non-probability (i.e., non-random
selection)), sample base (national or non-national (i.e., state/
provincial or city/district) sampling), cohort/survey name,
additional sampling notes, testing year(s), sex/gender, age
(range, mean, and SD), standing height (measurement units,
sample size (n), mean, SD, and median), testing protocol,
dynamometer (brand, model, type—electronic (i.e., used elec-
tronic load cell), hydraulic (i.e., used hydraulic fluid), or
mechanical (i.e., used spring mechanism)), body position
(seated or standing), shoulder position (abducted or adducted),
elbow position (extended or flexed), radioulnar position
(neutral, pronated, or supinated), wrist position (neutral or
other (i.e., extended or flexed)), handle position (adjusted to
hand size or adjusted to a standard position), time (min)
between repetitions (reps) on the same hand (<1 or >1),
verbal support (yes or no), testing hand (left, right, non-domi-
nant, dominant, or both), reps per hand (1, 2, or 3), summary
statistic for normative data reporting (average, average of
maxima, or maximum), HGS (measurement units, absolute
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HGS (n, mean, SD, and median for each sex and age stratum),
body size-normalized HGS (n, mean, SD, and median for each
sex and age stratum) if reported as absolute HGS in kg divided
by height (Ht) in meters squared (m?)), additional study-
specific notes, and the full citation.

2.7. Quality assessment

Study quality was assessed using the standard quality
assessment criteria for evaluating primary research papers
from a variety of fields tool.”® This tool includes a 14-item
checklist for assessing quantitative studies by asking about
study design, methods, sample size, analytical approach,
confounding factors, study conclusions, etc. A score of
“Yes” =2, “Partial”’=1, or “No” =0 was given to each item
depending on the degree to which the criteria were met. Items
considered not applicable were scored “NA” and excluded
from the total score. The overall quality was calculated by
summing the scores across relevant items and dividing by the
total possible score (i.e., 28 — (number of NA items x 2)). The
quality of all studies was assessed by a single author (BG),
with 10% of randomly selected studies independently assessed
by a second author (LR).

2.8. Synthesis methods and data analyses

We emailed the corresponding authors of each study to ask
whether they could help develop international sex- and age-
specific norms for adult HGS. To reduce data heterogeneity
among studies, we asked study authors to clarify study details
(e.g., sampling, test, and reporting protocol) and to either
share deidentified raw data or to recalculate descriptive HGS
data (weighted according to study-specific protocols) as per
our “reference” test and reporting protocol where possible.
Public-use raw data were also sought. Ultimately, we had
access to descriptive HGS data that were either extracted from
published studies or were recalculated from raw data. We
reported the descriptive characteristics of included studies as
frequencies (percentage) for categorical variables and medians
(interquartile range [IQR]) for continuous variables.

To combine data across studies, we harmonized for meth-
odological variation by adjusting HGS values to a common
metric, test, and reporting protocol (see Supplementary
Harmonization Methods and Supplementary Table 3A—3E
for a detailed description). First, we expressed age (years at
baseline) in closed 5-year age groups (e.g., 20—24 years,
25—29 years). Second, we expressed absolute HGS values in
kg. According to published studies,”"*”> we normalized
HGS in kg by dividing by height in meters squared (i.e.,
HGS/Ht* in kg/m?) because this is the most appropriate
single body size dimension associated with HGS as identified
by allometry. Third, we adjusted HGS values to a reference
test protocol using Poisson regression models generated from
available raw data (n=366,367) to estimate the relative
difference between the reference handgrip dynamometer
and other dynamometer types, and between reference
testing positions and other positions. Lastly, HGS
values were adjusted to a reference reporting protocol using
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within-participant raw data (n=69,528) to estimate the
adjustment factors for testing hand, the number of reps per
hand, and summary statistic.

We used Monte Carlo simulation to generate pseudo data to
develop the international norms for adult HGS. Monte Carlo
simulation uses a random number generator to produce
approximate normal distributions based on reported mean and
SD. Visual analysis of available raw data indicated that both
absolute and normalized HGS were normally distributed
(Supplementary Fig. 1A—1D). We then cleaned the pseudo
datasets with 2 approaches. First, we excluded improbable
values based on available raw data (0—100 kg for absolute
HGS and 0—35 kg/m? for normalized HGS). Second, we
excluded outliers, which we identified as +3 SD away
from the sex- and age-specific mean values. This cleaning
process resulted in the exclusion of n=10,368 test results
for absolute HGS and n=11,424 test results for normalized
HGS.

Norms were developed in R (R Foundation for Statistical
Computing, Vienna, Austria) using the Generalized Additive
Model for Location, Scale, and Shape (GAMLSS)
package.”®’ We fitted 50 response distributions and 3
nonparametric smoothing functions (i.e., cubic splines, poly-
nomial splines, and fractional polynomials). All models were
stratified by sex. Each GAMLSS model was weighted using
United Nations sex- and age-specific population estimates for
2021°% to adjust for underlying country-sex-age demographics.
Detrended Q-Q (worm) plots were used for visual analysis. We
selected the model that provided the best balance between fit
and model complexity (i.e., degree of smoothing) using the
Akaike Information Criterion. The sinh-arcsinh SHASH (u, o,
v, 7) distribution with fractional polynomials produced the
best balance between fit and smoothness for most models. This
distribution is a 4-parameter distribution that includes u
(approximately the median, which controls the location), o
(approximately the coefficient of variation, which controls the
scale), v (approximately the skewness, which controls the
asymmetry), and t (approximately the kurtosis). The 5th, 10th,
20th, 30th, 40th, 50th, 60th, 70th, 80th, 90th, and 95th percen-
tiles were calculated, with mean percentile values used to
summarize 16 closed age groups, each with a range of 5 years,
between the ages of 20 and 99 years (20—24 years. ..95—99
years) as well as 1 open-ended age group (100+ years). Norms
were tabulated as percentile values and visualized as smoothed
percentile curves.

2.9. Deviation from registered protocol

We planned to use an alternate quality assessment tool
but found the standard quality assessment criteria for eval-
uating primary research papers from a variety of fields
tool’* more suitable for use with both cross-sectional and
cohort studies. While no date restriction was initially
planned for our search, we only included studies reporting
HGS data measured from the year 2000 onward to mini-
mize the potential bias of temporal trends and to maintain
data recency.
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3. Results
3.1. Study selection

Fig. 1 provides a detailed flow diagram of the literature
search and screening process, including reasons for full-text
exclusion. A total of 15,732 records were identified from the
online database search and 27 additional records were identi-
fied from other sources (e.g., reference lists of included studies
and topical systematic reviews). After removing 3787 dupli-
cates, 11,972 records were screened at the title/abstract level,
which was reduced to 313 papers for full-text screening. Of
these, 213 papers were excluded for not meeting inclusion
criteria, with 100 unique observational studies included in this
review.

J Sport Health Sci 2025;14:101014
3.2. Study characteristics

A summary of the descriptive characteristics and HGS test
protocols of the included studies is shown in Table 1, with the
full list of included studies provided in Supplementary Table
4A and 4B. Following data cleaning, absolute HGS
(n=2,405,863) and normalized HGS (n=2,328,890) data
were available for adults (51.9% female) aged 20 to 100+
years from 69 countries and regions tested since the year 2000.
Because the normalized HGS dataset (generated from 89
studies and 4362 study-country-sex-age groups) was a large
subset of the absolute HGS dataset (generated from 100 studies
and 4621 study-country-sex-age groups), only the absolute
HGS dataset is described herein.

Records from databases (MEDLINE,
SPORTDiscus, Embase, Web of Science,
CINAHL, and Google Scholar) (n = 15,732)

Records from other sources (reference lists of
included studies and topical systematic reviews)
(n=27)

Identification

A 4

A4

Records screened (n = 11,972)

Duplicate records removed (n = 3787)

v

Papers sought for retrieval (n = 313)

Records excluded (n = 11,659)

A\ 4

v

Papers assessed for eligibility (n = 313)

Y

Papers not retrieved (n = 0)

Screening

A4

Studies included in review (n = 100)

| Included |

A 4

Papers excluded (n = 213)

* Special interest group (n = 44)

* HGS data not stratified by country-sex-age group
(n=137)

HGS data not available (n = 29)

Duplicate data from another included study (n = 17)
Incomplete HGS measurement protocol (n = 17)
HGS data collected pre-2000 (n = 16)

Systematic review/meta-analysis (n = 14)

HGS data graphically displayed (n = 11)

HGS data collectively spanned <10-year age interval
(n=10)

« Small samples (country-sex-age group data
consistently n £20) (n=7)

Sub-group data from a larger included study (n = 5)
Incomplete sampling information (n = 3)

HGS data could not be converted to kg (n = 2)

Not full-text (n = 1)

e e e e o e e

o e e e

Fig. 1. PRISMA flow diagram showing the flow of studies through different phases of the systematic review. HGS = handgrip strength; PRISMA = Preferred

Reporting Items for Systematic reviews and Meta-Analyses.
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Normative data were from 47 very high, 13 high, 7 medium,
and 2 low human development index countries and regions,””
which represented 6 of 7 continents, 17 of 22 United Nations’
geographical subregions,”’ 71% of the world’s population,®
and 67% of the world’s land area.' Studies presented data for
a broad range of ages spanning a median of 34 years (IQR:
30-55), including early (20—39 years), middle (40—64
years), and late adulthood (65+ years). About half (47%) of
the studies, represented all stages of the adult lifespan, and
nearly all (92%) studies represented late adulthood. The
median study-specific sample size was 1690 (IQR:
618—8357), and participant age was 51 years (IQR: 37—62).
Most studies collected normative HGS data after the year 2010
(69%), using a cross-sectional study design (62%), probability
sampling (61%), and a non-national sample (64%).

In terms of the test protocol, most studies used a hand size-
adjusted (69%) hydraulic dynamometer (38%) and measured
participants’ HGS while seated (51%) with their testing arm
adducted (97%), elbow flexed (68%), and their forearm (98%)
and wrist (100%) in a neutral position. Studies generally had
participants maximally squeeze the dynamometer 3 times
(52%) for each hand (73%), allowed less than 1 min of rest
between reps (38%), provided verbal support (67%), and
statistically summarized HGS as the maximum value
(90%).

3.3. Quality assessment

The quality assessments are summarized in Supplementary
Table 5. The 2 reviewers (BG and LR) agreed on 94% of item
scores, demonstrating nearly perfect inter-rater agreement (x
(95% confidence interval): 0.93 (0.88—0.98)). Four Items (#5
(random allocation), #6 (interventional and investigator
blinding), #7 (interventional and participant blinding), and #12
(controlled for confounding)) were considered not applicable
and excluded from the total score. The median study score was
18 (IQR: 17—19) out of a total possible score of 20, which
indicated high quality overall. Common deficiencies were
related to partial description of subject selection (Item #3)
and an incomplete description of the HGS test protocol
(Item #8).

3.4. Synthesis of results

Tables 2 and 3 show the norms with adjustments for test
and reporting protocols as tabulated percentiles (5th to 95th)
for absolute and normalized HGS, respectively. Smoothed
percentile curves are presented in Fig. 2.

On average, absolute and normalized HGS negligibly
improved per decade throughout early adulthood (standardized
(Cohen’s) effect size (ES) < 0.20, equivalent to 1.0 kg (males)
and 0.7 kg (females) for absolute HGS or 0.5 kg/m? (males)
and 0.3 kg/m? (females) for HGS/Ht?) and peaked from age 30
to 39 years (at 49.7 kg (males) and 29.7 kg (females) or 16.3
kg/m? (males) and 11.3 kg/m* (females)) (Tables 2 and 3,
Figs. 2 and 3). HGS declined every decade thereafter, with a
negligible-to-small per decade decline in middle adulthood
(ES < 0.49, equivalent to 2.8 kg (males) and 1.4 kg (females)
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Table 1
Summary of the descriptive characteristics and handgrip strength test proto-
cols of the included studies.

Characteristic Absolute handgrip ~ Normalized handgrip
strength strength
(n=100) (n=2389)

Year of testing

2000—2009 31(31.0) 29 (32.6)

2010—-2021 69 (69.0) 60 (67.4)

Stage of adult lifespan

Early (20—39 years) 55(55.0) 46 (51.7)

Middle (40—64 years) 85 (85.0) 74 (83.1)

Late (65+ years) 92 (92.0) 83 (93.3)

All adult stages 47 (47.0) 40 (44.9)

Sample size 1690 (618—8357) 1780 (818—8889)

Study design

Cross-sectional 62 (62.0) 52 (58.4)

Cohort 38(38.0) 37 (41.6)

Sampling strategy

Probability 61 (61.0) 60 (67.4)

Non-probability 37(37.0) 27(30.3)

Both 2(2.0) 2(2.2)

Sample base

National 36 (36.0) 33 (37.1)

Non-national 64 (64.0) 56 (62.9)

Dynamometer

Hydraulic 38(38.0) 30(33.7)

Electronic 32(32.0) 29 (32.6)

Mechanical 30 (30.0) 30 (33.7)

Body position

Seated 51 (51.0) 41 (46.1)

Standing 49 (49.0) 48 (53.9)

Shoulder position

Adducted 97 (97.0) 86 (96.6)

Abducted (slight, <45°) 3(3.0) 3(34)

Elbow position

Flexed 68 (68.0) 58 (65.2)

Extended 32(32.0) 31(34.8)

Radioulnar position

Neutral 98 (98.0) 87 (97.8)

Supinated 2(2.0) 2(2.2)

Wrist position

Neutral 100 (100) 89 (100)

Handle position

Adjusted to hand size 69 (69.0) 66 (74.2)

Adjusted to standard position 31(31.0) 23 (25.8)

Time (min) between reps

<1 38(38.0) 34 (38.2)

>1 33(33.0) 28 (31.5)

Not specified 29 (29.0) 27 (30.3)

Verbal support

Yes 67 (67.0) 59 (66.3)

No 15 (15.0) 14 (15.7)

Not specified 18 (18.0) 16 (18.0)

Testing hand

Both 73 (73.0) 63 (70.8)

Dominant 26 (26.0) 25(28.1)

Non-dominant 1(1.0) 1(1.1)

Reps per hand

1 6(6.0) 4(4.5)

2 42 (42.0) 40 (44.9)

3 52(52.0) 45 (50.6)

Summary statistic

Maximum 90 (90.0) 83(93.3)

Average 9(9.0) 5(5.6)

Average of maxima 1(1.0) 1(1.1)

Notes: Data are presented as n (%) or median (IQR). Year of testing was
calculated as the mid-year of the testing period. At least 5-years’ worth of data
had to be available to count for the corresponding stage of adult lifespan.
Sample sizes were extracted from published reports or were recalculated from
raw data. Additional information can be found in Supplementary Notes and
Abbreviations.

Abbreviations: IQR = interquartile range; reps = repetitions.
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Table 2
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Normative values (percentiles) for absolute handgrip strength in kilograms by sex and age based on data from 2,405,863 adults aged 20 to 100+ years representing

69 countries and regions.

Age (year) Ps Pio Pao P3o Pyo Pso Pso P70 Pgo Pgo Pys

Male

20—24 33.9 36.8 40.5 43.2 45.7 48.0 50.4 52.9 56.0 60.1 63.6
25-29 35.5 38.5 42.1 44.8 47.1 49.3 51.5 53.9 56.7 60.7 64.0
3034 35.0 383 422 45.0 47.4 49.7 52.0 54.4 57.4 61.5 64.9
35-39 33.8 37.3 41.5 445 47.1 49.5 51.9 544 57.5 61.8 65.3
40—44 323 36.0 40.4 43.6 46.3 48.8 51.2 53.9 57.1 61.5 65.1
45—-49 30.6 344 39.0 423 45.1 47.6 50.2 52.9 56.2 60.7 64.4
50-54 28.9 32.8 37.4 40.7 43.5 46.2 48.8 51.6 54.8 59.4 63.1
55-59 27.2 31.0 35.6 38.9 41.7 44 .4 47.0 49.8 53.1 57.7 61.4
60—64 25.5 29.1 33.6 36.9 39.7 42.4 45.0 47.8 51.1 55.6 59.3
65—69 23.7 27.2 31.5 34.7 37.5 40.1 42.8 45.6 48.8 53.2 56.8
7074 21.9 25.2 29.3 324 35.1 37.7 40.3 43.1 46.3 50.6 54.1
75—79 20.0 23.1 27.0 29.9 32.5 35.1 37.6 40.3 43.5 47.7 51.1
80—84 18.0 20.8 24.5 27.3 29.8 323 34.8 37.5 40.5 44.7 48.0
85—89 15.9 18.5 21.9 24.6 27.0 29.4 31.8 344 37.4 41.5 44.6
90—-94 13.7 16.1 19.2 21.7 24.0 26.3 28.7 31.2 342 38.1 41.2
95-99 11.3 13.5 16.4 18.8 20.9 23.1 25.4 27.9 30.8 34.6 37.5
100+ 8.8 10.8 13.5 15.7 17.8 19.8 22.0 24.5 27.2 30.9 33.8
Female

20-24 19.7 21.7 24.0 25.7 27.2 28.6 30.0 31.6 33.6 36.6 39.1
25-29 20.0 22.0 24.5 26.3 27.9 29.4 30.9 32.6 34.6 37.4 39.7
30-34 19.6 21.8 24.4 26.4 28.1 29.7 31.3 33.1 35.2 38.0 40.4
35-39 19.0 21.3 24.1 26.2 28.0 29.7 314 33.2 354 38.4 40.8
40—44 18.3 20.7 23.7 25.8 27.6 29.4 31.1 33.0 35.2 38.3 40.8
45—-49 17.6 20.1 23.1 25.2 27.1 28.9 30.6 32.5 34.8 37.9 40.4
50—-54 16.9 19.4 22.4 24.5 26.4 28.2 29.9 31.8 34.0 37.1 39.7
55-59 16.1 18.5 21.5 23.7 25.5 27.3 29.0 30.9 33.0 36.1 38.6
60—64 15.2 17.6 20.6 22.7 24.5 26.2 27.9 29.7 31.8 349 37.4
65—69 14.3 16.6 19.5 21.6 23.3 25.0 26.6 28.4 30.5 334 35.8
7074 13.2 15.5 18.3 20.3 22.0 23.6 25.2 26.9 28.9 31.8 34.1
75—-79 12.0 14.3 17.0 18.9 20.5 22.1 23.6 25.2 27.2 29.9 322
80—84 10.7 12.9 15.5 17.4 18.9 20.4 21.9 23.5 25.3 28.0 30.2
85—-89 9.3 114 13.9 15.7 17.2 18.6 20.0 21.5 23.3 25.9 28.0
90—94 7.8 9.8 12.2 13.9 15.3 16.7 18.0 19.5 21.2 23.6 25.7
95-99 6.1 8.0 10.3 11.9 13.3 14.6 15.9 17.3 18.9 21.2 23.2
100+ 42 6.1 8.3 9.8 11.2 12.4 13.6 14.9 16.5 18.7 20.6

Notes: Population-weighted smoothed percentiles were calculated using the Generalized Additive Model for Location, Scale, and Shape method. Percentiles were
adjusted to the reference test and reporting protocol (i.e., dynamometer type =hydraulic, body position=seated, elbow position =flexed, radioulnar posi-
tion =neutral, handle position = adjusted to hand size, testing hand = both, repetitions per hand =3, and summary statistic = maximum). No statistical adjustment
was made for shoulder or wrist position (see Supplementary Harmonization Methods for details). The ages shown represent 5-year age groups (e.g.,

20—24=20.00—24.99).
Abbreviation: P = percentile (e.g., Ps = Sth percentile).

or 0.7 kg/m? (males) and 0.4 kg/m? (females)) and a moderate
per decade decline in late adulthood (ES: 0.50—0.79, equiva-
lent to 5.6 kg (males) and 3.5 kg (females) or 1.7 kg/m?
(males) and 1.3 kg/m2 (females)). The age-related decline in
HGS was slightly smaller for females than for males during
middle adulthood, with age-related changes similar for males
and females in early and late adulthood. The sex-related differ-
ence in HGS was large (ES > 0.80), though it was 0.77-fold
smaller for normalized HGS than for absolute HGS and
reduced in magnitude with each decade of adult life.

The variability in HGS was greatest in later life, as
evidenced by an age-related increase in relative distributional
variability (i.e., the coefficient of variation) especially in late
adulthood (data not shown). HGS also varied more for females
than for males.

4. Discussion

This study presents the most comprehensive international
norms for HGS—an important marker of general strength and
health—by sex and age across the adult lifespan. Using a
systematic review strategy, we pooled HGS data from 100
unique observational studies representing 2.4 million adults
aged 20 to 100+ years from 69 countries and regions to present
norms for both absolute and normalized HGS. We anticipate
that our findings will help support global peer-comparisons,
health screening, and surveillance.

These international norms can assist future clinical,
research, and surveillance efforts by providing a global bench-
mark to contextualize adults’ HGS test results relative to their
peers of the same sex and age. For instance, our norms can be
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Table 3
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Normative values (percentiles) for normalized handgrip strength (handgrip strength in kilograms divided by height in meters squared) by sex and age based on data

from 2,328,890 adults aged 20 to 100+ years representing 69 countries and regions.

Age (year) Ps Pio P2o P3o Pyo Pso Pso P70 Pgo Pgo Pys
Male

20—-24 11.0 12.0 13.2 14.1 14.8 15.6 16.3 17.1 18.0 19.3 20.4
25-29 11.5 12.5 13.7 14.6 15.3 16.1 16.8 17.6 18.5 19.8 20.9
3034 11.6 12.6 13.8 14.7 15.5 16.3 17.0 17.8 18.7 20.0 21.1
35-39 11.5 12.5 13.8 14.7 15.5 16.2 17.0 17.8 18.8 20.1 21.1
40—44 11.2 12.3 13.6 14.5 15.3 16.1 16.9 17.7 18.6 20.0 21.0
45—-49 10.8 11.9 13.2 14.2 15.0 15.8 16.6 17.4 18.4 19.7 20.8
50-54 10.4 11.5 12.8 13.8 14.6 15.4 16.2 17.1 18.0 19.4 20.5
55-59 9.9 11.0 12.4 13.3 14.2 15.0 15.8 16.6 17.6 19.0 20.1
60—64 9.3 10.5 11.8 12.8 13.6 14.4 15.2 16.0 17.0 18.4 19.6
65—69 8.7 9.9 11.2 12.2 13.0 13.8 14.6 15.4 16.4 17.8 19.0
70—-74 8.1 9.3 10.6 11.6 12.4 13.1 13.8 14.7 15.6 17.1 18.3
75—-79 7.5 8.6 9.9 10.8 11.6 12.3 13.1 13.8 14.8 16.2 17.5
80—84 6.9 8.0 9.2 10.1 10.8 11.5 12.2 13.0 13.9 15.3 16.6
85—-89 6.2 73 8.5 9.3 10.0 10.6 11.2 12.0 12.9 14.3 15.6
90—94 5.5 6.5 7.7 8.4 9.1 9.6 10.2 10.9 11.8 13.2 14.6
95-99 4.8 5.7 6.8 7.5 8.1 8.6 9.2 9.8 10.7 12.1 13.4
100+ 4.0 4.9 5.9 6.5 7.1 7.5 8.0 8.6 9.4 10.8 12.2
Female

20—24 7.4 8.1 9.0 9.7 10.3 10.8 11.4 12.0 12.7 13.8 14.7
25-29 7.6 8.3 9.3 10.0 10.6 11.1 11.7 12.4 13.1 14.2 15.0
30-34 7.6 8.4 9.3 10.1 10.7 11.3 11.9 12.5 13.3 14.4 15.2
35-39 7.5 8.3 9.3 10.0 10.7 11.3 11.9 12.6 13.4 14.4 15.3
40—44 7.3 8.2 9.2 10.0 10.6 11.2 11.9 12.5 13.3 14.4 15.3
45—-49 7.2 8.0 9.1 9.8 10.5 11.1 11.7 12.4 13.2 14.3 15.2
50-54 7.0 7.8 8.9 9.6 10.3 10.9 11.5 12.2 13.0 14.1 15.0
55-59 6.7 7.6 8.6 9.4 10.1 10.7 11.3 12.0 12.7 13.8 14.7
60—64 6.4 7.3 8.3 9.1 9.7 10.4 11.0 11.6 12.4 13.5 14.4
65—69 6.1 6.9 8.0 8.7 9.4 10.0 10.6 11.2 12.0 13.0 14.0
70—-74 5.7 6.5 7.6 8.3 8.9 9.5 10.1 10.7 11.5 12.5 13.4
75-79 52 6.1 7.1 7.8 8.4 9.0 9.5 10.1 10.9 11.9 12.8
80—84 4.6 5.5 6.6 7.3 7.9 8.4 8.9 9.5 10.2 11.2 12.1
85-89 3.9 4.9 5.9 6.6 7.2 7.7 8.2 8.8 9.4 10.5 11.4
90—94 3.1 4.1 52 5.9 6.5 6.9 7.4 7.9 8.6 9.6 10.5
95—-99 2.2 33 4.4 5.1 5.6 6.1 6.5 7.0 7.7 8.7 9.6
100+ 1.1 2.3 3.5 4.2 4.7 5.1 5.5 6.0 6.6 7.6 8.6

Notes: Population-weighted smoothed percentiles were calculated using the Generalized Additive Model for Location, Scale, and Shape method. Percentiles were
adjusted to the reference test and reporting protocol (i.e., dynamometer type =hydraulic, body position=seated, elbow position =flexed, radioulnar posi-
tion = neutral, handle position = adjusted to hand size, testing hand = both, repetitions per hand =3, and summary statistic = maximum). No statistical adjustment
was made for shoulder or wrist position (see Supplementary Harmonization Methods for details). The ages shown represent S5-year age groups (e.g.,

20—24=20.00—24.99).
Abbreviation: P =percentile (e.g., Ps = Sth percentile).

used to identify individuals who may be at an increased health
risk for conditions related to low muscular strength. Cut-points
have commonly been used to identify individuals considered
weak, as determined by low HGS. One approach is to establish
criterion-referenced cut-points, where an individual’s HGS
level is compared to an absolute (e.g., health- or performance-
related) criterion. Criterion-referenced cut-points are often
established using receiver-operating characteristic curve or
classification regression tree analyses.'”®* " Another
approach is to establish norm-referenced cut-points. For
example, sarcopenia cut-points for low HGS have been defined
as 2.5 SDs below the mean sex-specific value for apparently
healthy young adults,” or the lowest sex-specific quintile (i.e.,
the 20th percentile) value for older adults.”’ While these cut-
points are sex-specific and use younger or older adults as refer-
ence groups, they do not integrate age-specific norms into their

definition. Alternatively, some authors have proposed a sex-
and age-specific quintile framework for use with large datasets
to interpret and analyze the distribution of data across the
entire adult lifespan.’°**” Such an approach may improve
the health- and performance-related predictive utility of HGS
for young- and middle-aged adults by better informing
screening decisions.”’

Monitoring age-related changes in strength levels from
repeated measurements over time, in addition to estimates of
strength levels from a single measurement, may improve the
prognostic utility of HGS. For example, several studies’"’?
have reported a higher risk of early mortality among older
adults who have experienced an accelerated loss of HGS in
combination with a low level of HGS. Our norms may be
useful for promoting and monitoring healthy aging by allowing
age-related changes in strength levels to be tracked against
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Fig. 2. Smoothed percentile curves (Ps to Pys) for absolute handgrip strength in kilograms (kg) and normalized handgrip strength (handgrip strength in kg divided
by height in meters squared (kg/m?)) for adults aged 20 to 100+ years. Smoothed percentile curves for absolute handgrip strength (top panels) and normalized
handgrip strength (bottom panels) are shown separately for males (left panels) and females (right panels). Population-weighted smoothed percentiles were calcu-
lated using the Generalized Additive Model for Location, Scale, and Shape method. Percentiles were adjusted to the reference test and reporting protocol (i.e.,
dynamometer type =hydraulic, body position=seated, elbow position = flexed, radioulnar position=neutral, handle position=adjusted to hand size, testing
hand = both, repetitions per hand =3, and summary statistic = maximum). No statistical adjustment was made for shoulder or wrist position (see Supplementary
Harmonization Methods for details). Large, high-resolution images for each panel are provided as Supplementary Fig. 2A—2D.

percentile (or quintile) bands to identify expected, better than
expected, or worse than expected changes. Consistent with
other studies that have examined HGS across the adult
lifespan,”” *'~**% we found that HGS negligibly improved
throughout early adulthood, peaked from age 30 to 39 years,
and declined thereafter at an increasing rate. However, caution
must be taken when using our norms to estimate age-related
changes in adult HGS because they may not reflect true
within-individual age-related changes.'>*""”> 7 Furthermore,
age-related changes estimated using our norms may be influ-
enced by cohort effects (i.e., generational differences influ-
encing HGS levels).”” For example, if younger generations are
healthier than older generations,’’ then the age-related decline
in later life experienced by today’s young adults may be less
than that estimated by our norms. Alternatively, because our
inclusion criteria resulted in samples that were likely healthier
than the general population, the true age-related decline in
later life may be larger than that estimated by our norms.

Our international norms can similarly be used to stan-
dardize HGS test results (i.e., to develop z-scores) for

facilitating comparisons between countries or regions (i.e.,
comparisons of sex- and age-matched cohorts collected at a
similar time), similar to approaches that have been performed
elsewhere.”® For comparisons within countries (e.g., to iden-
tify at-risk populations), scores standardized using our norms
may be used as primary or complementary to scores standard-
ized using national norms, such as those presented by Leong
and colleagues.” Scores standardized using norms can also be
used to estimate temporal trends (i.e., comparisons of sex- and
age-matched cohorts collected at different times). Trends in
HGS at the population level may correspond to trends in
general and functional health and can be used to monitor the
progress and evaluate the effectiveness of implemented public
health policies.”"”” Web-based monitoring and surveillance
systems could likewise be used by investigators to share their
data to help update these norms; to provide individuals, clini-
cians, or sports medicine professionals with a tool to interpret
test results and receive informative feedback; and to help
public health policy makers with evaluation and decision
making by identifying outlying subpopulations or tracking
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Fig. 3. Sex- and age-related differences in mean absolute handgrip strength and normalized handgrip strength for adults aged 20 to 100+ years. Sex-related (i.e.,
the standardized difference in absolute handgrip strength (top left panel) and normalized handgrip strength (top right panel) between males and females in 5-year
age intervals) and age-related differences (i.e., the standardized difference in absolute handgrip strength (bottom left panel) and normalized handgrip strength
(bottom right panel) with each 5-year age interval relative to age 20 years) with adjustment for test and reporting protocols are shown as standardized (Cohen’s)
effect sizes for absolute handgrip strength (left panels) and normalized handgrip strength (right panels). The limits of the gray zone represent a large, standardized
effect size (i.e., 0.8 or —0.8). Positive sex-related differences indicate higher handgrip strength for males than for females (top panels). Age-related differences are
standardized to age 20 years =0. Positive age-related differences indicate higher handgrip strength for adults aged >20 years than for adults aged 20 years, and
negative age-related differences indicate lower handgrip strength for adults aged >20 years than for adults aged 20 years (bottom panels).

temporal trends. For example, the FitBack platform,* which is
a web-based, open-access, multilanguage fitness platform that
automatically and interactively interprets fitness test results
based on sex- and age-specific norms of children and adoles-
cents and provides advice for improvement, could potentially
be expanded to include adults. Such web-based surveillance
efforts could complement surveillance efforts that use objec-
tive measures. Having robust data infrastructures that enable
long-term data pooling and sharing to facilitate regular and
comprehensive studies are clearly needed.*’ We recommend
reporting standardized scores using our international norms to
facilitate comparisons within and between countries and to
monitor temporal trends.

Different HGS test and reporting protocols have been used
over time. We found considerable heterogeneity in the proto-
cols of included studies, which differed by dynamometer type
and handle positioning, participant positioning, testing hand
(s), number of reps and rest, sensory stimuli (e.g., verbal
support), and reporting method. Such differences have been
highlighted previously™’® and have made data pooling across

10

studies challenging. For example, our investigation attempted
to account for the potential bias introduced by test and
reporting differences across studies by calculating and
applying adjustment factors (i.e., the risk relative to the refer-
ence protocol) ranging from <1% to 10% for different dyna-
mometer types and participant positions, up to 17% for
different reporting variants. Given the widespread use of HGS,
there is a need to raise awareness of the extant test and
reporting inconsistencies and to make recommendations for
improving methodological consistency. Such methodological
consistency will also have implications for HGS testing in
clinical settings as far as helping to reduce misclassification of
weakness, specify risk for age-related disease and disability,
and guide interventions seeking to improve muscular strength.
In support of calls for standardization,*** we recommend the
following to facilitate future pooling and to improve the utility
(and eventual update) of our norms:

a) Ideally, a single and established HGS test protocol should
be used (e.g., the Southampton protocol®—the reference



G.R. Tomkinson et al.

protocol used to adjust test results in the present study) and
an online multilingual operations and procedures manual,
including instructional videos, should be made available.
At the very least, the test protocol should be accurately
described in the main text (or in an online supplement if
space is limited due to journal word counts) using the
minimum protocol reporting framework provided by
McGrath and colleagues;™”

b) Where possible, 3 reps on each hand should be
performed,” with absolute HGS calculated as the
maximum value, irrespective of hand, because it better
aligns with overall strength capacity;”

c) While it might be challenging to adopt a standardized test
and reporting protocol, in lieu of that, our adjustment
factors should be applied to correct HGS test results to
minimize biases when comparing with our norms;

d) Sex- and age-specific descriptive statistics (sample sizes,
means, SD, and medians) for HGS should be reported in
the main text or Supplementary materials. Where possible,
closed age groups should be presented to a range of
5 years. The year(s) of testing should also be reported;

e) To remove the influence of body size and enable the best
comparison with our norms, HGS should be normalized to
a cross-sectional or surface area measure of body size,
such as height-squared, when relevant.**>*>

4.1. Strengths and limitations

The study pooled data from 100 unique, high-quality obser-
vational studies to present international norms for HGS based
on data from 2.4 million adults aged 20 to 100+ years from 69
countries and regions. We applied rigorous data treatment
procedures to combine datasets and harmonize for methodo-
logical variation, and we recreated unavailable raw data to
generate absolute and normalized HGS norms using popula-
tion-weighted GAMLSS that provided the best balance
between fit and model complexity.

Despite these strengths, this study is not without limitations.
First, included studies used different sampling methods (both
probability and non-probability selection) and bases (across
national, state/provincial, and city/district levels) and mostly
included adults from countries with high to very high human
development, who are known to exhibit higher levels of HGS
than their peers from countries with low to medium human
development.” This obviously raises the issue of representative-
ness. However, while more adult HGS data are needed from
geographical regions where data are few (e.g., Africa (Northern,
Eastern, Southern, Western, and Middle Africa), the Caribbean,
Central America, and Oceania (Melanesia, Micronesia, and
Polynesia)) to improve global representativeness, we included
the best available data and applied a poststratification population
weighting procedure to adjust for underlying country-sex-age
demographics and to better estimate internationally representa-
tive population parameters. Second, differences in test and
reporting protocols among studies, which are inherent to any
large data synthesis, may have biased our results. While our
norms were adjusted for test and reporting differences, it is
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acknowledged that we could not adjust for all test variants.
Third, we examined sex as a biological variable by sex-strati-
fying our analyses, which is consistent with certain scientific
guidelines™* and most included studies, although some studies
reported gender instead of sex. Fourth, HGS testing may have
been contraindicated for adults with chronic conditions (disease,
injury, or illness) or those presenting with pain, resulting in them
being excluded or opting out. While such exclusions differed
among studies and were not always reported, it is likely that the
included samples were healthier than the general population.
The absence of data from these individuals may have meant that
our lower percentiles overestimated true general population
values. In lieu of a global study examining adult HGS levels
across a representative sample of countries using a standardized
sampling, test, and reporting protocol, our international norms
represent the best estimate of current global adult HGS levels.

4.2. Practical applications

Our norms provide a valuable international benchmark with
which to compare and track individual HGS test results. We
propose a quintile framework to interpret our international
sex- and age-specific norms in clinical settings. For example,
adults below the 20th percentile can be considered as having
“low” strength; between the 20th and 39th percentiles as
having “somewhat low” strength; between the 40th and 59th
percentiles as having “moderate” strength; between the 60th
and 79th percentiles as having “somewhat high” strength; and
at or above the 80th percentile as having “high” strength.
Comparison to our norms could help clinicians or sports medi-
cine professionals identify adults who may need to improve
their strength capacity or who may benefit from further assess-
ment. In prospective cohort studies,”**** the lowest quintile
has been used as a threshold for defining low fitness and has
been significantly linked with increased risk of poor health or
early death in later life.

While there is heterogeneity in the definition of low HGS,
in the absence of universal sex- and age-specific criterion-
referenced cut-points for low HGS, interim cut-points corre-
sponding to our lowest quintile could be used to identify at-
risk adults until better evidence for criterion-referenced
health-related cut-points is established by future research.”’
Adults classified as having low HGS may “need improvement”
and are potentially at increased future health risk if they
continue to track at this level. Clinicians or sports medicine
professionals can then provide feedback, advice, and interven-
tion referral for improving overall strength capacity. For
example, advice may include strategies for helping persons
classified as needing improvement in their strength meet the
minimum weekly threshold for muscle-strengthening activities
as recommended in the WHO’s global physical activity guide-
lines.” Provided that the prescribed muscle-strengthening
activities are multimodal,” value-added follow-up HGS
assessments could be informative by evaluating the effective-
ness of physical activity programming through monitoring of
progress against our percentile bands. Future research is
needed to empirically validate the health-related predictive
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utility of our interim cut-points or to provide evidence for
universal criterion-referenced health-related cut-points.

We provided sex- and age-specific norms for both absolute
and normalized HGS across the adult lifespan. Because abso-
lute HGS is significantly associated with future health
outcomes™ and can be easily measured and interpreted with
minimal data post-processing, clinicians and sports medicine
professionals may prefer to simply compare or track individual
HGS test results against our absolute HGS norms to provide
more timely feedback to individuals. However, in addition to
sex and age, body size is known to influence HGS, with body
size strongly and positively associated with HGS.**>* There-
fore, when comparing or tracking test results against our abso-
lute  HGS norms, larger individuals may be unfairly
advantaged (i.e., appear better than they are) and smaller indi-
viduals unfairly disadvantaged (i.e., appear worse than they
are). To overcome this limitation and remove the confounding
influence of body size, HGS should be normalized to a cross-
sectional or surface area measure of body size, such as height-
squared.*® Normalizing HGS to height-squared creates a
“level playing field” (i.e., no systematic advantage or disad-
vantage), providing a fairer way of comparing the HGS of
adults who differ in body size. While normalized HGS test
results require additional data post-processing and may be
more challenging to interpret than absolute HGS test results,
we recommend that both absolute and normalized HGS be
assessed and compared against our norms for extra insight into
how body size influences strength capacity.

5. Conclusion

HGS is an excellent marker of general strength and health
that is widely used in clinical, research, and community
settings. This study pooled, harmonized, and analyzed the best
available data to present the world’s largest and most
geographically comprehensive international norms for HGS
by sex and age across the adult lifespan. Our international
norms can be used to identify adults with low or high strength
relative to their peers of the same sex and age and to monitor
healthy aging. These norms should be updated in the future to
better reflect the HGS of subsequent generations of adults.
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